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We have previously shown that inhibition of p38MAPK in-
creases adrenergic-stimulated p42/44MAPK activation in rat
pinealocytes. In this study we investigated whether p38MAPK

played a role in the adrenergic regulation of arylalkylamine-
N-acetyltransferase (AA-NAT) induction and melatonin (MT)
synthesis. Treatment of pinealocytes with norepinephrine
(NE) caused a time-dependent increase in the levels of AA-NAT
mRNA, AA-NAT protein, and enzymatic activity as well as MT
production. Cotreatment with SB202190, a selective p38MAPK

inhibitor, although having no effect on AA-NAT activity or
protein level 3 h after NE treatment, caused a sustained in-
crease in AA-NAT activity and protein level after 6 h of NE
treatment. The increases in NE-stimulated AA-NAT activity
and protein level by SB202190 occurred in the absence of an
increase in AA-NAT mRNA. Similar results were obtained
when AA-NAT was induced by (Bu)2cAMP or when SB203580

was used to inhibit p38MAPK. In comparison, SB202474, the
inactive analog, had no effect on NE or (Bu)2cAMP-stimulated
AA-NAT activity or protein level. SB202190 also increased cu-
mulative NE-stimulated MT production, provided that the me-
dium was supplemented with 5-methoxytryptamine. p38MAPK

inhibitors had no effect on hydroxyindole-O-methyltrans-
ferase activity. These results show that inhibition of p38MAPK,
although having no effect on cAMP-mediated AA-NAT tran-
scription, appears to increase AA-NAT activity either by in-
creasing translation or by reducing degradation of the AA-
NAT protein. The lack of effect on NE-stimulated MT
accumulation by p38MAPK inhibitors in the absence of 5-
methoxytryptamine could be secondary to a lack of substrate,
or alternatively, hydroxyindole-O-methyltransferase may be-
come limiting. (Endocrinology 145: 1167–1174, 2004)

THE RAT PINEAL gland is stimulated by the nightly
release of norepinephrine (NE) from the sympathetic

nerve terminals (1). NE, by activating both �- and �-adren-
ergic receptors, causes 100-fold increases in cAMP and cGMP
accumulation (1). The primary function of cAMP in the rat
pineal gland is to initiate a series of cellular processes that
lead to the synthesis of arylalkylamine-N-acetyltransferase
(AA-NAT), the rate-limiting enzyme in synthesis of the pi-
neal hormone, melatonin (MT) (2). These cellular events in-
clude activation of cAMP-dependent protein kinase and
phosphorylation of the transcription factor cAMP response
element-binding protein (CREB), followed by an up to 150-
fold increase in transcription of AA-NAT mRNA (2). At the
posttranslational level, cAMP also plays an important role in
maintaining AA-NAT activity by switching the fate of AA-
NAT protein from destruction by proteasomal proteolysis (3)
to protection and activation (4). Increased AA-NAT activity
results in an elevation of the intracellular concentration of
N-acetylserotonin, which is converted to MT by hydroxyin-
dole-O-methyltransferase (HIOMT) (5). In contrast to cAMP,
the physiological importance of NE-stimulated cGMP accu-
mulation in the pineal gland is not as well established. How-
ever, we have shown that the NE3cGMP pathway is the

main signaling mechanism involved in activation of p42/
44MAPK (6–8), a member of the MAPK family of kinases.

MAPKs, a large family of serine/threonine protein ki-
nases, have important functions as mediators of signal trans-
duction and are activated by diverse stimuli, such as cyto-
kines, growth factors, neurotransmitters, hormones, and
cellular stresses (9, 10). Three main groups of MAPKs have
been identified: p42/44MAPK (11, 12), p38MAPK (13, 14), and
c-Jun N-terminal kinase (15, 16). In rat pinealocytes, we have
demonstrated activation of p42/44MAPK (6, 7) and its down-
stream kinase, the 90-kDa ribosomal S6 kinase by NE (8).
Interestingly, we also found that NE activation of p42/
44MAPK can be modulated by the state of p38MAPK activation
(17). Using specific p38MAPK inhibitors, we showed that in-
hibition of p38MAPK amplifies adrenergic-stimulated p42/
44MAPK phosphorylation (17). This finding is in agreement
with the mounting evidence that cross-talk between the
p38MAPK pathway and other members of the MAPK family
represents an important mechanism of biological response
regulation (18–20).

