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Fig. 3. Effect of SAM on LPS-induced
Pde4b2 up-regulation and cAMP levels.
A, cells were pretreated with SAM (0.25—
0.75 mM) and stimulated with LPS for
2 h before RNA extraction. Pde4b2 mRNA
was quantified using real-time PCR. Ex-
pression values are presented as percent-
ages relative to LPS-induced expression
(which was set to 100%) without SAM
treatment. Each experiment is plotted
with a different symbol, and the fitted
regression line is shown. B, cells were
pretreated with SAM (0.25-0.75 mM)
and stimulated with LPS for 4 h. PDE4B2
protein levels were analyzed by Western
blotting (a representative Western blot is
shown). B-Actin was used as a loading
control. C, cells were pretreated with
SAM (0.75 mm) and stimulated with LPS.
After 3 h, cells were collected and lysed,
and intracellular cAMP levels were mea-
sured. Data are presented as mean =+
S.D. #+, p < 0.01 compared with LPS.
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—— Fig. 4. Effect of SAM on LPS-induced

TNF and PDE4B2 up-regulation in
human CD14" cells. Purified human
CD14" cells were pretreated with the
indicated concentrations of SAM and
stimulated with LPS (100 ng/ml) for
3 h. TNF (A) and Pde4b2 (B) mRNA
expression was quantified using real-
time PCR and are represented as fold
change over UT as described under
Materials and Methods. Data are pre-
sented as mean + S.D. ##x p < 0.001
(mixed-effects model), LPS alone com-
pared with SAM pretreated.
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TABLE 3
Effect of SAM on PDE4 activity in human CD14" cells

PDE4 Activity

Treatments
Experiment 1 Experiment 2
pmol cAMP hydrolyzed/min/mg protein
(% relative to UT)
uT 5.78 (100) 5.96 (100)
LPS, 100 ng/ml 7.23 (125) 7.81(131.2)
SAM (0.25 mM) + LPS 4.51(78) 5.86 (98.4)
SAM (0.5 mM) + LPS 3.46 (60) 4.95 (83.1)
SAM (0.25 mM) N.D. 4.78 (80.2)
SAM (0.5 mM) 4.23 (73.2) N.D.
N.D., not done.

sequence similarity to the rat Pde4b2 promoter (Monaco et
al., 1994) and the 5’ terminus of the mouse REFSEQ mRNA
NM_001177980.1. The effect of SAM treatment on H3K9
methylation at the Pde4b2 promoter was examined by ChIP

