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Adenosine 50-monophosphate ameliorates
D-galactosamine/lipopolysaccharide-induced liver
injury through an adenosine receptor-independent
mechanism in mice

Y Zhan1,4, Z Wang2,4, P Yang1, T Wang1, L Xia1, M Zhou1, Y Wang1, S Wang1, Z Hua3 and J Zhang*,1,3

D-galactosamine (GalN)/lipopolysaccharide (LPS)-induced lethality and acute liver failure is dependent on endogenously
produced inflammatory cytokines. Adenosine has been proven to be a central role in the regulation of inflammatory response. It
is not entirely clear that which adenosine action is actually crucial to limiting inflammatory tissue destruction. Here we showed
that GalN/LPS challenge elevated hepatic adenosine and induced lethality in adenosine receptor-deficient mice with equal
efficiency as wild-type mice. In GalN/LPS-treated mice, pretreatment with adenosine 50-monophosphate (50-AMP) significantly
elevated hepatic adenosine level and reduced mortality through decreasing cytokine and chemokine production. In RAW264.7
cells, 50-AMP treatment inhibited the production of inflammatory cytokines, which is not mediated through adenosine receptors.
50-AMP failed to attenuate LPS-induced nuclear factor-jB (NF-jB) p65 nuclear translocation, but reduced LPS-induced
recruitment of NF-jB p65 to inflammatory gene promoters and decreased LPS-induced enrichment of H3K4 dimethylation at the
tumor necrosis factor-a (TNF-a) promoter, which was involved in 50-AMP-induced elevation of cellular adenosine and a decline of
methylation potential. In vitro biochemical analysis revealed that adenosine directly attenuated recruitment of NF-jB to the
TNF-a and interleukin-6 promoters. Our findings demonstrate that 50-AMP-inhibiting inflammatory response is not mediated by
adenosine receptors and it may represent a potential protective agent for amelioration of LPS-induced liver injury.
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Acute liver failure (ALF) is one of the most devastating
syndromes observed in clinical practice. It is associated with
high overall mortality, ranging from 30 to 80%, depending on
the underlying etiology.1 The commonest causes are acute
viral hepatitis, drug overdose, idiosyncratic drug reactions,
and ingestion of other toxin.2 Liver transplantation is the only
therapy that has been proven beneficial, but the rapidity of
progression and the variable course of ALF limit its applica-
tion.3 Therefore, there is an urgent need for effective therapy
for ALF. An established model for studying ALF in mice is by
the co-administration of the hepatocyte-specific transcrip-
tional inhibitor D-galactosamine (GalN) and the bacterial
endotoxin lipopolysaccharide (LPS).4,5

In GalN/LPS-induced ALFmodel, LPS binds with a receptor
complex consisting of Toll-like receptor 4 (TLR4), cluster of
differentiation 14 (CD14), and MD2. Recruitment of the
adaptor protein myeloid differentiation factor-88 (MyD88)
initiates a MyD88-dependent pathway that culminates in the

early activation of nuclear factor-kB (NF-kB).6,7 The NF-kB
family is a family of key transcription factors of lymphocytes
and macrophages that have a major role in a variety of
biological processes, most notably immune responses and
inflammation.8,9 On stimulation by LPS, activation of NF-kB in
macrophages occurs, which leads to the secretion of
inflammatory cytokines, including interleukin (IL)-1, IL-6, IL-12,
IL-1b and tumor necrosis factor-a (TNF-a).10,11 It has been
reported that H3K4methylation can regulate the expression of
a subset of key NF-kB downstream inflammatory genes by
interacting with NF-kB and modulating chromatin remodeling
events at their promoters.12 TNF-a is the predominant
mediator that induces hepatocyte apoptosis and liver
injury.13,14 Therefore, interfering with proinflammatory cyto-
kines, especially TNF-a expression, is likely to be effective in
acute liver injury model.4,10

Adenosine 50-monophosphate (50-AMP) is a natural mole-
cule of adenosine triphosphate metabolism. Administration of
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exogenous 50-AMP displays multiple regulatory functions and
important physiological roles.15,16 Immunomodulatory activity
of 50-AMP as a component of saliva has been identified.17

50-AMP is also used as a marker of inflammation because it
releases histamine and other mediators from immunologically
primed mast cells.18 It is known that administration of 50-AMP
significantly elevated intracellular adenosine level.19 Adeno-
sine is a potent regulator of the inflammatory response.20

Adenosine acting as an anti-inflammatory molecule has been
complicated by the fact that four different adenosine receptor
subtypes exist and have different effects.21–23 It is not entirely
clear which adenosine action is actually crucial to limiting
inflammatory response. In the present study, we identified that
the regulation of adenosine receptors is not indispensible for
GalN/LPS-induced lethality and the elevated cellular adeno-
sine induced by 50-AMP pretreatment could directly interfere
with NF-kB signaling pathway, suggesting a potential protec-
tive agent for amelioration of LPS-induced liver failure.