The observation that inhibition of p38MAPK can signifi-
cantly affect the adrenergic-stimulated phosphorylation of
p42/44MAPK suggests that it may also modulate other ad-
renergic-mediated events, such as AA-NAT induction.
Moreover, because p42/44MAPK mediates its cellular re-
sponses through phosphorylation of nuclear transcription
factors such as CREB (21–23), and CREB phosphorylation is
important in the circadian activation of AA-NAT (24),
p38MAPK may affect MT biosynthesis in the pineal gland. To

Abbreviations: AA-NAT, Arylalkylamine-N-acetyltransferase; CREB,
cAMP response element-binding protein; HIOMT, hydroxyindole-O-meth-
yltransferase; MT, melatonin; NE, norepinephrine.
Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

0013-7227/04/$15.00/0 Endocrinology 145(3):1167–1174
Printed in U.S.A. Copyright © 2004 by The Endocrine Society

doi: 10.1210/en.2003-1170

1167

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/3/1167/2878040 by guest on 21 August 2022



explore this possibility, we investigated the effect of p38MAPK

inhibition on basal and stimulated AA-NAT induction and
MT production.

Materials and Methods
Materials

(Bu)2cAMP, NE, tryptamine hydrochloride, and antibodies against
p38MAPK and phosphorylated p38MAPK were obtained from Sigma-Al-
drich Corp. (St. Louis, MO). SB202190, SB 203580, and SB202474 were
obtained from Calbiochem (San Diego, CA). [3H]Acetyl-coenzyme A
was purchased from NEN Life Science Products (Boston, MA). [3H]MT
(specific activity, 81.1 Ci/mmol) was obtained from Amersham Phar-
macia Biotech (Piscataway, NJ). Polyclonal antibodies for the RIA of MT
were obtained from CIDTech Co. (Mississauga, Canada). Antibody
against AA-NAT (AB3314) was a gift from Dr. D. C. Klein (NICHHD,
NIH, Bethesda, MD). All other chemicals were of the purest grade
available commercially.

Preparation of pinealocytes

All procedures related to animal usage were reviewed and approved
by the health sciences animal and welfare committee of University of
Alberta. Sprague Dawley rats (male; weighing 150 g) were obtained from
the University of Alberta animal unit. Pinealocytes were prepared by
trypsinization from freshly dissected rat pineal glands as described
previously (25). Cells were suspended in DMEM containing 10% fetal
calf serum and were maintained at 37 C for 24 h in a gas mixture of 95%
air and 5% CO2 before experiments. Aliquots of pinealocytes (5 � 105

cells/0.5 ml) were treated with drugs that had been prepared in con-
centrated solutions in water or dimethylsulfoxide for the duration in-
dicated. Treated cells were collected by centrifugation (2 min, 12,000 �
g). Pinealocyte total RNAs were isolated and purified by RNeasy kit
(Qiagen, Valencia, CA) according to the manufacturer’s instruction.
Samples for Western blot analysis were solubilized in 1� sample buffer
by boiling for 5 min and were stored until electrophoresis. The homog-
enization buffer contained 20 mm Tris-HCl; 2 mm EDTA; 0.5 mm EGTA;
2 mm phenylmethylsulfonylfluoride; 1 �g/ml each of aprotinin, leu-
peptin, and pepstatin; 1 mm sodium orthovanadate; and 1 mm sodium
fluoride (pH 7.5). Samples for determination of NAT and HIOMT ac-
tivities were immediately frozen in dry ice and stored at �75 C. Media
were collected for MT determination.

RT-PCR analysis

First strand cDNA was synthesized using 1 �g total RNA, which had
been treated with ribonucleaase-free deoxyribonuclease, by using the
Superscript preamplification system (Life Technologies, Inc., Grand Is-
land, NY) and oligo(deoxythymidine) primer according to the manu-
facturer’s instructions. After first strand cDNA synthesis, PCR was per-
formed in a 50-�l reaction mixture containing 10 mm Tris (pH 8.3), 50
mm KCl, 1.5 mm MgCl2, 100 �m of each deoxy-NTP, 1.25 U Taq poly-
merase (PerkinElmer Cetus, Emeryville, CA), and 50 pmol of a previ-
ously characterized primer pair for AA-NAT (26) (forward, TGTCTT-
GTGGCCTTCATCATCGG; reverse, TGCGCAGCTTGGGTCAGCA-
GCC). After denaturing for 3 min at 94 C, PCR was performed for 30
cycles (1 min at 94 C, 1 min at 63 C, and 1 min at 72 C). A final extension
was carried out at 72 C for 5 min. Reference cDNA was generated from
extracts of NE-treated pinealocytes incubated along with the experi-
mental samples. Initial cDNA concentrations were confirmed by PCR
reactions amplifying cytoplasmic �-actin as an internal standard (not
shown). All reaction sets included water blanks as negative controls. The
amplified products were separated on 1.5% agarose gels, and images
were analyzed using a Kodak 2000R imaging station with Kodak 1-D
software (Eastman Kodak Co., Rochester, NY).

