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Figure 2. CA-MEK cells are re-
sistant 1o NaB-induced pro-
grammed cell death. (4) RIE)-
CAMEK cells were treated with
2 pg/mL DOX (no CA-MEK ex-
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DOX or vehicle, and both float-
ing and atiached cells were
counted at the indicated times.
(B) RIE-Mock and RIE-cCAMEK
cells were ftireated with 5
mmol/L NaB, and both fioating
and attached cells were
counted at the indicated times.
Values are the means * SE of
3 separate experiments per-
formed in triplicate. (C) The per-
centage of Annexin V-positive,
propidium jodide (Pl)}negative
cells. Values are the means %

MEK Signaling Suppresses
NaB-Mediated Apoptosis

To evaluate the role of MEK-ERK signaling on
incestinal epithelial programmed cell death after termi-
nal differentiation, we induced apoptosis in RIE-1 cells
by treatment with NaB. RIE-1 cells do not spontane-
ously differentiate in culture?® but will undergo partial
differenciation and cell death following treatment with
NaB.>¢ For this purpose, we also generated CA-MEK—
expressing RIE-1 cells under the control of the Tet-Off
gene expression system?® (RIE-tiCAMEK). The Tet-Off
system allows for tighter control and reproducibilicy of
transgene expression. RIE-tiCAMEK cells were treated
with DOX (2 pg/mL), which represses transgene expres-
sion. The cells treated with DOX (no CA-MEK expres-
sion) showed a notable decrease of cell viability following
exposure to NaB, whereas vehicle-treated cells (CA-MEK
expression) showed a marked resistance to cell death
(Figure 2A). Similar differences in cell viability were also
observed between RIE-Mock and RIE-cCAMEK cells
(Figure 2B). In control experiments, we found that the

SE of 3 separate experiments
performed in triplicate. *P =
.0001, **P < ,0001 compared
with control cells (RIE-tiICAMEK
+ DOX celis or RIE-Mock cells).

concentration of DOX did not alter cell growth or cell
viability in parental RIE-1 cells (data not shown), indi-
cating thar the results were not due to a nonspecific effect
of DOX. Additionally, CA-MEK—expressing RIE cells
did not differ in their growth rate when compared with
controls (data not shown).

One characteristic of apoptotic cells is the loss of
plasma membrane asymmetry, resulting in the exposure
of phosphatidylserine residues at the outer plasma mem-
brane leaflet.>! Annexin V interacts strongly and specif-
ically with phosphatidylserine and can be used as a
surrogate marker of programmed cell death.? We used
this method for evaluating NaB-induced apoptosis in
CA-MEK-expressing and —nonexpressing RIE cells.
Consistent with our cell viability assay results, 2 high
percentage of apoptotic cells was observed in the CA-
 MEK-nonexpressing cells (RIE-tiCAMEK cells with
DOX and RIE-Mock cells), whereas a lower percentage
were Annexin V positive in CA-MEK cells (RIE-ti-
CAMEK cells with vehicle and RIE-cCAMEK cells)
(Figure 2C). Therefore, reduced cell viability seen in
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Figure 3. tiCAMEK expression modulates apoptosis-related proteins
in RIE cells. (A) Westemn blot analysis of Bel-2 family proteins in
RIE-tICAMEK cells with 2 pg/mL DOX (no CA-MEK expression) or
vehicle (CAMEK expression) at 72 hours following treatment with
NaB. (B) Western blot analysis of in vitro phosphorylation of Bad.
RIE-tiCAMEK celis were treated with 5 mmol/L NaB plus 2 pg/mL DOX
(no CA-MEK expression) or vehicle (CA-MEK expression) for 72 hours.
Anti-Bad indicates equal loading of recombinant Bad. {C) Western blot
analysis of other kinase pathways in RIEtICAMEK celis. RIEXiICAMEK
cells were treated with 2 ug/mL DOX (no CA-MEK expression) or
vehicle (CA-MEK expression) for 48 hours, and then the media was
replaced with 5 mmol/L NaB plus 2 pg/ml. DOX or vehicle for 24
hours following treatment with NaB. (D) Western blot analysis of
EEtagged CA-MEK, phospho-ERK1/2, and ERK1/2 protein levels in
RIEICAMEK cells under the same conditions as in C. B-actin indi-
cates equal loading of protein in each sample.

Figure 2A and B is most likely due to increased pro-
grammed cell death.

MEK Activation Modulates Bcl-Family
Homologues in NaB-Mediated Apoptosis

Because our data indicate a role for MEK in
modulating resistance to NaB-induced apoptosis, we in-
vestigated the expression profile of the Bcl-2 family of
proteins in RIB-tiCAMEK cells following treatment
with NaB. Bcl-2 family members represent critical
checkpoints in most apoptotic pathways, acting up-
stream of irreversible damage to cellular constituents.’?
CA-MEX expression (vehicle-treated cells) did not alter
the expression levels of Bcl-2, Bax, Bad, and Bag-1 but
did induce Bcl-X; and Mcl-1 and reduced levels of Bak
at 72 hours following treatment with NaB (Figure 3A).
Phosphorylation of Bad at either Ser!'? or Ser!36 sites is
believed to be required for inhibiting its proapoptotic
function.> The phosphorylation of recombinant Bad at
Ser''? was markedly increased in CA-MEK-expressing
cells (vehicle-treated cells), whereas no difference at
Ser!36 was found (Figure 3B). These results are consistent
with previous reports showing that there are at least 2
different pathways responsible for Bad phosphorylation;
Ser!!? s downstream of MAPK, whereas Ser!?S is down-
stream of Aket.5-%8%

Other kinase pathways, such as ¢-Jun-N-terminal ki-
nase (JNK),5® p38,3 and phosphatidylinositol 3-kinase/
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Ake,% can regulate programmed cell death. There was no
evidence of crosstalk with the other kinase pathway,
including the Akt and p38 pathways (Figure 3C). Mote-
over, Western blot analysis using 4 different antibodies
failed to detect phosphorylated JNK (data not shown).
However, along with increased levels of EE-tagged CA-
MEK, elevated levels of phosphorylated-ERK1/2 signals
were significantly increased only in CA-MEK-express-
ing cells (Figure 3D). Therefore, the antiapoptotic effect
seen in CA-MEK—expressing cells is dependent on
MEK-ERK signaling and not JNK, p38, or Ake.

MEK Activation Protects Against NaB-
Induced Cell Cycle Arrest

Cell cycle progression is an important factor in
oncogenic transformation. NaB is known to induce cell
cycle arrest in intestinal epithelial cells. Cell cycle anal-
ysis of RIE-tiCAMEK cells with or without DOX at 72
hours following treatment of NaB was completed.
Whereas RIE-tiCAMEK cells with DOX showed G¢/G;
arrest, CA-MEK—expressing cells (vehicle) were resistant
to NaB-mediated cell cycle arrest (Figure 4A and B).
Elevated expression of cyclin D1 and cdk4 and decreased
levels of p27X® expression in the CA-MEK~expressing
cells (vehicle) support this observation (Figure 4C).
These resules showed that CA-MEK signaling stimulated
progression through the cell cycle. CA-MEK-expressing
(vehicle-treated) cells did not alter the expression of
cyclin E, cdk2, or pl5 but did induce p21Cp/WAF
expression (Figure 4C; data not shown). Although
p21CIPWAFL was originally described as a universal in-
hibitor of cyclin-dependent kinases, recent studies have
shown an increased expression of p21CPWAFL in some
cancers. Therefore, the role of p21CPWAFL in cancer is
being reevaluated.¢!