Results

GalN/LPS challenge elevates hepatic adenosine and
induces similar lethality in wild-type and adenosine
receptor-deficient mice. To investigate how adenosine–
adenosine receptors signal involves in the development of
GalN/LPS-induced ALF, hepatic adenosine was measured at
30min after GalN/LPS challenge. Mice injected with GalN/
LPS exhibited about a twofold increase in hepatic adenosine
concentrations (Figure 1a), implying a possibility that
elevated hepatic adenosine is a feedback prevention of
GalN/LPS-induced ALF in early stage. Next, we investigated
whether adenosine receptors have a crucial role in prevent-
ing function of adenosine. Mice deficient in A1AR, A2aAR,
A2bAR, A3AR and wild-type (WT) mice were challenged with
the same dose of GalN/LPS and the lethality of mice were
determined during 24 h. Unexpectedly, administration of
GalN/LPS had similar lethality rate in both WT mice and
adenosine receptor-deficient mice (A1AR

� /� , A2aAR
� /� ,

A2bAR
� /� and A3AR

� /� mice; Figure 1b). These results
indicated that loss of adenosine receptor function had no
effects on GalN/LPS-induced ALF.

Attenuation of ALF in 50-AMP-pretreated mice. Our
previous observations demonstrate that C57BL/6J mice
treated with 50-AMP rather than adenosine markedly
increases hepatic adenosine level. To clarify that whether
elevating hepatic adenosine before GalN/LPS challenge could
prevent from GalN/LPS-induced hepatic injury, mice were
treated with 50-AMP or phosphate-buffered saline (PBS) and
injected with GalN/LPS 30min later. Expectedly, hepatic
adenosine level was markedly elevated at 30min after 50-
AMP treatment (Figure 2a). Survival rate in PBS-treated mice
(n¼ 15) was 60% (8h) and 33.3% (24h), whereas survival
rate in 50-AMP-treated mice (n¼ 15) was 100% (8h) and
93.3% (24h). The survival rate was not changed after 24h.
There was a significant difference in survival rate between
PBS-treated mice and 50-AMP-treated mice (P¼ 0.0007 by
log-rank test, Figure 2b). Serum aspartate transaminase
(AST) and alanine transaminase (ALT) levels were increased
4h after GalN/LPS injection, and they were significantly

lowered in the 50-AMP/GalN-LPS group than in the vehicle/
GalN-LPS group (Figures 2c and d). Histologic analysis by
hematoxylin and eosin (H&E) staining showed hepatocyte
necrosis and severe inflammatory cell infiltration in the livers of
the vehicle/GalN-LPS group, whereas the area and extent of
necrosis was attenuated and the infiltration of inflammatory
cells was reduced in the 50-AMP/GalN-LPS group (Figure 2e).
Moreover, in adenosine receptors knockout mice, 50-AMP
treatment also increased survival rate in GalN/LPS-induced
ALF, displaying similar preventing function to WT mice
(Supplementary Figure 1).

50-AMP inhibits proinflammatory cytokines production
in the liver. As LPS-induced liver injury is largely mediated
by proinflammatory cytokines,11 we determined whether
50-AMP have any effect on proinflammatory cytokine
production in the liver. First, we analyzed mRNA levels of
proinflammatory cytokines. 50-AMP treatment significantly
decreased the mRNA expression of cytokines, including
TNF-a, IL-6 and IL-1b, and chemokine such as monocyte
chemotactic protein-1 (MCP-1; Figures 3a–d) compared with
the vehicle/GalN-LPS group. Second, we measured serum
cytokine levels and observed that TNF-a and IL-6 levels were
markedly reduced in the 50-AMP/GalN-LPS group than in the
vehicle/GalN-LPS group (Figures 3e and f).

50-AMP decreases the number of macrophage and has
no influence on the expressions of CD14, TLR4, and
MyD88. Hepatic injury is associated with the expression of

Figure 1 GalN/LPS challenge elevated hepatic adenosine and induced similar
lethality in WT and adenosine receptor-deficient mice. Mice were challenged with
GalN (500mg/kg i.p.)/LPS (5mg/kg i.p.). (a) Adenosine levels in liver extracts at
30min after challenge with GalN/LPS were quantified by HPLC (n¼ 5). (b) For
analysis of survival rate, mortality was assessed every hour for 24 h (WT, n¼ 15;
A1AR

� /� , n¼ 15; A2aAR
� /� , n¼ 16; A2bAR

� /� , n¼ 16; A3AR
� /� , n¼ 14).