Western blot

SDS-PAGE was performed according to the procedure of Laemmli
(27) using 10% acrylamide (Mini-Protein II gel system, Bio-Rad Labo-
ratories, Hercules, CA). After electrophoresis, gels were equilibrated for
20 min in transfer buffer (25 mm Tris, 190 mm glycine, and 20% meth-

anol). Proteins were transferred onto polyvinylidene difluoride mem-
branes (1 h, 100 V), which were incubated with a blocking solution [5%
dried skim milk in 100 mm Tris (pH 7.5) with 140 mm NaCl and 0.01%
Tween 20] for a minimum of 1.5 h. The blots were then incubated
overnight at 4 C with diluted specific antisera as indicated. After wash-
ing three times with blocking solution, blots were incubated with diluted
with horseradish peroxidase-conjugated second antibodies (Bio-Rad
Laboratories) for 1 h at room temperature. They were then washed
extensively and developed using enhanced chemiluminescence (Amer-
sham Pharmacia Biotech).

Enzymatic assays

AA-NAT activity was determined as described previously (28).
Briefly, treated pinealocytes were stored frozen in dry ice until homog-
enization in a reaction mixture of 0.1 m phosphate buffer (pH 6.8)
containing 30 nmol [3H]acetyl coenzyme A (specific activity, 1 mCi/
mmol) and 1 �mol tryptamine hydrochloride in a final volume of 60 �l.
The reaction mixture was incubated at 37 C for 1 h. At the end of the
incubation period, the reaction was stopped by the addition of 1 ml
methylene chloride. After vortexing, the aqueous phase was removed,
and the organic phase was washed three times with 0.1 m phosphate
buffer (pH 6.8). The organic phase was transferred to a scintillation vial
and evaporated to dryness, and radioactive acetylated product was
determined by scintillation counting. AA-NAT activity was expressed
as nanomoles per hour per 105 cells. HIOMT activity was determined
using a previously established method (29) similar to the AA-NAT
assay. The reaction mixture used for the HIOMT assay was a 0.1 m
phosphate buffer (pH 7.9) that contained 1 mm [3H]S-adenosyl-l-
methionine (specific activity, 5 mCi/mmol) and 1 mm N-acetylserotonin.
The incubation conditions and product extraction are described above.

MT assay

Briefly, medium MT was extracted from 300 �l medium by vortexing
with 1 ml methylene chloride. As 5-methoxytryptamine (0.1 mm) was
added to the medium in selected experiments, washing the methylene
chloride extracted medium five times with 0.25 ml 0.1 m HCl was
included in the procedure. This washing effectively removed any in-
terference of 5-methoxytryptamine in the MT RIA. After centrifugation,
the organic phase was collected and evaporated to dryness. The residue
was reconstituted in 500 �l assay buffer (0.01 m phosphate buffer, pH
6.5, containing 0.1% gelatin). The recovery of medium MT was greater
than 98%. The extracted MT was assayed by RIA as described previously
(29).

Statistical analysis

For the Western blots and RT-PCR results, a typical image from at
least three similar experiments was presented. Results from the enzy-
matic assays and MT measurements were analyzed by paired t test or
ANOVA with Duncan’s multiple range test.