PG Production and COX-2 Levels in Cells
Expressing CA-MEK

The presence of COX-2 and its derived PGs are
known to provide cells with a distinct survival advan-
tage.3® Thus, we measured PG production and COX-2
expression in CA-MEK—expressing cells following NaB-
mediated apoptosis. As shown in Figure 5A, CA-MEK-
expeessing cells (RIE-tiCAMEK with vehicle, RIE-
cCAMEK) showed increased levels of 6-keto PGF,, (a
stable metabolite of PGI) at 48 hours following treat-
ment with NaB., CA-MEK-expressing cells also pro-
duced increased levels of PGE; (Figure 5B). Along with
increased PG production, elevated levels of COX-2 were
observed in CA-MEK—expressing cells but not in RIE-
tiCAMEK cells treated with DOX or in RIE-Mock cells
(Figure 5C). Similar results were obtained using IEC-
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cCAMEK and IEC-Mock cells (data not shown). COX-2
induction was confirmed by Northern blot analysis in
RIE-tiCAMEK cells following the removal of DOX (Fig-
ure 5D). Therefore, increased levels of COX-2 accompa-
nied by an.increase in PGE, and PGI, may contribute to
the antiapoprtotic properties of CA-MEK.

To determine the involvement of ERK activation in
the expression of COX-2, we established RIE-tiCAMEK
cells with dominant negative ERK1 or 2 expression
vectors. Western blot analysis shows that the overexpres-
sion of dominant negative ERK1 or 2 inhibits the ex-
pression of COX-2 in RIE-tiCAMEK cells (Figure SE).
This resulc confirms that ERK activity is involved in che
CA-MEK-induced expression of COX-2.

Regulation of COX-2 in CA-MEK~Expressing
Cells

To determine the mechanisms by which COX-2
expression is regulated in CA-MEK—expressing cells fol-
lowing trearment with NaB, we examined transcrip-
tional and posttranscriptional regulation of the COX-2
gene. Due to the internal expression of luciferase of

C
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cyclin D1 #
cyclin E

cdk4 Flgure 4. tiCAMEK-expressing
cells are resistant to NaB-medi-
ated cell cycle arrest. (4) Cell
cdk2 cycle analysis of RIE-tiCAMEK
;31 5 cells with DOX {no CA-MEK ex-
pression) or vehicle {CAMEK
P21 expression) at 72 hours after
treatment with NaB (5 mmol/
p27 L). (B) Results from A ex
pressed as percentage of cells
B-acﬁn in each stage of the cell cycle.

Values are the means * SE of
3 separate experiments. *P <
005, **P < 001. (C) West-
ern blot analysis of cyclin D1,
cyclin E, cdk4, cdk2, pi5,
p21CiR/WARL - and p27KP ex-
pression in RIEtiICAMEK cells
{(with DOX or vehicle) following
treatment with NaB for 72
hours,

RIE-tiCAMEK cells, we used RIE-cCAMEK and RIE-
Mock cells for this study. A series of human C0X-2
promoter deletion constructs was transfected into RIE-
cCAMEK and RIE-Mock cells. The transcriptional ac-
tivity was increased in RIE-cCAMEK cells compared
with RIE-Mock cells. The highest transcriptional activ-
ity was found with the full-length (—1432/+59) pro-
moter construct (Figure 6A). Removal of the 2 nuclear
factor kB sites, the upstream (—327/+59) and the
downstream (—220/+59), or deletion of both the nu-
clear factor/interleukin-6 site (—124/+59) and the CRE
(—52/+59) elements resulced in decreased transcrip-
tional activity of COX-2. Mutating the CRE and/or
nuclear factor/interleukin-6 site also reduced the tran-
scriptional activity.

Posttranscriptional regulation via stabilization of
COX-2 mRNA plays an important role in the regulation
of COX-2 levels in a variety of cultured cells.6? As shown
in Figure 6B and C, COX-2 mRNA was rapidly de-
graded in RIE-tiCAMEK cells treated with DOX (half-
life, <15 minutes). However, CA-MEK expression
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Figure 5. PG production and COX-2 expression following treatment
with NaB. (A} 6-keto PGF,, and (B) PGE, production at 48 hours after
treatment with NaB in RIE4ICAMEK cells with 2 pg/mL DOX (no
CA-MEK expression) or vehicle (CA-MEK expression), RIE-Mock cells,
and RIE-cCAMEK cells. Values are the means ® SE of 3 separate
experiments performed in triplicate. (C) Westem blot analysis of
COX-2 at 48 hours following treatment with NaB in RIE4iCAMEK cells
(with 2 pug/mL DOX or vehicle), RIEmock cells, and RIE-cCAMEK cells.
(D) Northern blot analysis of COX-2 in tiCAMEK-expressing RIE cells
with 2 pg/mlL DOX or vehicle at 48 hours following treatment with
NaB. (E) Sequential transfected RIE-tICAMEK cells with ERK1 domi-
nant negative vector or ERK2 dominant negative vector were estab-
lished. Western blot analysis shows the expression levels of COX-2,
phosphorylated ERK (p-ERK), ERK, and B-actin in the cells. ERK1
dominant negative clones (ERK1-DN; clone E1-2 and E1-7), ERK2
dominant negative clones (ERK2-DN; clone E2-2 and £2-5), and empty
vector (pCEP4) transfected RIE-tICAMEK cells (Mock) with or without
DOX are shown.

markedly increased the stability of COX-2 mRNA and
extended the half-life >G60 minutes. These resules indi-
cated a marked increase in mRNA stability following
MEK1 activation.

Pharmacologic Inhibition of COX-2 Inhibits
MEK-Dependent Tumor Growth in Vivo by
Stimulating Apoptosis

Overexpression of COX-2 frequently occurs in a
variety of human malignancies, including those of colon,
lung, breast, skin, and esophagus.?? We have shown that
COX-2 is strongly expressed in MEK-transformed cells
and may induce antiapoptotic properties. To verify this
hypothesis in vivo, we treated mice xenografted with
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JBC-cCAMEK cells and RIE-cCAMEK cells with a
COX-2-selective inhibitor (celecoxib) and evaluated the
growth rate of MEK-induced tumors. As shown in Fig-
ure 7A, treatment of IEC-cCAMEK xenografted mice
with celecoxib for 17 days induced 2 72% reduction in
tumor volume when compared with vehicle-treated con-
trols. A similar inhibitory effecc was also found with
celecoxib-treated RIE-cCAMEK (clone DD14) tumors,
although to a lesser extent (Figure 7A). Western blot
analysis of tissues from the excised tumors showed that
the expression of Bcl-Xy was decreased in the celecoxib-
treated mice (Figure 7B). Moreover, increased apoptotic
staining was seen in the celecoxib-treated tissues. We
observed 0.7 £ 0.3 apoptotic IRCcCAMEK(D1) cells per
field in untreated mice (vehicle) and 5.9 = 2.1 apoptotic
IECcCAMER(D1) cells per field in celecoxib-treated
mice (Figure 7C). Similarly, we found 1.2 * 0.5 apo-
protic RIECCAMEK(DD14) cells per field in untreaced
mice (vehicle) and 5.1 * 1.7 apoptotic RIEc-
CAMEK(DD14) cells per field in celecoxib-treated mice
(Figure 7C). Therefore, the in vivo effects of celecoxib on
tumor volume may also occur through the inhibition of
the antiapoptotic properties of COX-2, including the
down-regulation of Bel-X;.

Discussion

Here we show that CA-MEKI1 transforms both
RIE-1 and IEC-6 rat intestinal epithelial cells. This
finding is in agreement with a recent report showing the
ability of CA-MEK to transform IBC-6 cells.?* However,
Oldham et al??® reported that constitutively active mu-
tants of Raf-1 did not transform RIE-1 and IEC-6 cells.
This finding shows key differences berween the Raf-1
and CA-MEK signaling cascades in intestinal epithelial
cells. Recent evidence shows that Raf-1 may use multiple
effectors other than MEK-ERK to mediate its cellular
effects. For example, activated Raf-1, but not MEK, can
drive the differentiation of hippocampal neuronal cells,
whereas mutant Raf-1, defective in MEK activation, is
still capable of activating selected signaling path-
ways.63:64 Although Raf-1 activates MEK1, these obser-
vations suggest a significant difference between down-
stream signals affected by the activation of Raf-1 and
MEK1 pathways.