Data are expressed as mean±S.E. *Po0.05 versus control group
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various proinflammatory cytokines derived from liver cells
such as macrophages.24 The number of infiltrating mono-
cytes/macrophages was increased in vehicle/GalN-LPS
group, whereas this effect was attenuated by 50-AMP
pretreatment (Supplementary Figure 2A). To explore how
50-AMP attenuates cytokines, we investigated whether
50-AMP could inhibit TLR signaling pathways. CD14 and

TLR4, as critical components of LPS receptor complex, were
determined by RT-PCR analysis. Expressions of CD14 and
TLR4 mRNA in the liver were significantly elevated in the
vehicle/GalN-LPS group compared with the vehicle/vehicle
group. However, pretreatment with 50-AMP had no influence
on the overexpression of CD14 and TLR4 mRNA induced by
GalN/LPS (Supplementary Figures 2B and C). MyD88 is an

Figure 2 Pretreatment of 50-AMP attenuates GalN/LPS-induced ALF. Mice were challenged with GalN (500mg/kg i.p.)/LPS (5 mg/kg i.p.). 50-AMP (5mg/20 g i.p.) or PBS
was administered at 30min before GalN/LPS injection. (a) For analysis of survival rate, mortality was assessed every hour for 24 h (n¼ 15). Serum activities of AST (b) and
ALT (c) at 4 h after induction of ALF were measured (n¼ 5). Data are expressed as mean±S.E. *Po0.05, **Po0.01 versus vehicle/vehicle group; wPo0.05 versus vehicle/
GalN-LPS group. (d) Representative H&E-stained liver sections of mice at 4 h after GalN/LPS injection, with arrowheads indicating hepatocyte necrosis and arrows indicating
inflammatory cell infiltration. Original magnification: � 400

Figure 3 50-AMP inhibits proinflammatory cytokine production. Blood and liver samples were collected at 4 h after GalN/LPS injection with or without 50-AMP. The hepatic
mRNA expressions of TNF-a (a), IL-6 (b), IL-1b (c), and MCP-1 (d) were measured by quantitative RT-PCR (n¼ 5). Serum TNF-a (e) and IL-6 (f) levels were determined by
ELISA kits (n¼ 5). Data are expressed as mean±S.E. *Po0.05, **Po0.01 versus vehicle/vehicle group; wPo0.05, wwPo0.01 versus vehicle/GalN-LPS group
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important adaptor molecular in TLR signaling pathways;6

therefore, MyD88 mRNA expression was examined by
RT-PCR analysis and the results showed that there was no
difference between each group (Supplementary Figure 2D).
Consistent with gene expression result, the protein expres-
sion of CD14 and TLR4 was not attenuated by 50-AMP in the
50-AMP/GalN-LPS group (Supplementary Figure 2E).
Expression of CD14, TLR4, and MyD88 mRNA in
RAW264.7 cells were also determined. 50-AMP had no
influence on the expression of CD14, TLR4, and MyD88
in vitro either (data not shown).

50-AMP suppresses cytokines production in LPS-
stimulated RAW264.7 cells. To exclude the possibility that
reductions of the levels of inflammatory cytokines from the
cells were due to direct toxicity of 50-AMP to the cells, we
evaluated cell toxicity of 50-AMP at different concentrations
(0–1600 mM) using the MTT assay. 50-AMP-induced cell
toxicity was negligible at concentrations of 25–400 mM in
RAW264.7 cells (data not shown). TNF-a and IL-6 were used
as an indicator of macrophage response to LPS.25 50-AMP
significantly attenuated the mRNA expression of TNF-a and
IL-6 in RAW264.7 cells. The dose-dependence of TNF-a and
IL-6 mRNA showed that at concentration of 400 mM, 50-AMP
exhibited the maximum inhibition (Figures 4a and b). In
addition, compared with control group, LPS induced sub-
stantial TNF-a and IL-6 production in RAW264.7 cells, and
50-AMP markedly suppressed TNF-a and IL-6 production
(Figures 4c and d).