Results
Effect of p38MAPK inhibitors on NE-stimulated
AA-NAT activity

The effect of SB202190 (10 �m), a specific p38MAPK inhibitor
(30, 31), on the time profile of NE-stimulated AA-NAT ac-
tivity is shown in Fig. 1A. Treatment with NE (1 �m) caused
a significant increase in AA-NAT activity at 3 h (P � 0.05) that
peaked at 6 h. The increase in AA-NAT activity was sus-
tained for at least another 6 h and was followed by a gradual
decline. SB202190 (10 �m) alone had no effect on AA-NAT
activity. However, whereas the presence of SB202190 (10 �m)
had no effect on NE-stimulated AA-NAT activity when mea-
sured 3 h after NE stimulation, it significantly enhanced (up
to 70%) the NE-stimulated responses at later time points (P �
0.05 between 6 and 21 h after NE stimulation). A concentra-
tion-response study indicated that treatment with SB202190
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caused an increase in NE-induced maximal AA-NAT activity
(Fig. 1B). SB203580 (10 �m), another active p38MAPK inhibitor,
had a similar enhancing effect on NE-stimulated AA-NAT
activity 12 h after drug addition (Table 1). In comparison,
SB202474 (10 �m), the negative control, had no effect on
NE-stimulated AA-NAT activity 12 h after drug addition
(Table 1).

Effect of p38MAPK inhibitors on (Bu)2cAMP-stimulated
AA-NAT activity

We have previously shown that SB202190 enhances NE-
stimulated cAMP accumulation through inhibition of phos-
phodiesterase activity (32). To determine whether the effect
of SB202190 on NE-stimulated AA-NAT activity was due to
its reported enhancing effect on cAMP synthesis (32), pine-
alocytes were stimulated with (Bu)2cAMP. Treatment with
(Bu)2cAMP (1 mm) caused a maximal increase in AA-NAT
activity at 6 h, followed by a gradual decline (Fig. 2A). Co-
treatment with SB202190 (10 �m), although having no effect
3 h after drug treatment, significantly increased (Bu)2cAMP-
stimulated AA-NAT by 30–90% between 6 and 21 h after

addition of (Bu)2cAMP (Fig. 2A). A concentration-response
study showed that SB202190 caused a 75% increase in the
(Bu)2cAMP-induced maximal AA-NAT response (Fig. 2B). In
comparison, SB202474 (10 �m), the negative control, did not
have a significant effect on (Bu)2cAMP-stimulated AA-NAT
activity 12 h after drug addition (Table 1).

Effect of p38MAPK inhibitors on NE-stimulated
AA-NAT mRNA

To investigate the mechanism by which p38MAPK inhibi-
tion increased NE-stimulated AA-NAT activity, pinealocytes
were treated with NE (1 �m) in the presence or absence of
SB202190 (10 �m) or SB202474 (10 �m) for 3, 6, 12, or 16 h.
Cells were collected for AA-NAT mRNA determination by
RT-PCR. Reference cDNA samples for each time point were
prepared from pooled NE-treated pinealocyte extracts. Stan-
dard curves were plotted from in-gel densitometric analysis
of reaction products from a graded series of reference cDNA
concentrations. In the linear range of reference cDNA am-
plification, control cDNA samples generated from untreated
pinealocyte extracts showed no detectable AA-NAT mRNA
expression (Fig. 3). In comparison, treatment with NE (1 �m)
caused a significant induction of AA-NAT mRNAs at 3, 6, 12,
or 16 h (Fig. 3). Neither SB202190 (10 �m) nor SB202474 (10
�m) had an effect on AA-NAT mRNAs at any of the time
points tested (Fig. 3). These results indicate that p38MAPK

does not appear to have an effect on NE-stimulated AA-NAT
mRNA transcription.

Effect of p38MAPK inhibitors on NE-stimulated
AA-NAT protein

To determine whether the enhancing effect of SB202190 on
agonist-stimulated AA-NAT activity was related to an in-
crease in AA-NAT protein, pinealocytes were treated with
NE (1 �m) for 3, 8, 12, and 16 h, and AA-NAT protein levels

TABLE 1. Effect of p38MAPK inhibitors on NE- and (Bu)2cAMP-
stimulated NAT activity

Treatment
AA-NAT activity (nmol/h/105 cells)

0.5% DMSO � SB202474 � SB203580

Control ND ND ND
NE (1 �M) 1.81 � 0.05 1.77 � 0.11 2.75 � 0.08a

(Bu)2cAMP (1 mM) 1.65 � 0.10 1.70 � 0.12 2.65 � 0.13a

Pinealocytes (1.5 � 104 cells/0.4 ml) were incubated in DMEM with
10% fetal bovine serum and treated with NE or (Bu)2cAMP in the
presence or absence of 10 �M SB202474 or 203580 for 12 h. ND, Not
detectable; DMSO, dimethylsulfoxide. Each value represents the
mean � SEM of determinations from three independent experiments.

a Significantly different from corresponding group without
SB203580 (P � 0.05).