In this study, we show that MEK-ERK signaling can
protect against NaB-mediated apoptosis. Several reports
provide evidence that the MEK-ERK pathway has been
implicated in protection from various proapoptotic sig-
nals via modulation of antiapoptotic proteins such as
Bcl-X;, Bel-2, and Mcl-1.19-14 Qur results suggest that
the CA-MEK signal up-regulates the expression of Bcl-
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Figure 6. COX-2 regulation in CA-MEK cells following treatment with NaB. (A) COX-2 promoter assay using cCAMEK-expressing RIE cells compared
with the mock-transfected cells at 24 hours after treatment with NaB are shown. The values are shown as Renilla adjusted luciferase values and
represent the average * SD of 3 independent experiments performed in quadruplicate. (B) Northern blot analysis of COX-2 mRNA in

tICAMEK-expressing RIE cells with and without DOX. RIE4ICAMEK cells

with DOX or vehicle were treated with 5 mmol/L NaB for 24 hours. Further

transcriptional activity was blocked by the addition of 100 wmol/L of 5,6-dichlorobenzimidazole riboside. Total RNA samples were isolated at the
indicated times and probed with a labeled COX-2 complementary DNA probe. (C) The results from B were analyzed by densitometry scanning using

the Scion Image program and normalized by 188S.

Xy, Mcl-1, and COX-2. Previously, we have shown that
forced expression of COX-2 leads to the inhibition of
apoptosis in intestinal epithelial cells.3 Therefore,
COX-2 may play an imporrant role in MEK-associated
resistance to apoptosis. We observed an increased rate of
apoptosis and decreased levels of Bcl-X; in the MEK-
induced tumors. Other groups have reported that the
treatment of APC™® mice with a COX-2-selective in-
hibitor resulted in increased apoptosis and a reduction of
Bcl-X; levels in adenomatous polyps.$> Additionally,
Mcl-1 is also regulated via COX-2 signaling. Mcl-1
levels are tightly regulated by COX-2 in human lung
adenocarcinoma cells and contribute to cell survival.6
Therefore, the regulation of these antiapoptotic proteins
may be linked to the expression of COX-2. Conversely,
phosphorylation of Bad on Ser!!? or Ser!3® dissociates
Bcl-X1/Bad heterodimers and unmasks the antiapoptotic
effect of Bcl-X;.3458 Therefore, increased phosphoryla-
tion of Bad (Ser'!?) may also act as a negative regulator
of apoptosis in CA-MEK~expressing cells. Collectively,
elevated expression of antiapoptotic Bcl-Xg, Mcl-1, and
COX-2, reduced expression of the proapoptotic protein
Bak, and inhibition of the proapoptotic effect of Bad may
all contribute to the antiapoptotic effects of CA-MEK~
expressing cells.

Cell cycle progression is another imporcant aspect of
tumorigenesis. Abnormalities in the expression of cell-
cycle regulatory proteins have been reported in tumors of
the small bowel and in colorectal carcinomas. We show
here that MEK activation leads to elevated levels of
cyclin D1 and cdk4 and decreased levels of p27XiP ex-
pression that may confer resistance to NaB-mediated cell
cycle arrest. Furthermore, we did not observe any
changes in cyclin E or cdk2 expression. Similar findings
were published by Boucher et al,24 who showed that
cyclin D1, cdk2, and cdk4 proteins were increased and
p27%P was decreased in CA-MEK—expressing IEC-6
cells. Additionally, another report shows that the activa-
tion of the MAPK cascade was required for S-phase entry
and p27%% down-regulation in IEC-G cells.$® Therefore,
the activation of the MEK pathway may contribute to
cell Go/Gy progression via cyclin D1 and cdk4 as well as
S-phase entry by down-regulating p27¥P, at least in
rodent immortalized intestinal cells. In contrast to the
forced mitogenesis of CA-MEK—expressing IEC-6 cells,
Boucher et al* also showed CA-MEK~induced cell cycle
arrest in nonimmortalized human intestinal epithelial
cells by up-regulating p21“PVAFL 553 and pl6 ex-
pression. They suggested that the noninduction of
p21CPWAFL 553 and pl6 in CA-MEK-expressing
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Flgure 7. Pharmacologic inhibi-
tion of COX-2 reduces cCAMEK-
expressing tumor growth in vivo.
(A) A total of 4 X 108 IEG
cCAMEK (clone D1) and RIE-
cCAMEK (clone DD14) cells sus-
pended in 0.2 mL DMEM were
injected into the dorsal subcuta-
neous tissue of athymic nude
mice. Mice were given a COX-2-
selective inhibitor (celecoxib,
100 mg/kg) (n = 3 mice per
each group; n = 3 mice in the
RIE-CCAMEK injected group) or
vehicle (n = 3 mice per each
group) by daily gavage, and the

Tumior Volume (%102 mm?)

C

vehicle

ONCOGENIC POTENTIAL OF MIEK SIGNALING 587

- b
+ &
o <
e &
& &
celecoxib
Bel-XL
B ~actin

celecoxib

treatment was continued for 17
days. Tumor volumes were cal-
culated from measurements
taken at the indicated times and
calculated using the following
formula: V = L X W2 X 0.5,
where Vis volume, L is length,
and Wis width. Data are repre-
sented as the average of each
group = SD. *P < .05, **P <
.01 vs vehicle-treated control.
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(B} Westem blot analysis of tis-

sues from [EC<CAMEK (clone
D1) and RIEcCAMEK (cione
DD14) tumors. B-actin indicates
equal protein loaded in each
lane. (C) Terminal deoxynucleoti-
dyl transferase-mediated de-
oxyuridine triphosphate nick-end
labeling staining of IECcCAMEK
(D1) and RIEcCAMEK (DD14)
tissue sections. Arrows indicate

RIECCAMEK
(DD14)

brown-stained apoptotic cells.

IEC-6 cells may contribute to these differences. How-
ever, we find thar p219PWAF1 4 universal inhibiror of
cyclin-dependent kinases, was increased in CA-MEK-
transformed cells. Here, we show that CA-MEK-ex-
pressing RIE cells were resistant to NaB-mediated cell
cycle arrest and apoptosis despite the up-regulation of
p21CIPIWAFL - 1 CipIWAFL s also reported to act as an
adaptor protein to promote assembly of the active cdk4/
cyclinD1 complex,® and the forced expression of cyclin
D1 in human glioma and rodent fibroblast cells induced
p21CP VAR eynression without altering cell cycle pro-
gression.”® Moreover, recent studies have shown that
p21CPWARL can act as an antiapoptotic and growth-
promoting protein in addition to its known growth
inhibitory role,7!-73 The overexpression of p21GP/WAF! jg

an early event in the development of some neoplasms,
and p21Cip/WAF1
peutic cancer target.®.74 Therefore, we speculate that the
increase of p21CPWAFL following MEK activation may
have an antiapoptotic and growth-promoting role, at
least in this context.

We have clearly shown that the activation of MEK
signaling alone is sufficient to induce COX-2 in rat

is currently being evaluated as a thera-

intestinal epithelial cells at both transcriptional and
posctranscriptional levels. Therefore, COX-2-—derived
bioactive lipids may play a key role in cumor formation
via activating the MEK-ERK cascade. Surprisingly, CA-
MEK-~expressing cells produce not only PGI; but also
PGE,. These cells do not normally produce PGE,,% but
PGE, levels are increased in human colon cancer tissue
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compared with surrounding normal mucosa.” PGE, has
also been reported to inhibit programmed cell death and
enhance invasiveness of colorectal carcinoma cells, 7 Fur-
thermore, PGE, can activate epidermal growth factor
receptor,”” which leads to ERK activation and can trig-
ger ERK2-mitogenic signaling in gastric epithelial and
colon carcinoma cells.?8

We show that the expression of CA-MEX results in
the transformation of rat intestinal epithelial cells and
that activation of the MEK-ERK cascade suppresses pro-
grammed cell death and leads to tumorigenesis. COX-2
may also play an important role in MEK-induced tumor
formation through stimulation of resistance to apoprosis.
These results also indicate that the MEK-ERK signaling
pathway may provide an important target for developing
new cancer drugs. We suspect that MEK-ERK kinase
inhibitors are currently being developed for clinical use.
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Abstract