50-AMP attenuates LPS-induced NF-jB activation in
RAW264.7 cells. We further investigated the mechanism
by which 50-AMP inhibited the secretion of inflammatory

cytokines such as TNF-a. NF-kB is a major activator for
TNF-a transcription in macrophage.8 The nuclear translocation
of NF-kB p65 was examined in the nuclear extracts of
RAW264.7 cells. The results showed that 50-AMP failed to
attenuate LPS-induced nuclear translocation of NF-kB p65
(Figure 5a). As NF-kB is the common regulator of TNF-a,
IL-6, IL-1b, and MCP-1 transcription,26–28 we analyzed the
effect of 50-AMP on recruitment of NF-kB p65 to TNF-a, IL-6,
IL-1b, and MCP-1 gene promoters. As showed in Figure 5,
LPS markedly enhanced NF-kB p65 recruitment to TNF-a,
IL-6, IL-1b, and MCP-1 gene promoters compared with
unstimulated cells. However, exposure of cells to 50-AMP
significantly reduced recruitment of NF-kB p65 to TNF-a,
IL-6, and IL-1b gene promoters (Figures 5b–d). Treatment
with 50-AMP resulted in a slightly decreased tendency of
recruitment of NF-kB p65 to MCP-1 promoter (Figure 5e).

50-AMP decreases LPS-induced enrichment of H3K4
dimethylation at the TNF-a promoter. In RAW264.7 cells,
we observed that the performance of 50-AMP was similar to
that in mice. 50-AMP treatment raised the intracellular levels of
adenosine (but not 50-AMP) either with or without LPS
stimulation (Figure 6a). To investigate whether the effect of
50-AMP on inflammatory cytokines is mediated through
adenosine receptors in vitro, we used a nonspecific adenosine
receptor antagonist CGS15943 to block all the adenosine
receptor signaling in RAW264.7 cells. 50-AMP significantly
attenuated TNF-a mRNA expression either with or without
CGS15943 blocking (Figure 6b), indicating the effects of
50-AMP was independent on adenosine receptor pathways
in vitro. Next, we compared the ratio of S-adenosylmethionine
(AdoMet) to S-adenosylhomocysteine (AdoHcy), which presents
the intracellular potential of methylation.29 This analysis

Figure 4 50-AMP suppresses cytokine production in LPS-stimulated RAW264.7 cells. RAW264.7 cells were treated with LPS (1 mg/ml) alone or in the presence of 50-AMP
(400mM) for indicated time. Cells were treated with 50-AMP 30min before LPS stimulation. The mRNA expressions of TNF-a (a) and IL-6 (b) were measured by quantitative
RT-PCR at 6 h after LPS stimulation. TNF-a (c) and IL-6 (d) production in the supernatant were measured by ELISA kits at 24 h after LPS stimulation. Data are expressed as
mean±S.E. of four independent experiments. *Po0.05, **Po0.01 versus vehicle/vehicle group; wPo0.05, wwPo0.01 versus vehicle/LPS group
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revealed that treatment of 50-AMP decreased the ratio of
AdoMet to AdoHcy compared with control group (Figure 6c).
Subsequently, we performed chromatin immunoprecipitation
(ChIP) analysis to detect the levels of methylated H3K4 to the
TNF-a promoter containing two key kB sites. LPS treatment
induced the binding of monomethylated and dimethylated
H3K4 to the TNF-a promoter. Pretreatment with 50-AMP
lowered the binding of monomethylated H3K4 and prevented
the LPS-induced binding of dimethylated H3K4 (Figure 6d).

Adenosine directly attenuates LPS-induced recruitment
of NF-jB to the TNF-a and IL-6 promoters. To clarify
whether 50-AMP-induced hyperadenosine could directly
contribute to a decrease in inflammatory gene expression,
an in vitro biochemical analysis was performed to determine
the function of adenosine on recruitment of NF-kB to the
TNF-a and IL-6 promoters. The ChIP assays revealed that
adenosine directly attenuated LPS-induced recruitment of
NF-kB to TNF-a and IL-6 promoters (Figures 7a and b), and it

Figure 5 50-AMP attenuates LPS-induced NF-kB activation in RAW264.7 cells. RAW264.7 cells were pretreated with 50-AMP (400mM) for 30min and then stimulated
with LPS (1mg/ml) for 1 h. (a) Nuclear and cytosolic extracts were prepared for the western blot analysis of NF-kB protein using specific anti-p65 antibody, and b-actin were
used as internal control. Cross-link chromatin was analyzed for recruitment of NF-kB p65 to TNF-a (b), IL-6 (c), IL-1b (d), and MCP-1 (e) promoters by ChIP assay. Data are
expressed as mean±S.E. of four independent experiments. *Po0.05, **Po0.01 versus vehicle/vehicle group; wPo0.05 versus vehicle/LPS group