FIG. 1. Effect of a p38MAPK inhibitor on NE-stimulated AA-NAT ac-
tivity. Pinealocytes (5 � 104 cells/0.5 ml) were cultured for 24 h and
treated with NE (1 �M) for different time periods (A) or different
concentrations of NE for 12 h (B) in the presence or absence of
SB202190 (10 �M) as indicated. The cells were then collected by
centrifugation and assayed for AA-NAT activity as described in Ma-
terials and Methods. Each value represents the mean � SEM of de-
terminations from three independent experiments.

FIG. 2. Effect of a p38MAPK inhibitor on (Bu)2cAMP-stimulated AA-
NAT activity. Pinealocytes (5 � 104 cells/0.5 ml) were cultured for 24 h
and treated with (Bu)2cAMP (1 mM) for different time periods (A) or
different concentrations of (Bu)2cAMP for 12 h (B) in the presence or
absence of SB202190 (10 �M) as indicated. The cells were then col-
lected by centrifugation and assayed for AA-NAT activity as described
in Materials and Methods. Each value represents the mean � SEM of
determinations from three independent experiments.
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were determined by a specific antibody (AB3314) using
Western blot analysis. There was no detectable AA-NAT
protein in control cells (Fig. 4). Treatment with NE (1 �m)
caused an increase in AA-NAT protein at 3, 8, 12, and 16 h
after drug treatment (Fig. 4). Cotreatment with SB202190 (10
�m) or SB203580 (10 �m) further increased NE-stimulated
AA-NAT protein at 8, 12, and 16 h, but not at 3 h. In contrast,
SB 202474 (10 �m) had no effect on NE-stimulated AA-NAT
protein levels (Fig. 4). These results suggest that p38MAPK

inhibition leads to either increased translation of AA-NAT or
decreased AA-NAT enzyme degradation.

Effect of a p38MAPK inhibitor on NE-stimulated
MT accumulation

The effect of SB202190 (10 �m) on the NE-stimulated MT
accumulation is shown in Fig. 5. Treatment with NE (0.1–10
�m) caused a gradual concentration-dependent increase in
MT accumulation when measured 12 h after drug addition.
In contrast to its effect on NE-stimulated AA-NAT activity
(Fig. 1), SB202190 (10 �m) did not have a significant effect on
NE-stimulated MT production (Fig. 5A). These results sug-
gest that either the increase in AA-NAT activity can only be
observed in broken cell preparations in vitro or that other
factors may have become rate limiting in the production of
MT in vivo. To address this issue, the cell culture was sup-
plemented with 5-methoxytrytamine. 5-Methoxytryptamine
was selected as an alternate substrate because it can penetrate

the pinealocyte easily and is converted to MT by AA-NAT,
thus demonstrating AA-NAT activity in vivo.

In the presence of 5-methoxytryptamine (0.1 mm), not only
was the MT response to NE stimulation alone substantially
higher, but cotreatment with SB202190 was also effective in
further increasing NE-stimulated MT accumulation (Fig. 5B).
By comparing Fig. 6, A and B, it was evident that the presence

FIG. 3. Effect of p38MAPK inhibitors on NE-stimulated AA-NAT
mRNA. Pinealocytes (5 � 104 cells/0.5 ml) were cultured for 24 h and
treated with NE (1 �M) for different time periods in the presence or
absence of 10 �M SB 202190 or SB202474 as indicated. The cells were
then collected by centrifugation, total RNA was isolated, and cDNA
was prepared. RT-PCR was performed using AA-NAT primers. The
gel presented is representative of three separate experiments. Ref-
erence cDNA samples for each time point were prepared from pooled
NE-treated pinealocyte extracts. See Materials and Methods for de-
tails.

FIG. 4. Effects of p38MAPK inhibitors on NE-stimulated AA-NAT pro-
tein. Pinealocytes (5 � 104 cells/0.5 ml) were cultured for 24 h and
treated with NE (1 �M) for different time periods in the presence or
absence of 10 �M SB202190, SB202474, or SB203580 as indicated.
The cells were then collected by centrifugation, dissolved in 1� sam-
ple buffer, and analyzed by Western blotting using a specific antibody
against AA-NAT protein as described in Materials and Methods. The
blots presented are representative of three separate experiments.