Catechol O-methyliransferase (COMT) plays an important role for clearance of high catecholamine levels. Although myocardial ischemia
evokes similar excessive catecholamine accumulation, it is uncertain whether COMT activity is involved in the removal of accumu-
lated catecholamines evoked by myocardial ischemia. We examined how COMT activity affects myocardial catecholamine levels dur-
ing myocardial ischemia and reperfusion. We implanted a dialysis probe into the left ventricular myocardial free wall and measured
dialysate catecholamines levels in anesthetized rabbits. Dialysate catecholamine levels served as an index of myocardial interstitial cate-
cholamine levels. We introduced myocardial ischemia by 60 min occlusion of the main coronary artery. The ischemia-induced dialysate
catecholamines levels were compared with and without the pretreatment with entacapone (COMT inhibitor, 10 mg/kg, 1.p.). Acute myocardial
ischemia progressively increased dialysate catecholamine levels. Acute myocardial ischemia increased dialysate norepinephrine (NE) lev-
els (20,453 47186 pg/ml), epinephrine (EPI) levels (1724 4 706 pg/ml), and dopamine (DA) levels (1807 £ 800 pg/ml) at the last 15 min
of coronary occlusion. Inhibition of COMT activity by entacapone augmented the ischemia-induced NE levels (54,306 6618 pg/ml),
EPI levels (2681 < 567 pg/ml), and DA (3551 =710 pg/ml) levels at the last 15 min of coronary occlusion. Myocardial ischemia evoked
INE, EPI, and DA accumulation in the myocardial interstitial space. The inhibition of COMT activity augmented these increments in NE,
EPI, and DA. These data suggest that cardiac COMT activity influences on the removal of accumulated catecholamine during myocardial
ischemia.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Catecholamine; Microdialysis; Myocardial infarction; Heart; Catechol O-methyltransferase

Myocardial ischemia evokes an excessive norepinephrine
(NE) accumulation in the myocardial interstitial space [2,15].
Interstitial NE is largely removed by NE transport into
the sympathetic nerve endings and metabolized to dihy-
droxyphenylglycol (DHPG) via monoamine oxidase (MAO)
[6,22]. The remainder spills over into the coronary sinus
[6]. However, during myocardial ischemia, two important
NE removing systems are impaired. Myocardial ischemia

* Corresponding author. Tel.: +81 6 6833 5012x2379;
fax: +81 6 6872 8092.
E-mail address: yamazaki@ri.ncve.go.jp (T. Yamazaki).
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reduces coronary flow, which abolishes NE spillover. Further-
more, membrane NE transport is dependent on the Na* gradi-
ent between the extracellular and intracellular spaces. During
ischemia, NE uptake is blocked and outward NE transport
through the uptake carrierisinduced by the reduced Na* gra-
dient [17]. Thus, production of DHPG via MAQ is inhibited
by myocardial ischemia [1]. Up to now, little has been known
about the role of catechol O-methyltransferase (COMT) in
the removal of interstitial NE, Catechol O-methyltransferase
has been believed to be operative only at high concentrations
of NE via NE infusion [12]. An excessive NE accumula-
tion in the myocardial ischemia was similar to NE levels in
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intravenous NE-infusion. Therefore, this NE removal sys-
tem may be the sole mechanism that decreases myocardial
interstitial NE.

Recent study has demonstrated that myocardial ischemia
is associated with a pronounced increase in the concentra-
tion of endogenous NE, epinephrine (EPI), dopamine (DA)
in the myocardial interstitial space [14]. These accumulated
catecholamines may be a candidate of substrate of COMT.
However, in most experiments on COMT activity, isopre-
naline was used as the substrate of COMT [11,19] since
it is not a substrate for neuronal uptake and MAO activ-
ity. Furthermore, data on isolated perfused lungs suggest
that the affinity of COMT activity for O-methylation dif-
fered among the three amines [3]. It is uncertain whether
COMT activity is involved in the removal of accumu-
lated interstitial catecholamines evoked by myocardial
ischemia,

In the present study, the possibility that the concentration
of these three catecholamines in the myocardial interstitial
space was affected by COMT activity was examined in anes-
thetized myocardial ischemic rabbits. With the use of dialysis
technique, a dialysis probe was implanted into the left ventri-
cle free wall perfused by the main branch of left circumflex
coronary artery (LCX) to measure myocardial interstitial
catecholamines levels in the ischemic region and dialysate
catecholamines levels were compared in the absence and
presence of COMT inhibitor.

Animal care proceeded in strict accordance with the Guide
Jor the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.
85-23, revised 1996). Adult male Japanese white rabbits
(2.5-3.2kg) were anesthetized with pentobarbital sodium
(30-35mg/kg i.v.). The level of anesthesia was maintained
with a continuous intravenous infusion of pentobarbital
sodium (1-2 mg/kg/h). The rabbits were intubated and ven-
tilated with room air mixed with oxygen. Heart rate, arterial
pressure, and electrocardiogram were simultaneously mon-
itored with a data recorder. The fifth or sixth rib on the left
side was partially removed to expose the heart. A 4-0 silk
suture was passed around the main branch of LCX, to act as
the occluder for later coronary occlusion. With a fine guiding
needle, a dialysis probe was implanted in the region perfused
by LCX of the left ventricular wall. Judging from changes
in the color of the ventricular wall during a brief coronary
occlusion, the dialysis probe was located in the midst of the
ischemic region. Heparin sodium (1001U/Kg) was adminis-
tered intravenously to prevent blood coagulation.

The dialysate NE, EPI, and DA levels were measured as
an index of myocardial interstitial NE, EPI, and DA levels,
respectively. A dialysis fiber (§ mm length, 0.31 mm o.d.,
and 0.20 mm i.d.; PAN-1200 50,000 molecular weight cutoff,
Asahi Chemical Japan) was glued at both ends of a polyethy-
lene tube. The dialysis probe was perfused with Ringer’s
solution at a perfusion speed of 2 pl/min. Dialysate NE level
was measured by the first HPLC after removing interfering
compounds by the alumina procedure [23]. Dialysate EPI and

DA levels were measured by direct injection into the second
HPLC [18].

After control sampling, we occluded the main branch of
LCX for 60min and then released the occluder. The 15-
min dialysate samples were collected before, during and
after 60min LCX occlusion. In vehicle group, we admin-
istered saline intraperitoneally as vehicle 120 min before
control sampling. After control sampling, we observed the
time course of dialysate NE, EPI, and DA levels from the
ischemic region during 60 min of coronary occlusion and
15 min of reperfusion. To elucidate the role of COMT activ-
ity in the ischemia-induced changes in myocardial interstitial
NE EPI, and DA levels, we compared dialysate NE, EPI,
and DA levels in the ischemic region with those levels after
injection of COMT inhibitor. We administered intraperi-
toneally the COMT inhibitor entacapone (10 mg/kg; Orion-
Pharma, Espoo, Finland) 120 min before control sampling.
Entacapone was dissolved in phosphate buffered saline, the
pH of the solution was adjusted to 7.4, and the dose of enta-
capone was determined based on the dose used in the earlier
preliminary experiments [7,8].

Changes in the dialysate NE levels in the vehicle and the
pretreatment with entacapone are shown in Fig. 1. In the vehi-
cle group, dialysate NE level averaged from six rabbits was
524 12 pg/ml in the control. During 60 min coronary occlu-
sion, dialysate NE levels markedly increased. The dialysate
NE levels reached up to 400 times the control levels during
the last 15 min of 60 min coronary occlusion. After release
of the occluder, dialysate NE levels rapidly decreased to
3473 £ 735 pg/ml, although their levels were higher than
those in the control. In the presence of entacapone, dialysate
NE levels also markedly increased during 60 min coronary
occlusion. The dialysate NE levels reached up to 1000 times
the control levels during the last 15min of 60 min coro-
nary occlusion. These increases in dialysate NE levels at
15-60 min of coronary occlusion were significantly enhanced
by entacapone whereas entacapone did not change dialysate
NE levels in the control (51 4= 16 pg/ml) or at 0-15 min of
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dialysate norepinephrine levels (pg/mi)
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Fig. 1. Dialysate norepinephrine levels before, during and after 60 min-
coronary occlusion. Values are mean = S.E. (n=6). * P <0.05 vs. concurrent
value of vehicle group.
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Fig. 2. Dialysate epinephrine levels before, during and after 60 min-coronary
occlusion. Values are mean + S.E. (n=6). “P<0.05 vs. concurrent value of
vehicle group.

coronary occlusion. Dialysate NE levels decreased by reper-
fusion, but remained higher than those in vehicle group. Thus,
COMT activity for NE removal was operative in ischemic and
reperfusion periods. Entacapone augmented peak NE levels
to 160% of vehicle group.