o

UT LPS S0.1 S025 S05 S0.78

analysis using an H3K9Me3-specific antibody and the pro-
moter region primer pairs shown in Fig. 5A. Regions I and II
interrogated for H3K9Me3 status are located within —700 bp
upstream of the transcriptional start site (TSS), whereas
regions III and IV are located within +400 bp downstream of
the TSS in the 5'untranslated region. In comparison with the
SAM untreated cells, a distinct increase in the trimethyla-
tion of H3K9 in all four regions of the Pde4b2 intronic pro-
moter was observed in SAM-treated cells, under both basal
and LPS-stimulated conditions (Fig. 5B). Of note, the great-
est increases in the SAM-mediated H3K9Me3 levels were
observed in region III, which overlaps the transcriptional
start site. Commensurate with the LPS-inducible transcrip-
tional activation of the Pde4b2 gene, in SAM untreated cells,
there was a gradual decrease in H3K9Me3 levels at 30 and 60
min upon LPS stimulation. In comparison, in SAM-treated
cells, the H3K9Me3 levels remained unchanged at 30 min
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Fig. 5. A, locations of PCR primer pairs for analysis of
epigenetic modifications in the vicinity of the mouse
Pde4b2 promoter. The coordinate locations shown are with
respect to the transcription start site in REFSEQ
NM_001177980.1. The functionality of this region as a
promoter in mouse is supported by representation in Gen-
Bank of more than 20 mRNAs and spliced expressed se-
quence tags with 5'-terminal sequences located down-
stream of the indicated TSS. These include cDNAs
originating from bone marrow, brain, and visual cortex
(http:/genome.ucsc.edu/). B, SAM (S) pretreatment re-
sulted in increased histone H3K9 trimethylation in the
Pde4b2 promoter. Chromatin was immunoprecipitated
with anti-H3K9Me3 and ChIP-quantitative PCR was per-
formed. Differences are expressed as fold change between
treated and untreated samples as described under Materi-
als and Methods.
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and showed a decline only at 60 min after LPS stimulation. It
should be noted that, because the basal H3K9Me3 levels
were higher in SAM-treated cells, the net levels of H3K9Me3
after LPS stimulation remained significantly higher than
those in SAM-untreated cells. These data strongly suggest
that the increase in SAM-dependent histone H3K9 trimethy-
lation associated with the Pde4b2 intronic promoter region
leads to the transcriptional repression and consequent de-
crease in the LPS-inducible Pde4b2 mRNA expression.
Role of PKA on SAM-Mediated Decrease in LPS-In-
duced TNF Expression. Because PDE4 inhibition and the
consequent increase in cAMP levels leads to activation of
cAMP-dependent PKA, we examined the effect of SAM supple-
mentation on PKA activation. Cells pretreated with SAM were
stimulated with 100 ng/ml LPS, and cytoplasmic and nuclear
lysates were obtained for Western blot analysis. SAM pretreat-
ment resulted in an increase in basal as well as an LPS-induced
(30 min after LPS) PKA activation as shown by the enhanced
phosphorylation of PKA type II-a regulatory subunit at Ser96
(Fig. 6A). Furthermore, the increased PKA activation by SAM
led to an enhanced and sustained CREB phosphorylation at
serine 133 (Fig. 6B). The role of increased activation of PKA by
SAM in attenuation of LPS-induced TNF expression was fur-
ther examined using the specific PKA inhibitor H-89. LPS-
induced TNF protein and TNF mRNA expression were quanti-
fied in cells pretreated with SAM in the presence and absence of
H-89. H-89 treatment reversed the effect of SAM on TNF ex-
pression at both mRNA (Fig. 6C) and protein levels (Fig. 6D).
SAM Does Not Alter LPS-Induced IkBa Degradation
and NF-kB Nuclear Translocation. Under unstimulated
conditions, cytoplasmic inhibitory proteins, collectively re-
ferred to as IkB, bind to NF-kB and sequester it in the
cytoplasm. A variety of stimuli including LPS can initiate
signaling that leads to the degradation of specific IkB pro-
teins, resulting in the release and nuclear translocation of
NF-«B proteins (Karin and Ben-Neriah, 2000). To examine
the effect of SAM on IkBa degradation, Western blot analysis

SAM Treated

was performed with cytoplasmic extracts obtained from cells
stimulated with LPS with and without SAM pretreatment. As
expected, IkBa degradation was observed at 15 and 30 min in
cells treated with LPS (Fig. 7A, lanes 2 and 3), and this effect
was not altered by SAM pretreatment (Fig. 7A, compare lanes
2, 3 and 6, 7). After degradation, IkBa returned to the basal
level in 60 min in both SAM-treated and untreated cells (F'ig.
7A, lanes 4 and 8). These data show that SAM pretreatment
does not affect LPS-induced IxBa proteolysis. The effect of SAM
on LPS-induced NF-«B activation, as indicated by the nuclear
translocation of p65, was also examined. Nuclear proteins ex-
tracted from cells pretreated with 0.75 mM SAM followed by
stimulation with LPS (100 ng/ml) for 30 min were examined by
Western blot analysis. SAM pretreatment did not alter the
nuclear levels of LPS-induced p65, demonstrating that there
was no effect on NF-kB activation (Fig. 7B).