FIG. 5. Effect of a p38MAPK inhibitor on the dose response of NE-
stimulated MT accumulation. Pinealocytes (5 � 104 cells/0.5 ml) were
cultured for 24 h and treated with different concentrations of NE for
12 h in the presence or absence of SB202190 (10 �M) as indicated in
control medium (A) or medium supplemented with 0.1 mM 5-me-
thoxytryptamine (B). After centrifugation, the medium was extracted
with methylene chloride before MT determination by RIA as de-
scribed in Materials and Methods. Each value represents the mean �
SEM of determinations from three independent experiments.
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of 5-methoxytryptamine by itself had little effect on AA-NAT
activity. A similar result was obtained when the effect of
SB202190 (10 �m) on the time profile of NE-stimulated MT
accumulation was investigated. As shown in Fig. 7, treatment
with NE (1 �m) caused a gradual increase in MT accumu-
lation up to 21 h after drug treatment. SB202190 (10 �m)
further increased the NE-stimulated MT accumulation pro-

vided that 5-methoxytryptamine was present in the culture
medium. These results suggest that in the absence of 5-
methoxytryptamine supplementation, the discordance be-
tween the NE-stimulated increase in AA-NAT activity and MT
output after SB202190 treatment (Figs. 5A and 7A) could be
related to reduced HIOMT activity or substrate availability.

Effect of p38MAPK inhibitors on HIOMT activity

Because the discrepancy between the agonist-stimulated
AA-NAT activity and MT accumulation (Figs. 5A and 7A)
could be related to inhibition of HIOMT activity, the in vitro
and in vivo effects of p38MAPK inhibitors on HIOMT activity
were determined. Addition of 10 �m SB202190, SB203580, or
SB202474 directly to the reaction mixture had no effect on
pinealocyte HIOMT activity (Fig. 8). Moreover, when pine-
alocytes were treated with SB202190, SB203580, or SB202474
(10 �m) for 12 h, none of the treatments had a significant
effect on HIOMT activity (Fig. 8). These results suggest that
p38MAPK inhibitors do not have a direct effect on HIOMT
activity in vitro or in vivo.

Effect of NE on p38MAPK activation in rat pinealocytes

To provide support for a role of p38MAPK activation in the
regulation of AA-NAT induction, the effect of NE on
p38MAPK activation in rat pinealocytes was determined.
Western blot analysis showed that treatment with NE (3 �m)
caused a time-dependent increase in phosphorylation of
p38MAPK without a change in p38MAPK protein levels (Fig. 9).
The increase in phosphorylated p38MAPK was observed after
1 h of NE stimulation and was sustained for more than 4 h.

FIG. 6. Effect of a p38MAPK inhibitor on the dose response of NE-
stimulated AA-NAT activity. Pinealocytes (5 � 104 cells/0.5 ml) were
cultured for 24 h and treated with different concentrations of NE for
12 h in the presence or absence of SB202190 (10 �M) as indicated in
control medium (A) or medium supplemented with 0.1 mM 5-
methoxytryptamine (B). The cells were then collected by centrifuga-
tion and assayed for AA-NAT activity as described in Materials and
Methods. Each value represents the mean � SEM of determinations
from three independent experiments.

FIG. 7. Effect of a p38MAPK inhibitor on the time-course of NE-stim-
ulated MT accumulation. Pinealocytes (5 � 104 cells/0.5 ml) were
cultured for 24 h and treated with NE (1 �M) for different time periods
in the presence or absence of SB202190 (10 �M) as indicated in control
medium (A) and medium supplemented with 0.1 mM 5-me-
thoxytryptamine (B). After centrifugation, the medium was extracted
with methylene chloride before MT determination by RIA as de-
scribed in Materials and Methods. Each value represents the mean �
SEM of determinations from three independent experiments.

FIG. 8. Effect of p38MAPK inhibitors on HIOMT activity. In the in
vitro experiment, 3 � 106 pinealocytes were collected by centrifuga-
tion and homogenized in HIOMT assay buffer. An aliquot of the
homogenate was used for HIOMT activity determination in the ab-
sence or presence of 10 �M SB202190, SB203580, or SB202474 in the
reaction mixture as indicated. In the in vivo experiment, pinealocytes
were cultured for 24 h and treated with 10 �M p38MAPK inhibitor for
12 h as indicated. The cells were then collected by centrifugation and
assayed for HIOMT activity as described in Materials and Methods.
Each value represents the mean � SEM of determinations from three
independent experiments.
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These results suggest that activation of p38MAPK is a natural
event that occurs after adrenergic stimulation in the rat pi-
neal gland.