Figure 6 50-AMP decreases LPS-induced the enrichment of H3K4 methylation at the TNF-a promoter. RAW264.7 cells were pretreated with 50-AMP (400mM) for 30min
and then stimulated with LPS (1 mg/ml) for 1 h. (a) Intracellular adenosine was determined by HPLC. (b) CGS15943 (50 mM) was stimulated 30min before 50-AMP. The mRNA
expressions of TNF-a was measured by quantitative RT-PCR at 6 h after LPS stimulation. (c) The ratio of AdoMet to AdoHcy was determined by HPLC. (d) ChIP assay was
used to assess the binding of two methylated forms of H3K4 (Me1-H3K4 and Me2-H3K4) to the kB-binding region on the TNF-a promoter. Data are expressed as mean±S.E.
of four independent experiments. *Po0.05 versus vehicle/vehicle group; wPo0.05, wwPo0.01versus vehicle/LPS group; zPo0.05 versus 50-AMP/LPS group
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had no significant effect on the IL-1b and MCP-1 promoters
(Figures 7c and d). However, incubation with 50-AMP failed to
decrease the recruitment of NF-kB to these inflammatory
gene promoters directly (Figures 7a–d).

Discussion

The significance of endotoxin (i.e., LPS)-mediated macro-
phage activation and inflammatory responses in acute and
chronic liver diseases is well known.30 GalN/LPS-induced
ALF in mice has been used as a promising animal model for
elucidating the efficiency of hepatoprotectives.24 Adenosine is
released in the vicinity of immune cells in tissues subjected to
various forms of injurious stimuli, including ischemia and
inflammation. On the basis of the evidence summarized,
adenosine appears to promote a self-limiting, healthy immune
response.31 Several observations reveal that adenosine
receptors have a regulatory function in inflammatory
responses in vitro.22,23 In the current study, we found that in
mice model of GalN/LPS-induced ALF, hepatic adenosine
feedback increased, and GalN/LPS induced similar lethality in
WT and adenosine receptor-deficient mice, indicating that
adenosine receptors did not have an essential role in the
development of GalN/LPS-induced ALF in mice. Our results
here, for the first time, demonstrated that the elevated cellular
adenosine induced by 50-AMP pretreatment confers protec-
tion against GalN/LPS-induced ALF. Treatment with 50-AMP
before GalN/LPS markedly decreased the lethality, reduced
the elevation of serum AST and ALT activities, mitigated
hepatic necrosis, attenuated inflammatory cell infiltration, and
lowered the number of infiltrating monocytes/macrophages.
It has been reported that survival and apoptotic liver injury in

response to GalN/LPS are mainly dependent on secreted
TNF-a signaling.32 A variety of agents have been reported to
prevent lethal liver injury by regulating the activity of TNF-a in
GalN/LPS-treated mice. Among these agents, melatonin,33

epotoside,34 acteoside,35 palmatine,36 and melittin24 attenu-
ated mortality and liver injury in ALF by inhibiting the
inflammatory response and apoptosis. In the present study,
we observed that proinflammatory cytokines such as TNF-a
and IL-6 significantly inhibited mRNA expressions in the livers
pretreated with 50-AMP. Concomitant reduction of serum
TNF-a and IL-6 paralleled the liver cytokine profile, which was
supported by in vitro experiments.
Several evidences demonstrated that GalN/LPS adminis-

tration induces the activation of NF-kB.37 In the present study,
50-AMP could not inhibit LPS-induced nuclear translocation of
NF-kB p65, but suppressed transactivation activity of NF-kB.
It is known that histone methylation could modulate NF-kB
downstream genes. SET7/9, a chromatin histone H3–lysine 4
methyltransferase, is a key contributor to NF-kB transactivity
and can regulate the expression of NF-kB downstream
inflammatory genes by modulating H3K4 methylation at their
promoters.12 In our observations, 50-AMP treatment
decreased H3K4 methylation and reduced the recruitment of
NF-kB p65 to a subset of gene promoters in vitro. The change
of histone methylation affects the efficiency of gene expres-
sion at several levels, including methylation of the promoters,
cap formation, the stability and export of mRNA, and the
initiation of translocation.38 The ratio of AdoMet to AdoHcy
levels is used frequently as an indicator of cellular methylation
capacity, whereby a decrease in this ratio predicts reduced
cellular methylation potential.29 Adenosine inhibited AdoHcy
hydrolysis in vitro and in vivo. Inhibition of AdoHcyase results
in the intracellular accumulation of AdoHcy and thus potent
inhibition of some AdoMet-dependent methyltransferases.38