Dialysate EPI levels were below the detectable level in the
control. After coronary occlusion, dialysate EPI levels grad-
ually increased and reached 1724 £ 706 pg/ml at 45-60 min
of occlusion (Fig. 2). Peak EPI levels during the ischemia
were one-twentieth of NE levels during the ischemic period.
In the presence of entacapone, dialysate EPI levels were
below the detectable level in the control. Dialysate EPIlevels
gradually increased during coronary occlusion and reached
2681 =+ 567 pg/ml at 45-60 min of occlusion. In the pres-
ence of entacapone, dialysate EPI levels at 15-60 min of the
ischemia were higher than those in the vehicle group. Enta-
capone augmented peak EPI levels by 50% of vehicle group.

Dialysate DA levels were below the detectable level in the
control and at 0—15 min of ischemia. After 15 min of occlu-
sion, dialysate DA levels gradually increased and reached
1807 + 800 pg/ml at 45-60 min of occlusion (Fig. 3). Peak
DA levels during the ischemia were one-twentieth of NE
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Fig. 3. Dialysate dopamine levels before, during and after 60 min-coronary
occlusion. Values are mean & S.E. (n=6). "P<0.05 vs. concurrent value of
vehicle group.

levels during the ischemia. In the presence of entacapone,
dialysate DA levels were below the detectable level in the
control and at 0—15 min of the occlusion. Dialysate DA lev-
els gradually increased during 15-60 min of the ischemia and
reached 3351 = 710 pg/ml at 45-60 min of occlusion. In the
presence of entacapone, dialysate DA levels at 15-60 min of
the ischemia were higher than those in the vehicle group.
Entacapone augmented peak DA levels by 100% of vehicle
group.

Myocardial ischemia induced a progressive increase of
interstitial catecholamines. The rank order of the amount of
catecholamine release was NE much greater than EPI or DA,
with this rank order remaining unchanged before, during and
after myocardial ischemia. These findings are in line with
those reported by Lameris et al. [14] studied the time course of
myocardial interstitial catecholamine levels during myocar-
dial ischemia. The measurement of overall content in the left
ventricle free wall was performed in dogs [13] and the in
vitro ratio of EPI/NE or DA/NE was similar to our result.
Therefore, the rank order may refiect the ratio of overall cat-
echolamine content in the left ventricle free wall.

In the resting state and early period (0-15min) of
ischemia, COMT does not appear to contribute to the removal
of myocardial interstitial catecholamine levels. In the mid-
late period of ischemia, COMT contributes to the inactivation
of high myocardial interstitial catecholamine levels evoked
by ischemia. The rank order of the amount of neurotrans-
mitter release was NE much greater than EPI or DA. From
percentage increase of catecholamine by entacapone, the rank
order of COMT activity for removal of catecholamines was
considered to be NE greater than DA greater than EPL. On
the other hand, when catecholamines were infused in the
isolated rat heart, the metabolism of the catecholamines by
COMT differs: DA = NE less than EPI [9]. These datasuggest
that contribution of COMT to removal of accumulated cate-
cholamines depends on the types of amines and the amount of
accumulated catecholamine. In the absence of catecholamine
spill over and MAO activity, COMT might constitutes one of
major pathways of catecholamine metabolism in ischemic
heart. Alternatively all three catecholamines are taken up
and then metabolized by COMT at the extraneuronal tissues
[4,10]. Uptake and O-methylation may handle three cate-
cholamines in a different manner.

Up to now, little has been known about the role of car-
diac COMT activity in the removal of accumulated interstitial
catecholamine. In the isolated perfused rat, Carlsson et al.
[5], demonstrated that marked NE release was paralleled
by an increasing extraneuronal inactivation of released NE.
Accumulated catecholamine in myocardial interstitial space
is involved in the pathophysiology of ischemic heart dis-
ease [16,21]. Therefore, these data suggest that inhibition
of COMT activity deteriorates myocardial ischemic injury
via enhanced catecholamine accumulation. In contrast to this
hypothesis, Valenza et al. [20], demonstrated that the inhi-
bition of COMT (by nitecapone) improved the mechanical
function of the heart during ischemia-reperfusion injury. In
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the present study, we did not measure myocardial contractile
function or biochemical markers. Future work should con-
centrate on these aspects of COMT action during myocardial
ischemia.
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Abstract Cellular response to a hypertonic environment is
important for fluid clearance in the lung. Hypertonicity modu-
lates prostaglandin synthesis by influencing cyclooxygenase-2
(COX-2) expression in tissues such as liver and kidney via a
mitogen-activated protein kinase (MAPK)-dependent pathway.
However, little is known about COX-2 expression in response
to hypertonicity in the lung. COX-2 mRNA accumulation in-
duced by hypertonic NaCl was detected after 1 h of treatment,
and COX-2 mRNA continued to accumulate until 18 h, the lon-
gest time point examined, in human alveolar epithelial A549
cells. This induction was a transcriptional event that occurred
in the absence of the protein synthesis inhibitor cycloheximide
and was the result of enhanced promoter activity, as examined
with the use of full-length COX-2 promoter-driven reporter plas-
mids. The induction of COX-2 expression by hypertonic NaCl
did not require the activation of NF-kB. The p38 MAPK inhib-
itor, SB203580, or MEK1/2 inhibitor, U0126, inhibited hyper-
tonic induction of COX-2 expression. We examined whether
the hypertonic induction of COX-2 was under the influence of
glucocorticoid; we found that COX-2 promoter activity and
mRNA and protein levels were depressed by dexamethasone
and antagonized by the glucocorticoid receptor (GR) antagonist
RU486. Our data demonstrate that the induction of COX-2
expression by hypertonic NaCl occurs independently of NF-xB
and is inhibited by the GR in A549 cells.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: COX-2; Hypertonic sodium chloride; NF-xB;
Glucocorticoid receptor; Alveolar epithelial cells

1. Introduction

Salt and water transport play an important role in alveolar
fluid clearance (AFC), and active sodium ion transport drives
osmotic water transport in the lung, The alveoli must remain
open and free from fluid for efficient gas exchange to occur
[1]. Intact AFC, therefore, is critical in clearing fluid from the
tungs at birth and keeping the alveolar space relatively fluid-free
for adequate gasexchange under physiological conditions [2-4].

. "Corresponding author, Fax: +82 2 3408 3334,
E-mail address: yjlee@sejong.ac.kr (Y.J. Lee).

One enzyme that may be involved in this process is cycloox-
ygenase (COX), a key regulatory enzyme in the biosynthesis of
prostaglandins (PGs) from arachidonic acid [5]. COX-2 has a
diverse assortment of biological functions in mammalian tis-
sues, such as regulation of vascular tone, expression and secre-
tion of rennin, and salt and water homeostasis in the kidneys
[6]. Recent studies on the effects of salt on COX-2 expression
in the kidney have identified some mechanisms for the regula-
tion of COX-2 expression. It was reported that a low-salt med-
ium regulates COX-2 expression by p38- and NF-xB-
dependent signaling pathways in cultured cortical cells from
the thick ascending limb of the loop of Henle [6,7]. Hypertonic
NaCl activated COX-2 in renal medullary interstitial cells
through the transactivation of the epidermal growth factor
receptor [8]. Pathways involving the transcription factor
NF-xB and mitogen-activated protein kinase (MAPK) play a
central role in the high-salt-mediated regulation of COX-2
expression in mammalian kidney cells {9,10]. All three mem-
bers of the MAPK family (BERK, TNK-2, and p38) as well as
Src kinases are required for tonicity-stimulated COX-2 expres-
sion in inner medullary collecting duct cells [10].