Discussion

In this study we provided experimental evidence that ac-
tivation of p38MAPK can modulate NE-stimulated AA-NAT
activity in rat pinealocytes. Treatment with SB202190 or
SB203580, two specific inhibitors of p38MAPK, but not with
their inactive analog, SB202474, has an enhancing effect on
NE-stimulated AA-NAT activity. Together with the obser-
vation that NE activates p38MAPK in a sustained manner,
these results suggest that p38MAPK is part of the mechanism
by which NE regulates AA-NAT activity in rat pinealocytes.

Previously we have shown that p38MAPK inhibitors can
inhibit phosphodiesterase activity in rat pinealocytes, result-
ing in enhanced cyclic nucleotide accumulation (32). The
mechanism involved appears to be independent of p38MAPK

inhibition, because SB202474, the compound that is inactive
against p38MAPK, is equally effective in this capacity as
SB202190 and SB203580, the two active compounds (32). In
contrast, the effect of p38MAPK inhibitors on AA-NAT ap-
pears to be dependent on p38MAPK inhibition and indepen-
dent of phosphodiesterase inhibition because the enhancing
effect on agonist-stimulated AA-NAT activity is only ob-
served with SB202190 and SB203580, the two active com-
pounds. Moreover, SB202190 remains effective in enhancing
AA-NAT activity when cells are maximally stimulated by a
membrane-permeable cAMP analog, (Bu)2cAMP. Taken to-
gether, these results suggest that p38MAPK inhibitors increase
agonist-stimulated AA-NAT activity at a post-cAMP step
that is involved in the synthesis of AA-NAT.

Signaling pathways activated by members of the MAPK
family represent important intracellular mechanisms that
transmit extracellular signals into target gene expression (for
review, see Refs. 33 and 34). Activated p38MAPK is known to
phosphorylate transcription factors and kinases involved in
the regulation of mRNA synthesis (35; for review, see Ref.
33). In addition, p38MAPK has been shown to cause stabili-
zation of mRNAs (33, 36). However, our results indicate that
the effect of p38MAPK inhibition on AA-NAT is probably not
due to changes in the transcription of AA-NAT, because

neither p38MAPK inhibitor has an effect on AA-NAT mRNA
levels up to 16 h after NE stimulation. In comparison, the two
p38MAPK inhibitors produce a sustained increase in the
amount of AA-NAT protein from 8–16 h after NE stimula-
tion. Moreover, p38MAPK inhibitors increase the maximal fold
AA-NAT response that can be elicited by NE or (Bu)2cAMP.
These results point toward a posttranscriptional site of action
of p38MAPK inhibitors on AA-NAT regulation. This is also
supported by the observation of an enhancing effect of
SB202190 on AA-NAT activity at 6 h, but not at 3 h, after NE
or (Bu)2cAMP stimulation. Posttranscriptional regulation of
gene expression by p38MAPK has previously been demon-
strated in other cell types (for review, see Ref. 33).

Another possible mechanism that can account for our ob-
servations of the effect of p38MAPK inhibitors on AA-NAT is
that p38MAPK may regulate the degradation of AA-NAT pro-
tein. Degradation of AA-NAT protein has been shown to be
controlled by proteasomal proteolysis (3). The rapid decline
of AA-NAT that follows removal of NE is blocked by treat-
ment with a proteasomal inhibitor (3). Moreover, complex
formation of 14-3-3 with AA-NAT has also been shown to
prevent degradation of the AA-NAT enzyme (4). Therefore,
it is possible that p38MAPK inhibitors may reduce the deg-
radation of the AA-NAT protein either by enhancing its
binding with 14-3-3 or by reducing proteosomal-dependent
AA-NAT degradation. In this regard, activation of other
members of the MAPK family has been shown to promote
phosphorylation and proteasome-dependent proteolysis
(37). Therefore, it would be of interest to determine whether
AA-NAT or peptides containing one of the other cyclic nu-
cleotide kinase sites involved in binding to 14-3-3 are phos-
phorylated by p38MAPK.

Our results also suggest that during NE stimulation, ac-
tivation of p38MAPK, apart from initiation of the transcription
and translation of AA-NAT, also sets into motion a series of
cellular events that limit the maximal response attainable
poststimulation. This is not a new concept, as the inhibitory
transcription factor inducible cAMP early repressor has also
been shown to be stimulated by NE (38). The degree of
enhancement of AA-NAT transcription by CREB phosphor-
ylation (24, 39) is inversely linked to inducible cAMP early
repressor, which competes with CREB for CRE sites on the
AA-NAT promoter (38, 40). Our findings of p38MAPK inhi-
bition on AA-NAT add to the importance of this concept by
indicating that a negative signal also operates at the trans-
lational level and limits the magnitude of the AA-NAT re-
sponse poststimulation.