Although 50-AMP treatment elevated cellular adenosine level,
the ratio of AdoMet to AdoHcy was decreased and LPS-
induced enrichment of H3K4 dimethylation at the TNF-a
promoter was attenuated, resulting in the reduction of down-
stream inflammation gene expression.
More recent evidence indicated that adenosine helps to

maintain tissue integrity by modulating of immune system
function. It appears that the release of adenosine followed by
its binding to adenosine receptors on immune cells represent
a potent endogenous immunosuppressive pathway that
regulates the exuberant immune response to harmful external
insults.31,39 Pharmacologically enhanced release of endo-
genous adenosine could be utilized to diminish inflamma-
tion.40 There is evidence that some therapeutic agents, such
as sulfasalazine and FK-506, could exert their anti-inflamma-
tory effects by promoting adenosine release.41,42 It is possible
that adenosine receptors have a role in physiological state.
However, pathological elevation of intracellular adenosine
could directly regulate cellular biochemical process.
In fact, many investigations indicate that adenosine had

several direct biochemical functions. The aptazyme is based
on the 8–17 DNAzyme with an adenosine aptamer motif that
can modulate the DNAzyme activity through allosteric
interactions depending on the presence of adenosine.43

Adenosine also directly stimulated G-6-Pase enzyme activity
in a dose-dependent manner.19 Our current results show that
elevated adenosine can directly attenuate LPS-induced
recruitment of NF-kB to TNF-a and IL-6 promoters in a no-
cell system. Moreover, elevated adenosine resulted in a
decreasing tendency of recruitment of NF-kB to IL-1b and

Figure 7 Treatment of adenosine directly decreases the recruitment of NF-kB
to the TNF-a and IL-6 promoters. RAW264.7 cells were stimulated with LPS
(1mg/ml) for 1 h. Cross-linked chromatin were sonicated into DNA fragments. The
same sonicated cell lysates were incubated with adenosine (400mM) or 50-AMP
(400mM) at 37 1C for 30min. ChIP assay was used to assess the binding of NF-kB
to TNF-a (a), IL-6 (b), IL-1b (c), and MCP-1 (d) promoters. Data are expressed as
mean±S.E. of four independent experiments. *Po0.05 versus control group
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MCP-1 promoter. Small molecules such as sesquiterpene
lactones have been reported to inhibit NF-kB by interacting
with cysteine 38 in the DNA-binding loop of RelA.44 The
effects of adenosine on the recruitment of NF-kB to different
inflammation gene promoters could vary with their different
binding affinities. Our findings suggest a novel inhibitory
mechanism on regulation of inflammation gene expression by
50-AMP-induced hyperadenosine, whereas administration of
adenosine fails to cause high level of cellular adenosine due to
its small solubility in saline.
In summary, the elevated cellular adenosine induced by

50-AMP pretreatment directly attenuated LPS-induced recruit-
ment of NF-kB and indirectly decreased LPS-induced enrich-
ment of H3K4 dimethylation at the TNF-a promoter through
decreasing ratio of AdoMet to AdoHcy (Figure 8), reducing the
downstream inflammation gene expression. This inhibition of
50-AMP on inflammatory response was not mediated by
adenosine receptors, suggesting 50-AMP may represent a
potential protective agent for amelioration of LPS-induced
liver failure.

Materials and Methods
Animals. Male WT C57BL/6J mice and A1AR

� /� , A2aAR
� /� , A2bAR

� /�

and A3AR
� /� (C57BL/6 background) mice were used at 8–10 weeks of age with

a body weight of 20–25 g in this work. Mice were maintained under standard
laboratory conditions, with full access to food and water ad libitum, and 12 h light/
12 h dark cycles with lights on at 0700 h and off at 1900 h. All experiments were in
accordance with the guidelines of the Animal Care and Use Committee at Nanjing
University of Science and Technology.

ALF model. For induction of ALF, GalN (Sigma-Aldrich, St Louis, MO, USA)
and E. coli LPS (serotype O55:B5, Sigma-Aldrich) were together dissolved in PBS
and was injected intraperitoneally (i.p.) into WT mice and A1AR

� /� , A2aAR
� /� ,

A2bAR
� /� and A3AR

� /� mice at a dose of GalN (500mg/kg body weight) and
E. coli LPS (5mg/kg body weight). PBS was used as vehicle control for all
experiments. For 50-AMP-pretreated survival experiment, WT mice were randomly
divided into two groups (n¼ 15 in each group). 50-AMP (5mg/20 g body weight i.p.)

or PBS was administered to mice at 30min before GalN/LPS administration. We
observed the survival of 50-AMP-treated mice and PBS-treated mice for 5 days. For
general experiment, WT mice were randomly divided into four groups (n¼ 5 in each
group): (1) vehicle/vehicle group; (2) 50-AMP/vehicle group; (3) vehicle/GalN-LPS
group; (4) 50-AMP/GalN-LPS group. Mice were killed at 4 h after administration of
GalN/LPS. The blood was collected from the carotid artery and the liver of each
mouse was removed immediately and then was kept at � 80 1C until analyzed.

