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Abstract

Background—Chronic alcohol exposure results in liver injury that is driven in partby

inflammatory cytokines such as tumor necrosis factor-α (TNF). Hepatocytes are normally

resistant to the cytotoxic effects of TNF, but they become sensitized to TNF by chronic alcohol

exposure. Recently we reported that the decrease in the ratio of S-adenosylmethionine (SAM) to

S-adenosylhomocysteine (SAH) that occurs with alcoholic liver injury renders hepatocytes

sensitive to TNF cytotoxicity. The purpose of the present study was to determine whether

inhibition of the transcription factor NFκB contributed to TNF-induced cell death in hepatocytes

with high levels of SAH.

Methods—Primary human hepatocytes or HepG2 cells were pre-incubated with a combination of

adenosine plus homocysteine to increase SAH levels. Following exposure toTNF, viability was

determined by the MTT assay, and activation of the NFκB pathway was assessed by measuring

degradation of cytosolic IκB-α, phosphorylation and translocation of NFκB to the nucleus, and

expression of NFκB-dependent genes.TNF-induced apoptotic signaling pathways were assessed

by monitoring levels of the anti-apoptotic protein, A20, and cleavage products of the caspase-8

substrate, RIP1.

Results—NFκB-mediated gene expression was inhibited in cells with high SAH, despite the fact

that TNF-induced degradation of the cytoplasmic inhibitor IkB-α and accumulation of NF-κB in

the nucleus persisted for much longer. In contrast to control cells, the NF-κB that accumulated in

the nucleus of cells with high SAH levels was not phosphorylated at serine 536, a modification

associated with activation of the transactivation potential of this transcription factor. The
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inhibition of transactivation by NF-κB resulted in lower mRNA and protein levels of the anti-

apoptotic protein A20 and increased cleavage of RIP1.

Conclusions—High SAH levels inhibitedNFκB-mediatedgene expression and sensitized

primary hepatocytes and HepG2 cells to the cytotoxic effects of TNF. It is likely that cross-talk

with other transcription factors is perturbed under these conditions, resulting in still other changes

in gene expression.
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INTRODUCTION

The inflammatory cytokine tumor necrosis factor-α (TNF) plays a critical role in the

development of alcoholic liver disease. Blocking the production of TNF or its interaction

with TNF receptors protects hepatocytes from cell death in animal models of alcoholic liver

disease (Koop et al., 1997, Iimuro et al., 1997). However, TNF alone cannot induce cell

death in hepatocytes; they must be rendered sensitive to this effect. In alcoholic liver

disease, sensitization of hepatocytes to TNF has been linked to alcohol-induced alterations

in methionine metabolism (McClain et al., 2002, Mato et al., 2008). Upon chronic alcohol

exposure, there is a decrease in S-adenosylmethionine (SAM) and an increase in S-

adenosylhomocysteine (SAH), resulting in an inhibition of SAM-dependent

transmethylation reactions (Halsted et al., 1996, Lieber et al., 1990). We have shown that an

increase in SAH relative to SAM is sufficient to sensitize the liver and hepatocytes to TNF

cytotoxicity (Song et al., 2004, Chawla et al., 1998, Song et al., 2007).

The purpose of the present study was to determine the mechanism by which increased SAH

levels leads to sensitization of hepatocytes to TNF. Agents that block new RNA or protein

synthesis, such asgalactosamine, actinomycin D and cycloheximide, are often used

experimentally to sensitize hepatocytes to the cytotoxicity of TNF (Galanos et al., 1979,

Nagaki and Moriwaki, 2008), suggesting that up-regulation of protective genes is an

important aspect of resistance to TNF. The transcription factor NFκB has been shown to be

a critical mediator of resistance to TNF cytotoxicity in a number of cell types (Wang et al.,

1996, Beg and Baltimore, 1996). Cells that are resistant to TNF cytotoxicity expressNFκB-

dependent anti-apoptotic genes such asA20 (Arvelo et al., 2002, Daniel et al., 2004, Opipari

et al., 1992, Krikos et al., 1992), and TNF-resistant cells can be made sensitive to TNF

cytotoxicity by inhibiting NFκB activity (Van Antwerp et al., 1996).

HepG2 cells have been a useful model in which to study the cytotoxicity of TNF in

hepatocytes. As in primary hepatocytes and liver tissue, TNF alone is insufficient to induce

death in this hepatocellular carcinoma cell line (Hill et al., 1995).In the current study,

HepG2 cells were exposed to a combination of adenosine and homocysteine to increase

SAH levels and sensitize them to TNF cytotoxicity. The results showed that NFκB activity

is indeed inhibited under these conditions. Interestingly, early steps in the activation of

NFκB, including degradation of the cytoplasmic inhibitor IκB-α and translocation of NFκB

to nucleus, were not completely blocked in cells with high SAH levels, but the expression of
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NFκB-dependent genes was no longer inducible upon TNF exposure. We conclude that

SAH inhibits NFκB-mediated gene expression by blocking the formation of active

transcriptional complexes at the promoters of genes involved in protection against TNF

cytotoxicity.