Cellular dysfunction induced by hypertonic NaCl in alveolar
epithelial cells could play an important role in the lung fluid
balance under both normal and pathological conditions. Saline
infusion has been reported to have a significant infiuence on
inflammation-related gene expression in the lung [11]. Previous
studies have shown that the inhibition of prostaglandin synthe-
sis inhibits the flow of liquid from the fetal lungs [12-14]. How-
ever, the effects of hypertonic stress on COX-2 expression in
alveolar epithelial cells and the mechanism involved are not
known. In the present study, we examined the hypertonic
NaCl induction of COX-2 expression in the human alveolar
epithelial cell line A549. :

2. Materials and methods

2.1. Materials

Cycloheximide, pyrrolidine dithiocarbamate (PDTC), SB203580,
U0126, urea, NaCl, mannitol, 3-(5'-hydroxymethyl-2'-furyl)-1-benzyl-
indazole (Y C-1), aldosterone, spironolactone, dexamethasone, RU486,
12-O-tetradecanoylphorbol-13-acetate (TPA) and Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F12 were purchased from Sigma (St.
Louis, MO, USA). Fetal calf serum (FCS), Trizol Reagent, and peni-
cillin/streptomycin were purchased from GIBCO Invitrogen (Grand
Island, NY, USA).

0014-5793/530.00 © 2005 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Cell culture, transfection, and luciferase assays

AS549 cells, a human pulmonary epithelial cell line, were grown in
DMEM/Ham’s F12 nutrient mixture containing 10% FCS and penicil-
lin/streptomycin in a humidified 37 °C incubator. COX-2-Lug, a firefly
luciferase reporter construct containing the mouse COX-2 gene pro-
moter fragment (3.4 kb), —327/+59, a firefly luciferase reporter dele-
tion construct of the human COX-2 promoter, KBM, an NF-xB
binding region site-specific mutant of —~327/+59, hat ENaC-Luc, a fire-
fly luciferase reporter construct containing the human o« ENaC pro-
moter fragment (1.4 kb), and 3 x (NF-kB)tk-Luc, a firefly luciferase
reporter construct containing three repeated NF-xB-responsive ele-
ments, were kindly provided Dr. Huifang Cheng (Vanderbilt Univer-
sity School of Medicine, Tennessee, USA) [6], Dr. Hiroyasu Inoue
(Nara Women’s University, Nara, Japan) [15], Dr. Christie P, Thomas
(University of Iowa College of Medicine and the Veterans Affairs Med-
ical Center, Iowa, USA) [16], and Dr. Sam Okret (Karolinska Univer-
sity Hospital Huddinge, Huddinge, Sweden) [17], respectively. A549
cells were transiently transfected with COX-2-Luc, ~327/+59, KBM,
he ENaC-Luc, or 3 x (NF-xB)tk-Luc by electroporation. Electropora-
tion was performed with a Gene Pulser II (Bio-Rad, Hercules, CA,
USA). Cells were trypsinized, washed in cold PBS, and resuspended
in PBS. A 400 pl portion of the suspension was mixed with 20 pg of
plasmid DNA.

After 5 min at room temperature, cells were pulsed at 1000 uF and
250 V. After 10 min incubation at 37 °C, the suspension was diluted
in medium and cultured for 24 h. Cells were replaced with fresh med-
ium and treated with high salt (100 mM NaCl; 200 mosmol/kgH,0) to
the normal medium resulting in final osmolarity of 500 mosmol/kgH,0
or pretreated with specific inhibitors for 30 min before treatment of
high salt for 18 h. After treatment, the cells were harvested and lysed
with reporter lysis buffer (Promega Luciferase Assay system), The cell
extract was mixed with the luciferase assay reagent and analyzed by
the luminometer (Lumat LB 9507, EG&G Berthold, Bad Widbad,
Germany).

2.3. Reverse transcription-PCR

Total RNA was extracted using Trizol Reagent according to the man-
ufacturer’s instruction. RNA pellets were dissolved in diethylpyrocarbon-
ate-treated water. The yield of RNA was quantified by spectroscopy at
260 nm. Samples were aliquoted and stored at —80 °C until further pro-
cessing. To synthesize first strand cDNA, 3 g total RNA was incubated
at 70 °C for 5 min with 0.5 ug of random hexamer and deionized water
(up to 11 pl). The reverse transcription (RT) reaction was performed using
40 U of M-MLYV reverse transcriptase (Promega, Madison, W1, USA) in
5 X reaction buffer (250 mmol/l Tris-HCI; pH 8.3, 375 mM K.CI, 15 mM
MgCl,, 50 mM DTT), RNase inhibitor at 1 U/, and | mM dNTP mix-
tures at 37 °C for 60 min. The reaction was terminated by heating at 70 °C
for 10 min, followed by cooling at4 °C, The resulting cDNA was added to
the PCR mixture containing 10 x PCR buffer (100 mM Tris-HCI, pH 8.3,
500 mM KCl, 15 mM MgCly), 25 U of rTaq polymerase (TakaRa, Shiga,
Japan), 4 pl of 2.5 mM dNTP mixtures, and 10 pmol of primers each. The
final volume was 50 pl. Samples were amplified at 94 °C for 5 min, 23 cy-
cles of 94 °Cfor 45's, 55 °Cfor 45 s, and 72 °C for 45 s using Mastercycler
gradient (Eppendorf, Hamburg, Germany). 8-actin was amplified for 20
cycles, followed by 72 °C for 5 min. The primers used were: COX-2 sense
primer, 5-TTCAAATGAGATTGTGGGAAAATTGCT-3"; COX-2
antisense primer, 5-AGATCATCTCTGCCTGAGTATCTTT-3'[18];
f-actin sense primer, $'-CCTGACCCTGAAGTACCCCA-3', B-actin
antisense primer, 5'-CGTCATGCAGCTCATAGCTC-3; IL-8 sense pri-
mer, 5-AAGGAACCATCTCACTG-3', IL-8 antisense primer, 5'-GAT-
TCTTGGATACCACAGAG-3'. The expected size of amplicons for
COX-2, ®-actin, and IL-8 are 305, 550, 500, and 369 bp, respectively.

2.4. Western blot analysis

Protein extracted from AS549 cells was isolated in lysis buffer
(150 mM NaCl, 50 mM Tris~-HCl, 5mM EDTA, 1% Nonidet P-40,
0.5% deoxycholate, 1% SDS) with protease inhibitor cocktail (Sigma)
on ice for | h and then centrifuged for 20 min at 13000 x g. Superna-
tant was collected and protein concentrations were measured using
the Bradford method (Bio-Rad). Proteins were dissolved in sample
buffer and boiled for 5 min prior to loading onto an acrylamide gel.
After SDS-PAGE, proteins were transferred to a polyvinylidene
difluoride membrane, blocked with 5% non-fat dry milk in Tris-buf-
fered saline containing 0.1% Tween-20 (TBST) for 60 min at room
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temperature. The membranes were incubated for 2 h at room temper-
ature with 1:1000 dilution of COX-2 polyclonal antibody (Cayman,
Ann Arbor, MI, USA). Equal lane loading was assessed using B-actin
monoclonal antibody (Sigma). After washing with TBST, blots were
incubated with 1:5000 dilution of the horseradish peroxidase conju-
gated-secondary antibody (Zymed, San Francisco, CA, USA), and
washed again three times with TBST. The transferred proteins were
visualized with an enhanced chemiluminescence detection kit (Amer-
sham Pharmacia Biotech, Buckinghamshire, UK).

2.5. Statistical analysis

Data were expressed as means + S.E.M., and statistical analysis for
single comparison was performed using the Student’s ¢ test, The crite-
rion for statistical significance was P < 0.05.

3. Results

3.1. Hypertonic NaCl induces COX-2 mRNA and protein
expression in A549 cells

We determined the effects of hypertonic NaCl on COX-2
expression in A549 cells by using RT-PCR and Western blot
analyses. AS549 cells were treated with 100mM NaCl,
200 mM urea, or 200 mM mannitol to the normal medium
resulting in final osmolarity of 500 mosmol/kgH,0. As shown
in Fig. 1A, membrane-permeable urea did not affect the COX-
2 protein Jevels, but the membrane-impermeable agents, NaCl
and mannitol, increased COX-2 protein levels in the A549
cells. This observation indicates that the induction of COX-2
regulation in A549 cells in the presence of a high salt concen-
tration occurs in response to cell volume changes by tonicity
rather than by the osmolarity of the surrounding fluid. The
ASA49 cells were treated with hypertonic NaCl for 0, 0.5, 1, 2,
4, 6, or 18 h. COX-2 mRNA was not detected after 0 or
0.5h of the high salt treatment, but COX-2 mRNA was de-
tected after 1 h and continued to accumulate until 18 h. To
examine whether the induction of COX-2 mRNA was the re-
sult of increased transcription from the COX-2 promoter, we
performed a reporter assay using a luciferase construct con-
taining the full-length mouse COX-2 promoter. As shown in
Fig. 1C, hypertonic NaCl significantly increased the luciferase
activity of the full-length COX-2 promoter in the A549 cells.