Similar to previous studies (41, 42), our results showed that
NE treatment causes parallel increases in AA-NAT activity
and MT accumulation. However, the increase in NE-stimu-
lated AA-NAT activity produced by p38MAPK inhibition
alone is not accompanied by a corresponding increase in MT
production. Our results suggest that the lack of effect on
NE-stimulated MT accumulation by p38MAPK inhibitors
could be secondary to a lack of substrate because of the
prolonged incubation time, or alternatively, HIOMT may
become limiting. In the presence of 5-methoxytryptamine,
which acts as an alternate substrate for conversion to MT by

FIG. 9. Effect of NE on phosphorylated p38MAPK in rat pinealocytes.
Pinealocytes (5 � 105 cells/0.5 ml) were cultured for 24 h and treated
with NE (10 �M) for different time periods as indicated. The cells were
collected by centrifugation, dissolved in 1� sample buffer and ana-
lyzed by Western blotting using an antibody against phosphorylated
p38MAPK (p-p38MAPK) as described in Materials and Methods. The
immunoblot was stripped and reprobed with specific antibodies
against total p38MAPK. The blot presented is representative of three
separate experiments.

1172 Endocrinology, March 2004, 145(3):1167–1174 Man et al. • p38MAPK Inhibition on AA-NAT Activity

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/3/1167/2878040 by guest on 21 August 2022



AA-NAT, SB202190 has an enhancing effect on NE-stimu-
lated MT production that parallels its effect on NE-stimu-
lated AA-NAT activity, confirming that SB202190 enhances
NE-stimulated AA-NAT activity in intact cells. However, we
could not exclude the possibility that HIOMT may become
limiting even though p38MAPK inhibition has no effect on
HIOMT activity. Interestingly, HIOMT has been reported to
drive the photoperiodic changes in the amplitude of the MT
peak in Siberian hamsters (43). However, in rats there is only
a small nocturnal increase in HIOMT activity (44).

Recently, p38MAPK has been shown to regulate the oscil-
lation of AA-NAT in the chick pineal gland (45). Our results
indicate that p38MAPK also plays an important role in regu-
lating rat pineal function. This is based on the observations
that NE can activate p38MAPK and that inhibition of p38MAPK

amplifies the NE-stimulated AA-NAT protein and enzy-
matic activity. Together, these findings suggest that activa-
tion of p38MAPK is part of the negative signal used by the
pineal gland to control the magnitude of the AA-NAT re-
sponse to adrenergic stimulation. To better understand the
mechanism by which p38MAPK affects AA-NAT activity, it
will be of interest to distinguish whether inhibition of
p38MAPK has an effect on the translation efficiency or deg-
radation of the AA-NAT protein.
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of p38� MAPK enhances collagenase-1 (matrix metalloproteinase (MMP)-1)
and stromelysin-1 (MMP-3) expression by mRNA stabilization. J Biol Chem
277:32360–32368

37. Ley R, Balmanno K, Hadfield K, Weston C, Cook SJ 2003 Activation of the
ERK1/2 signaling pathway promotes phosphorylation and proteasome-

Man et al. • p38MAPK Inhibition on AA-NAT Activity Endocrinology, March 2004, 145(3):1167–1174 1173

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/3/1167/2878040 by guest on 21 August 2022



dependent degradation of the BH3-only protein, Bim. J Biol Chem 278:18811–
18816

38. Stehle JH, Foulkes NS, Molina CA, Simmoneaux V, Pévet P, Sassone-Corsi
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regulation of rat pineal hydroxyindole-O-methyltransferase (HIOMT) mes-
senger ribonucleic acid expression: an analysis of its complex relationship with
HIOMT activity. Endocrinology 140:1375–1384

45. Hayashi Y, Sanada K, Hirota T, Shimizu F, Fukada Y 2003 p38 mitogen-
activated protein kinase regulates oscillation of chick pineal circadian clock.
J Biol Chem 278:25166–25171

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

1174 Endocrinology, March 2004, 145(3):1167–1174 Man et al. • p38MAPK Inhibition on AA-NAT Activity

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/3/1167/2878040 by guest on 21 August 2022