Serum biochemistry and cytokine assay. Activities of serum AST and
ALT were measured using an AU2700 automatic biochemical analyzer (Olympus,
Tokyo, Japan). TNF-a and IL-6 levels in serum were determined by enzyme-linked
immunosorbent assay (ELISA) kits (Boster Biological Technology Ltd., Wuhan,
China) according to the manufacturer’s protocol.

Histological analysis. Liver tissue was fixed in 10% neutral buffered
formalin and paraffin embedded, and cut into 4mm sections. Sections were
stained with H&E. For immunohistochemical analysis, paraffin-embedded sections
were used for immunostaining for cell surface marker, CD68 (expressed
particularly on monocytes/macrophages), as described previously45,46 with slight
modification. Sections were deparaffinized and rehydrated, followed by incubation
in 3% H2O2 for 10min. After blocking with 5% BSA, the sections were incubated
with anti-CD68 (1 : 100, Millipore, Bedford, MA, USA) overnight at 4 1C, followed
by biotinylated secondary antibodies (1 : 200, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 30min and incubation with HRP-streptavidin (1 : 400,
Invitrogen, Carlsbad, CA, USA) for 30min. Color development was performed with
DAB for 3–5min.

Cell culture and cell treatment. The RAW264.7 cells (a murine macro-
phage cell line) were maintained in supplemented RPMI 1640 in an atmosphere at
90% humidity containing 5% CO2 at 37 1C. At the end of the pre-incubated period,
cells were rinsed with PBS and the medium was supplemented with RPMI 1640
without fetal bovine serum. The cells were pretreated with 50-AMP (400mM) for
30min and then stimulated with LPS (1mg/ml) for indicated time. CGS15943
(50mM, Santa Cruz Biotechnology) was stimulated 30min before 50-AMP.

Cell cytokine assay. RAW264.7 cells were stimulated with LPS for 24 h.
TNF-a and IL-6 levels in the supernatant were assessed using ELISA kits (Boster
Biological Technology Ltd.) according to the manufacturer’s protocol.

RNA isolation and quantitative RT-PCR. Total RNA was extracted
from fresh liver samples or RAW264.7 cell samples with Trizol (Invitrogen)
according to the manufacturer’s instructions. Twenty nanograms of RNA was
converted to cDNA using reverse transcript enzyme (Invitrogen). Quantitative
RT-PCR was performed and results were analyzed using an ABI 7300 Detection
System utilizing SYBR Green dye (Toyobo, Osaka, Japan). All primer sequences
used for quantitative RT-PCRs are shown in Supplementary Table S1. Relative
gene expression in comparison with Gapdh expression was calculated by the
comparative cycle threshold method.

Western blot analysis. RAW264.7 cells were plated in 100-mm dishes and
stimulated with LPS for 1 h. The cytoplasmic and nuclear proteins were extracted
following the procedure described previously.47,48 Preparation of total protein
extracts from mice liver was performed. The extracted proteins were separated by
SDS-PAGE 12% polyacrylamide gel and then electrically transferred to a PVDF
membrane. After blocking with 5% (w/v) BSA in TBST at room temperature for 1 h,
the membranes were then incubated with an appropriate specific primary antibody
(anti-NF-kB p65, 1 : 500; anti-b-actin, 1 : 1000; Bioworld, Minnesota, MN, USA.
anti-CD14, 1 : 500; anti-TLR4, 1 : 500; Santa Cruz Biotechnology) at 4 1C
overnight, followed by incubation with HRP-conjugated secondary antibody
(1 : 10 000; Sunshine Biotechnology, Nanjing, China) and detected by enhanced
chemical luminescence kit (Thermo Scientific, Hudson, NH, USA).

ChIP assays. ChIP assay was performed as described previously49,50 with
slight modification. RAW264.7 cells were plated in 100-mm dishes and stimulated
with LPS for 1 h. Cross-linked chromatin were sonicated into DNA fragment of
0.5–1.0 kb. Sonicated cell lysates were diluted and precleared with 50% salmon
sperm DNA-saturated protein A agarose beads. Chromatin was immunoprecipi-
tated with 5mg of antibody (anti-NF-kB p65, Bioworld; anti-Me1-H3K4, anti-Me2-
H3K4, Millipore), or negative control rabbit IgG (Millipore) at 4 1C overnight.