We examined whether the hypertonic NaCl induction of
COX-2 gene expression requires protein synthesis by pre-treat-
ing A549 cells for 2 h with or without cycloheximide (10 g/
ml), a protein synthesis inhibitor, and then incubating the cells
in the presence or absence of 100 mM NaCl for 18 h. Asa po-
sitive control, we performed RT-PCR for interleukin-8 (IL-8)
[19]. The increased expression of COX-2 mRNA induced by
the high-salt medium was not affected by cycloheximide pre-
treatment (Fig. 1D), although cycloheximide alone signifi-
cantly increased 1L-8 mRNA in the A549 cells. This result
suggests that protein synthesis is not involved and indicates
that the response is elicited by pre-existing transcription fac-
tor(s), possibly by NF-«B.

3.2. Hypertonic NaCl regulation of COX-2 is not mediated by
NF-xB in A549 cells

The transcription factor NF-xB is important in the hyper-
tonic NaCl regulation of COX-2 in kidney cells [9). The bind-
ing of activated NF-xB to the COX-2 promoter region is
critical for COX-2 transcriptional activation in a number of
cell types [20-22]. NF-kB is a positive regulator of COX-2
expression in macrophages and colon carcinoma cell lines
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ormal medium for 18 h. After incubation, the cell lysates were subjected to
Immunoblots were probed with a COX-2 antibody and reprobed with actin

antibody. Bands were visualized by an ECL method, as described in Section 2. The immunoblot is representative of three independent experiments
eliciting similar pattern. (B) AS49 cells were treated with high salt'(100 mM NaCl) for indicated time periods. Total RNA from A549 cells were
analyzed for COX-2 mRNA expression by RT-PCR using specific primers as described in Section 2. Data presented are representative of two
independent experiments showing similar trend. (C) A549 cells were transfected with COX-2-Luc and treated as indicated. After treatment, luciferase
expression was determined as described in Section 2. Values represent the means = S.E.M. (N = 3). “Represents P < 0.05. (D) A549 cells were
pretreated with cycloheximide (10 pg/ml) for 2 h before incubation with 100 mM NaCl for 18 h. Total RNA from A549 cells were analyzed for COX-
2 and IL-8 mRNA expression by RT-PCR assays. Data presented are representative of two independent experiments showing similar trend. con,
untreated cells; HS, 100 mM NaCl; CHX, cycloheximide; IL-8, interleukin-8.

[23,24]. Studies have shown that IL-1p or lipopelysaccharide
induces COX-2 expression via NF-xB activation in many cells
including AS549 cells [25-28]. To determine if NF-xB is
involved in the hypertonic NaCl-induced COX-2 expression
in A549 cells, we evaluated the effects of NF-xB inhibitors.
We pretreated A549 cells with 5 pM MGI32, a proteasome
inhibitor that has been shown to prevent IxB degradation
and thereby NF-xB activation [29], or 100 uM PDTC, fol-
lowed by incubation in hypertonic NaCl for 18 h. As shown
in Fig. 2A—C, neither MG132 nor PDTC inhibited COX-2
expression or promoter activation in cells exposed to hypertonic
NaCl. No reduction in hypertonic NaCl induced COX-2 expres-
sion with MG132 or PDTC suggests that COX-2 activation
occurs in the absence of NF-xB activation. Interestingly, we
have consistently observed increased COX-2 protein expres-
sion with MG132 as compared with that of high salt
(Fig. 2A, lanes 2 and 3). Similar results were observed in
M-1 mouse cortical collecting duct cell (our unpublished
results). We do not exactly understand how MG132 synergis-
tically activates COX-2 in our model system. MG132 may acti-
vate upstream targets of hypertonic COX-2 activation by
triggering other signaling transduction pathways independent
of protein degradation [30]. ’

To further determine the importance of NF-xB activation, we
performed reporter assay using luciferase construct driven by
the 5'-flanking region of the COX-2 promoter (—327/+59) con-
taining NF-xB binding site. The COX-2 promoter (~327/+59)
showed less than 2-fold activation in response to 100 mM NaCl
(Fig. 2D). The 0.3 kb COX-2 promoter fragment with mutation

at the NF-xB site (—223/-214) also had a marginal effect on
luciferase expression (Fig. 2D). As a positive control for
KBM, we used TPA [15]. These data suggest that NF-xB bind-
ing element is not critical in COX-2 upregulation by highsaltin
A549 cells. Furthermore, the hypertonic NaCl did not affect
NF-kB-dependent luciferase expression in A549 cells. As a
positive control for NF-xB-dependent gene transcription, we
used YC-1, an activator of soluble guanylate cyclase, which ini-
tiates ITKKo/B and NF-xB activation {31] (Fig. 2E). These
observations indicate that NF-xB is not activated by hypertonic
NaCl and imply that, although both salt and cytokines induce
COX-2 expression, different signaling mechanisms exist for
the hypertonic NaCl and cytokine induction of COX-2.

3.3. The hypertonic NaCl regulation of COX-2 in A549 cells is
mediated by MEKI1/2 and p38 MAPK

Study has shown that MAPK family members play a role in
COX-2 gene expression induced by a hypertonic medium,
which is crucial for cell survival under hyperosmotic shock
{10]. The MAPK p38 is an essential component of the hyper-
tonic signaling response pathway in mammals and is a major
regulator in COX-2 upregulation [32-35]. To study the
involvement of the MAPK pathway in the hypertonic NaCl
induction of COX-2 expression in AS549 cells, we evaluated
the effects of p38 and MEK1/2 inhibitors on COX-2 expres-
sion. We pretreated A549 cells with SB203580 (a p38 MAPK
inhibitor) or U0126 (a MEK.1/2 inhibitor) for 30 min and then
co-treated the cells with hypertonic NaCl for 18 h. The high-
salt induction COX-2 mRNA and protein expression was
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Fig. 2. NF-kB is not involved in hypertonic NaCl induction of COX-2 in A549 cells. (A) A549 cells were pretreated with PDTC (100 pM) or MG132
(5 uM) for 30 min before incubation with 100 mM NaCl for 18 h. Immunoblots were probed with a COX-2 antibody and reprobed with actin
antibody, as described in Section 2. (B) A549 cells were pretreated with PDTC (100 pM) or MG132 (5 uM) for 30 min before incubation with
100 mM NaCl for 18 h. Total RNA from A549 cells were analyzed for COX-2 mRNA expression by RT-PCR assays, as described in Section 2. (C)
A549 cells were transfected with COX-2-Luc and treated as indicated. Alfter treatment, luciferase expression was determined as described in Section 2.
Values represent the means % S.E.M. (¥ = 3). (D) A549 cells were transfected with —327/+59 or KBM and treated as indicated. After treatment,
luciferase expression was determined as described in Section 2. Values represent the means + S.E.M. (N = 3). (E) A549 cells were transfected with the
3 X (NF-xB)tk-Luc and treated as indicated. After treatment, luciferase expression was determined. Values represent the means = S.E.M. (N = 3).
"Represents P < 0.05. con, untreated cells; HS, 100 mM NaCl. All experiments were repeated at least twice.

significantly blocked by SB203580 and U0126 (Fig. 3A and B).
Furthermore, hypertonic NaCl-mediated full-length COX-2
promoter driven luciferase activity was partially inhibited by
SB203580 and U0126 (Fig. 3C). It appears that p38 and
MEXK1/2 pathways affect not only at the level of transcription
but also that of post-transcription in high-salt induction COX-
2 expression in A549 cells. These results suggest that the acti-
vation of the p38 and MEKI1/2 pathways is critical for the
induction of COX-2 in A549 cells by a high-salt medium.