SAM Down-Regulates LPS-Stimulated NF-kB Tran-
scriptional Activity. Because LPS-induced NF-kB activa-
tion was not altered, the effect of SAM on LPS-stimulated
NF-kB transcriptional activity was examined. Cells were
transiently transfected with a reporter construct carrying a
luciferase gene under the control of an NF-kB promoter con-
taining three tandem repeats of the kB sequence (xB-luc).
LPS stimulation for 6 h increased NF-kB-dependent tran-
scription approximately 4-fold. Of note, in contrast to its
effect on NF-kB activation, SAM pretreatment significantly
attenuated LPS-stimulated NF-«B activity (Fig. 8). These
results are in agreement with our earlier findings (Gobejish-
vili et al., 2006, 2008), showing that increased cellular cAMP
levels achieved by PDE4 inhibition have no effect on LPS-
inducible NF-kB activation but can significantly decrease
transcriptional stimulation by NF-kB.

Discussion

An important characteristic of SAM is its ability to reduce
the production of the inflammatory cytokine TNF, which
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Fig. 6. Inhibition of PKA reverses the SAM effect on LPS-
induced TNF expression. A, cells were pretreated with
SAM (0.75 mM) and stimulated with LPS for 30 min.
Cytoplasmic lysates were analyzed for phospho-PKA
(pPKA, S96) and (B) nuclear phospho-CREB (pCREB,
S133) levels by Western blotting (a representative Western
blot is shown). B-Actin and total CREB were used as load-
ing controls. C, cells were pretreated with SAM (0.75 mM)
in the presence and absence of PKA inhibitor H-89 (10 n.M)
and stimulated with LPS for 2 h before RNA extraction.
TNF mRNA was quantified using real-time PCR and is
represented as fold change over UT. Data are presented as
mean * S.D. (n = 3). *, p < 0.05 compared with LPS; #, p <
0.05 compared with S+LPS. D, cells were pretreated with
SAM (0.75 mM) in the presence and absence of PKA inhib-
itor H-89 (10 pM) and stimulated with LPS for 8 h. Cell-
free supernatants were assayed for TNF using an ELISA
kit. Data are presented as mean + S.D. (n = 3). *, p < 0.05
compared with LPS; #, p < 0.05 compared with S+LPS. S,
SAM.

Fig. 7. SAM does not affect LPS-induced IkBa degradation
and p65 translocation into nucleus. A, RAW cells were
treated with SAM (0.75 mM) and stimulated with LPS for
the indicated treatments and times. Cytoplasmic extracts
were prepared, and Western blot analysis was performed
by using anti-IkBa antibody. B-Actin was used as a loading
control (a representative Western blot is shown). B, cells
pretreated with SAM were stimulated with LPS for 30 min.
Nuclear lysates were collected, and p65 levels were ana-
lyzed by Western blotting (a representative Western blot is
shown); B-actin was used as a loading control.

plays a critical pathogenic role in multiple clinical disorders
mediated by inflammation. Work from our research group
and others has demonstrated that exogenous SAM supple-
mentation can attenuate endotoxin-stimulated TNF produc-

tion both in vitro and in vivo and can also attenuate inflam-
mation-related organ injury in vivo (Lieber et al., 1990;
Watson et al., 1999; Song et al., 2005; Barve et al., 2006). In
particular, SAM supplementation has been shown to signif-
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Fig. 8. Down-regulation of LPS-induced NF-kB transcriptional activity
by SAM (S). Cells were transfected with a luciferase reporter construct
containing the NF-kB-responsive IkB promoter and a B-galactosidase
control plasmid as described under Materials and Methods. The trans-
fected cells pretreated with SAM (0.75 mM) were stimulated with LPS for
6 h. Cytoplasmic extracts were prepared and assayed for luciferase ac-
tivity. A B-galactosidase enzyme assay was performed on the same ly-
sates to normalize for transfection efficiency. Data are presented as
mean * S.D. (n = 3). #*, p < 0.01 compared with UT; ##%, p < 0.001
compared with LPS-stimulated.