Figure 8 Schematic representation of proposed regulatory function of 5’-AMP
on NF-kB modulating inflammatory gene expression. 50-AMP can elevate
intracellular adenosine level, which directly attenuated LPS-induced recruitment
of NF-kB and indirectly decreased LPS-induced enrichment of H3K4 dimethylation
at a subset of gene promoters, resulting in the reduction of downstream
inflammation gene expression and the prevention of ALF
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Immunoprecipitated DNA was then used as template for quantitative RT-PCR as
described above. The promoter primer pairs spanning contains NF-kB-binding
region. All primer sequences used for ChIP–quantitative PCRs are listed in
Supplementary Table S1. For in vitro biochemical experiments, the same
sonicated cell lysates were incubated with adenosine (400 mM) or 50-AMP
(400mM) at 37 1C for 30min. Then chromatin was precleared with 50% salmon
sperm DNA-saturated protein A agarose beads and immunoprecipitated with 5 mg
of antibody (anti-NF-kB p65, Bioworld).

HPLC analysis of adenosine, AdoMet, and AdoHcy. Adenosine,
AdoMet, and AdoHcy were extracted from liver samples and cells using 0.4 N
perchloric acid and analyzed by HPLC, as described previously.51,52 Extracts were
separated and quantified using reverse-phase HPLC (Waters 1525 system;
Millipore) on a Partisphere bounded phase C18 (reverse phase) cartridge column.
The mobile phase contained 0.1 M sodium acetate, 5 mM heptanesulfonic acid
adjusted to pH 4.5 with acetic acid, and 4.2% acetonitrile. Pure adenosine,
AdoMet, and AdoHcy (Sigma-Aldrich) were used to identify the peaks and obtain
the calibration curves.

Statistics. The statistical significance of lethality was analyzed using the
Kaplan–Meier method. Other results were presented as the mean±S.E.
Comparison of multiple groups was performed using one-way ANOVA followed
by Tukey’s post-hoc test. The differences were considered statistically significant
at Po0.05.
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31. Haskó G, Cronstein BN. Adenosine: an endogenous regulator of innate immunity. Trends
Immunol 2004; 25: 33–39.

32. Mignon A, Rouquet N, Fabre M, Martin S, Pages JC, Dhainaut JF et al. LPS challenge in
D-galactosamine-sensitized mice accounts for caspase-dependent fulminant hepatitis, not
for septic shock. Am J Respir Crit Care Med 1999; 159: 1308–1315.

33. Wang H, Xu DX, Lv JW, Ning H, Wei W. Melatonin attenuates lipopolysaccharide -induced
liver injury. Life Sci 2009; 65: 421–430.

34. Nakama T, Hirono S, Moriuchi A, Hasuike S, Nagata K, Hori T et al. Etoposide prevents
apoptosis in mouse liver with D-galactosamine/lipopolysaccharide-induced fulminant
hepatic failure resulting in reduction of lethality. Hepatology 2001; 33: 1441–1450.

35. Xiong Q, Hase K, Tezuka Y, Namba T, Kadota S. Acteoside inhibits apoptosis in
D-galactosamine and lipopolysaccharide-induced liver injury. Life Sci 1999; 65: 421–430.

36. Lee WC, Kim JK, Kang JW, Oh WY, Jung JY, Kim YS et al. Palmatine attenuates
D-galactosamine/lipopolysaccharide-induced fulminant hepatic failure in mice. Food Chem
Toxicol 2009; 48: 222–228.

37. Ben-Ari Z, Zilbermints V, Pappo O, Avlas O, Sharon E, Greif F et al. Erythropoietin
increases survival and attenuates fulminant hepatic failure injury induced by
D-galactosamine/lipopolysaccharide in mice. Transplantations 2011; 92: 18–24.

38. Kloor D, Osswald H. S-Adenosylhomocysteine hydrolase as a target for intracellular
adenosine action. Trends Pharmacol Sci 2004; 25: 294–297.

39. Cronstein BN. Adenosine, an endogenous anti-inflammatory agent. J Appl Physiol. 1994; 76: 5–13.
40. Cronstein BN, Eberle MA, Gruber HE, Levin RI. Methotrexate inhibits neutrophil function by

stimulating adenosine release from connective tissue cells. Proc Natl Acad Sci USA 1991;
88: 2441–2445.

41. Gadangi P, Longaker M, Naime D, Levin RI, Recht PA, Montesinos MC et al. The anti-
inflammatory mechanism of sulfasalazine is related to adenosine release at inflamed sites.
J Immunol 1996; 156: 1937–1941.

42. Hwang KK, Hall CS, Spielman WS, Sparks HV. FK506 promotes adenosine release from
endothelial cells via inhibition of adenosine kinase. Eur J Pharmacol 2001; 425: 85–93.

43. Liu J, Lu Y. Adenosine-dependent assembly of aptazyme-functionalized gold nanoparticles
and its application as a colorimetric biosensor. Anal Chem 2004; 15: 1627–1632.
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