3.4. Dexamethasone inhibits hypertonic NaCl induction of
COX-2 expression in A549 cells

Glucocorticoids regulate sodium uptake and fiuid transport
in both adult and fetal lungs, and studies have shown that a
single dexamethasone injection increases AFC [36-40]. Dexa-
methasone suppresses COX-2 expression in the myelomonocy-
tic leukemia cell line U937 {41]. The glucocorticoid receptor
(GR) is involved in the tonic suppression of renal cortical
COX-2 expression in animals [42]. To examine the possible
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Fig. 3. MEK1/2 and p38 MAPK are involved in hypertonic NaCl induction of COX-2 in A549 cells, (A) A549 cells were pretreated with U1026
(10 pM) or SB203580 (10 pM) for 30 min before incubation with 100 mM NaCl for 18 h. Immunoblots were probed with a COX-2 antibody and
reprobed with actin antibody, as described in Section 2. Data presented are representative of two independent experiments showing similar trend. (B)
A549 cells were pretreated with U1026 (10 uM) or SB203580 (10 uM) for 30 min before incubation with 100 mM NaCl for 18 h. Total RNA from
A549 cells were analyzed for COX-2 mRNA expression by RT-PCR assays, as described in Section 2. (C) A549 cells were transfected with COX-2-
Luc and treated as indicated. After treatment, luciferase expression was determined as described in Section 2. Values represent the means + S.E.M.

(N'=3). con, untreated cells; HS, 100 mM NaCl; SB, SB203580. The immunoblot is representative of three independent experiments eliciting similar
pattern.
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Fig. 4. Dexamethasone inhibits hypertonic NaCl induction of COX-2 in A549 cells. (A) A549 cells were pretreated with dexamethasone (0.01 or
0.1 pM) andfor RU486 (1 pM) for 1 h before incubation with 100 mM NaCl for 18 h. Total RNA from A549 cells were analyzed for COX-2 mRNA
expression by RT-PCR assays, as described in Section 2. Data are representative of two independent experiments. (B) A549 cells were pretreated with
dexamethasone (0.01 or 0.1 pM) and/or RU486 (1 pM) for 1 h before incubation with 100 mM NaCl for 18 h. Immunoblots were probed with a
COX-2 antibody and reprobed with actin antibody, as described in Section 2. Blots are representative of four independent experiments showing
similar pattern. (C) AS49 cells were transfected with COX-2-Luc and treated as indicated. After treatment, luciferase expression was determined as
described in Section 2. Experiments were repeated four times. (D) AS549 cells were pretreated with aldosterone (0.1 pM) for 1 h before incubation with
100 mM NaCl for 18 h. Immunoblots were probed with a COX-2 antibody and reprobed with actin antibody. Blots are representative of two
independent experiments showing similar pattern. Values represent the means £ S.E.M. (N = 3). “Represents P < 0.05. con, untreated cells; HS,
100 mM NaCl; Dex, dexamethasone; Aldo, aldosterone. Experiments were repeated twice.

role of the GR in the hypertonic NaCl induction of COX-2 in
A549 cells, we pre-incubated cells with dexamethasone and/or
the GR antagonist RU486 for 1 h and co-treated with NaCl.
Neither dexamethasone nor RU486 in the absence of high salt
had an effect on the COX-2 protein level or promoter activity.
However, dexamethasone did block the hypertonic NaCl-
induced COX-2 mRNA (Fig. 4A) and protein (Fig. 4B) expres-
sion, and COX-2 promoter activity (Fig. 4C). The suppressive
effect of dexamethasone was antagonized by the GR antago-
nist RU486, suggesting that the response is mediated by the
GR and glucocorticoid-specific. To further determine the spec-
ificity of the inhibitory effect of dexamethasone on salt-induced
COX-2 regulation, we examined whether aldosterone exhibits
similar suppressive effects. Cells were pre-incubated with aldo-
sterone and/or the mineralocorticoid receptor antagonist spi-
ronolactone for 1 h and were co-treated with NaCl for 18 h.
As shown in Fig. 4D, the application of aldosterone did not
have an effect on the hypertonic NaCl induction of COX-2
protein expression in A549 cells. As a positive control, we per-
formed an oENaC promoter-driven reporter gene assay; aldo-
sterone significantly increased oENaC-dependent reporter
gene transcription, and spironolactone blocked this induction
(data not shown). These results indicate that dexamethasone
inhibits hypertonic NaCl-induced COX-2 regulation through
the GR in A549 cells.

4, Discussion

‘We studied the induction of COX-2 by hypertonic NaCl in
lung epithelial A549 cells and observed that NaCl increases

COX-2 expression at the level of transcription. Our study sug-
gests that p38 and MEK 1/2, and not NF-xB, are involved in the
signal transduction leading to the expression of COX-2 induced
by hypertonic NaCl. The NaCl induction of COX-2 in the lung
cells could be a non-specific inflammatory-related response, but
urea, a hyperosmotic agent that can promote cell lysis and can
be irritating to cells, did not induce COX-2 in our study. COX-2
induction was observed in response to an increase in tonicity.
The hypertonic NaCl induction of COX-2 has been studied
most intensively in kidney tissue [6,7,9,10,43]. The expression
of COX-2 in the kidney is tissue-specific; COX-2 is downregu-
lated in the cortex and upregulated in the medulla [44]. Despite
intensive in vivo and in vitro studies, the mechanism of the dif-
ferential regulation in the kidney has not been elucidated. Our
results show that hypertonic NaCl activates COX-2 expression
in lung epithelial cells, as occurs in rat kidney meduila and inner
medullary collecting duct cells [9,10,43].

The first candidate we investigated as a transcription factor
responsible for COX-2 gene activation in lung epithelial cells
was NF-xB. Studies have previously shown that hypertonic
stress activates an NF-xB-COX-2-linked survival mechanism
in renal medullary interstitial cells [43]. Other studies have
shown that the inhibition of glycogen synthase kinase-3p pro-
tects renal cells from hypertonic stress via the induction of the
NF-kB-COX-2-dependent pathway [9]). However, in contrast
to the situation in the kidney medulla, the hypertonic activa-
tion of COX-2 in lung epithelial cells was not dependent on
NF-«B. In addition, it appears that part of the signal transduc-
tion pathway leading to COX-2 activation is shared but is not
identical with other stimuli, such as LPS and cytokines. The
NaCl induction of COX-2 was inhibited by a glucocorticoid,
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which agrees with the observations made in other studies of
LPS and cytokines [45-47], while dexamethasone suppressed
LPS-and IL-1B-induced COX-2 regulation in a NF-xB-depen-
dent manner. Recent studies have shown that the inhibition of
granulocyte-macrophage colony-stimulating factor by dexa-
methasone is independent of NF-xB [48,49], and the inhibition
of NF-xB cannot account for all the repressive effects of dexa-
methasone on inflammatory genes such as COX-2 [50]. The
transcription factor involved in the hypertonic NaCl activation
of COX-2 remains to be identified, but it is most likely a pre-
existing protein(s) rather than a newly synthesized protein, as
shown by the cycloheximide experiments. It is possible that
the factor is specific to the lung; however, we have observed
the hypertonic NaCl activation of COX-2 in other cells, such
as vascular smooth muscle (data not shown), which indicates
that the response is not restricted to lung and kidney tissues.
A few transcription factors activated by hypertonicity are
known. One well-known example is tonicity-responsive enhan-
cer (TonE) binding protein (TonEBP). TonEBP is a member of
the Rel family of transcripticnal activators that include NF-xR
and nuclear factor of activated T cells [S1]. Studies have previ-
ously shown that the hypertonic induction of COX-2 mRNA is
not reduced by the expression of DN-TonEBP [52]. However,
additional studies are needed to confirm that the hypertonic
induction of COX-2 is independent of TonEBRP. The identifica-
tion of the transcription factor responsible for the hypertonic
NaCl induction of COX-2 would greatly enhance our under-
standing of the hypertonicity-triggered signal transduction
pathway that leads to COX-2 activation.
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