icantly attenuate LPS-induced TNF expression in monocytes/
macrophages and Kupffer cells (Veal et al., 2004). Our pre-
vious research showed that SAM leads to an increase in
cellular cAMP levels in monocytes, which correlates with the
decrease in LPS-inducible TNF expression (Song et al.,
2005). In addition, we have shown that decreased cellular
cAMP levels caused by increased PDE4B expression play a
causal role in LPS-induced TNF expression in ethanol-medi-
ated priming of monocytes/macrophages (Gobejishvili et al.,
2006, 2008). On the basis of these observations, it was im-
portant to examine the impact of SAM on the LPS-inducible
PDE4 expression and activity and resultant cellular cAMP
levels, as a potential mechanism for its anti-inflammatory
effect.

As observed previously, SAM supplementation resulted in
a dose-dependent decrease in LPS-induced TNF expression
(Figs. 1B and 4A). Examination of the potential involvement
of cellular cAMP levels and PDE4B expression as a mecha-
nism of SAM anti-inflammatory function showed that SAM
effectively decreased LPS-induced up-regulation of PDE4B
expression; in particular, SAM decreased PDE4B2 mRNA
and protein expression and increased cellular cAMP levels
(Figs. 3 and 4B). SAM is the principal biological methyl donor
and mediates the methylation of histones and DNA, which
can have a tremendous affect on the epigenetic regulation of
regional and global gene activities. Histone methylation
plays a distinctive role in the regulation of both transcrip-
tional activation and repression of genes (Kouzarides, 2002).
In the context of transcriptional repression and site-specific
methylation events, a causal link between promoter-associ-
ated H3K9Me3 and transcriptional repression has been es-
tablished (Hublitz et al., 2009). Of note, this H3K9 trimethy-
lation and transcriptional repression occurs via specific
histone methyl transferases in a SAM-dependent manner
(Wang et al., 2003). Hence, alterations in the transcription-
ally repressive histone methylation modifications on the
Pde4b2 intronic promoter region were examined as a poten-
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tial mechanism underlying SAM-mediated suppression of
Pde4b2 mRNA expression (Fig. 5). The data obtained in Fig.
5 strongly suggest that SAM treatment could be affecting
H3K9-specific histone methyl transferases, causing the ob-
served increase in the promoter-associated H3K9 trimethy-
lation and leading to the suppression of LPS-induced up-
regulation of PDE4B2 mRNA expression.

The observed anti-inflammatory mechanism of SAM is
supported by findings that demonstrated the critical role of
PDE4B2 in LPS-induced TNF expression in mouse macro-
phages (Jin et al., 2005). In addition, these observations are
in agreement with studies demonstrating that decreasing
PDE4 activity with specific inhibitors causes a significant
down-regulation in LPS-induced TNF expression and an in-
flammatory response in vitro and in vivo (Kwak et al., 2005;
Ouagued et al., 2005; Hertz et al., 2009). Taken together,
these observations strongly suggest that inhibition of LPS-
induced up-regulation of PDE4B2 plays a major role in the
ability of SAM to attenuate LPS-induced TNF production
and related organ injury.

Suppression of TNF production mediated by inhibition of
PDE4B is cAMP-dependent and requires PKA (Jin et al.,
2005). Work examining the role of PKA-anchoring proteins
has further emphasized the critical role of PKA in the anti-
inflammatory effects of cAMP and down-regulation of LPS-
induced TNF expression (Wall et al., 2009). We show here
that SAM-mediated inhibition of LPS-induced up-regulation
of PDE4B2 led to an increase in cellular cAMP and activation
of PKA (Figs. 3C and 6, A and B). The role for PKA in the
SAM-mediated decrease in LPS-inducible TNF expression
was further supported by the observation that PKA inhibi-
tion reverses the SAM-inhibitory effect on TNF expression
(Fig. 6, C and D). These data strongly suggest that cAMP-
dependent PKA activation plays a significant role in attenu-
ating LPS-induced TNF expression and the anti-inflamma-
tory mechanism of SAM. Although increased cellular cAMP
levels and downstream signaling decrease LPS-inducible
TNF expression, it is significant to note that work done by
Beavo’s group (Hertz et al., 2009) shows that during differ-
entiation of monocytes/macrophages, in the absence of LPS,
enhanced cellular cAMP levels caused by agonists can lead to
a large increase in the expression of several proinflammatory
chemokines.

Numerous studies have demonstrated the critical role of
NF-kB in the LPS-inducible transcriptional induction of the
TNF gene (Haas et al., 1990; Miiller et al., 1993; Barnes and
Karin, 1997). LPS mediates its effects on NF-kB nuclear
translocation by the targeted phosphorylation and subse-
quent degradation of IkBa, which results in the release of p65
from the IkB-p65 complex and its translocation into the nu-
cleus, DNA binding, and transactivation of target genes such
as TNF. Examination of the effect of SAM on LPS-induced
IkBa proteolysis and NF-kB nuclear translocation showed
that none of these events is affected by SAM (Fig. 7). Fur-
thermore, in agreement with previous work (Veal et al.,
2004), we showed that SAM inhibited NF-«B transcriptional
activity, as demonstrated by the suppression of the LPS-
inducible NF-«kB promoter reporter activity (Fig. 8). Taken
together, these data suggest that SAM does not affect
LPS-inducible TLR-4-mediated signaling events involved
in NF-kB activation and nuclear translocation but rather
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influences the nuclear events leading to NF-kB-dependent
transcription.

It is likely that the SAM-mediated increase in cellular
cAMP caused by inhibition of LPS-induced up-regulation of
PDE4B2 contributes to its anti-NF-kB effects. Our earlier
work along with several other observations shows that cAMP
represses NF-kB-mediated transcription and TNF mRNA ex-
pression without affecting NF-kB activation/DNA binding
activity (Ollivier et al., 1996; Newman et al., 1998; Shames et
al., 2001; Gobejishvili et al., 2006, 2008). Work examining the
anti-TNF effects of cAMP showed that LPS-induced c-fos is
stabilized by cAMP, leading to the accumulation of the c-Fos
protein, which directly interacts with p65 and impedes its
recruitment to the TNF promoter and decreases transcrip-
tion (Koga et al., 2009). The possibility that LPS/cAMP-
mediated effects on c-fos play a role in decreasing TNF ex-
pression in SAM-treated cells is currently being investigated.

The results of this study demonstrate for the first time that
the anti-inflammatory mechanism of SAM can be attributed
primarily to its ability to inhibit LPS-induced PDE4B2 activ-
ity and expression, increase cellular cAMP levels, and mod-
ulate PKA and NF-«B activity. Interest in inhibition of PDE4
activity as a potential therapeutic approach has been in-
creasing in the last decade because of its significant role in
regulating inflammatory responses (Spina, 2008). Indeed,
PDE4 inhibitors have been demonstrated to possess both
immunomodulatory and anti-inflammatory actions; however,
despite reports of the efficacy of PDE4 inhibitors, their ther-
apeutic application is hampered by the presence of signifi-
cant dose-limiting side effects, including the gastrointestinal
side effects of nausea, vomiting, and diarrhea and the devel-
opment of vascular injury (Spina, 2008). In contrast, SAM
has been used in several clinical studies and has a very
favorable safety profile, comparable to that of placebo (Bot-
tiglieri, 2002). Hence, the present findings showing that SAM
effectively decreases LPS-induced PDE4 gene expression and
activity and TNF production, along with its safe tolerability
profile, strongly support its therapeutic potential in the
treatment of inflammatory disorders.
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