METHODS

Cell culture

HepG2 cells were purchased from ATCC (Manassas, VA) and cultured in DMEM

containing L-glutamine (Hyclone Laboratories, Inc., Logan, UT), supplemented with 10%

heat-inactivated fetal bovine serum (Hyclone Laboratories, Inc., Logan, UT), 100 U/ml

penicillin and 100 µg/ml streptomycin (Hyclone Laboratories, Inc., Logan, UT) in a

humidified atmosphere of 5% CO2.Cryoplateable primary human hepatocytes were obtained

from BioreclamationIVT (Baltimore, MD). Hepatocytes were thawed and plated according

to supplier’s protocols.

TNF cytotoxicity assay

Cells were plated in 96-well plates at a density of 12,500 cells/well. Media was replaced 24

hours later with DMEM supplemented with 1% FBS and containing adenosine (Ado;

Sigma-Aldrich, St. Louis, MO), homocysteine (Hcy; Santa Cruz Biotechnology, Inc., Santa

Cruz, CA) or the combination, as indicated in figure legends. After 2 hour pre-incubation,

TNF (R & D Systems, Inc. Minneapolis, MN) was added to the medium to achieve indicated

concentrations. Cell viability was assessed 24 hours after TNF addition by the MTT assay.

MTT assay

MTT (Sigma-Aldrich, St. Louis, MO) was added to the cultures at a final concentration of

0.2 mg/ml, and cells were incubated for an additional 30 to 60 minutes. MTT solution was

removed, formazan crystals were dissolved in DMSO and absorbance was measured at 540

nm.

Measurement of SAH

SAH was extracted in 5% metaphosphoric acid and measured by HPLC as described

previously (Watson et al., 2011).

NFκB-luciferase reporter assay

NFκB transcriptional activity was measured as in our previous studies (Heilman et al.,

2011). The NFκB-luciferase reporter (Stratagene/Agilent Technologies, Santa Clara, CA)

was co-transfected with pCMV-β-galactosidase (a kind gift from K. Cameron Falkner)

usingLipofectamine (Invitrogen/Life Technologies, Grand Island, NY). Twenty-four hours

post-transfection, cells were pre-treated for 2 hours with or without Ado+Hcy, and then

stimulated with 50 ng/ml TNF. Cell lysates were prepared in Reporter Lysis Buffer

(Promega, Madison, WI), luciferase activity was measured with the Luciferase Assay

System (Promega, Madison, WI), andβ-galactosidase activity was measured by incubation

with chlorophenol red β-galactopyranoside (Roche, Indianapolis, IN) for 1 hour at 37°C
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(Falkner et al., 1998). Results are expressed as the ratio of luciferase to β-galactosidase

activities.

Real time RT-PCR

Total RNA was harvested from cells using TRIzol reagent (Life Technologies, Grand Island,

NY). The amount and purity of RNA was quantified with the NanoDrop 1000 system

(Thermo Fisher Scientific, Waltham, MA), and 1ug total RNA was converted to cDNA

using qScriptcDNASuperMix (Quanta Biosciences, Inc., Gaithersburg, MD) following the

manufacturer’s protocol. Real-time RT-PCR reactions were assembled using PerfeCta

SYBR Green FastMix, Low ROX (Quanta Biosciences, Inc., Gaithersburg, MD) following

the manufacturer’s protocol, and quantitative PCR was performed on an Applied Biosystems

7500 Real-Time PCR System (Life Technologies, Grand Island, NY). CT values were

normalized to those of TATA binding protein, and expressed relative to the normalized

values from untreated controls. Fold-induction was calculated as 2−ΔΔCT.

Subcellular fractionation and western blotting. Nuclear and cytosolic fractions were

prepared as described previously (Hill et al., 1999), with the exception that 10 µMNaF and 1

mMNa3VO4 were added to the buffers to inhibit phosphatase activity. Whole cell lysates

were prepared in 25 mMHepes, pH7.2, 150 mM potassium acetate, 2 mM EDTA, 1%

NP-40, 1 mM DTT, 10 µMNaF, 1 mM Na3VO4, and a protease inhibitor cocktail (Sigma-

Aldrich).Total protein was quantified usingthe Bio-Rad DC protein assay with γ-globulin as

the standard (Bio-Rad Laboratories, Hercules, CA). Twenty micrograms total protein were

separated by SDS-PAGE electrophoresis and transferred to nitrocellulose using standard

protocols. Antibodies were purchased from Santa Cruz Biotechnology, Inc. (IκB-α (C-21),

NF-κB p65 (C-20), A20 (A-12), HRP-conjugated anti-mouse, anti-goat, anti-rabbit); Cell

Signaling Technology (phospho-IκB- (Ser32/36) (5A5), phospho-NF-κB p65 (Ser536),

Boston, MA); BD Biosciences (RIP1); and Sigma-Aldrich (β-actin, clone AC-15, St. Louis,

MO). HRP-conjugated secondary antibodies were detected with ECL2 western blotting

substrate (Pierce/Thermo Scientific, Rockford, IL). Band intensities were quantified with

ImageJ software.

RESULTS

To model the increase in hepatic SAH that is observed in alcoholic liver disease, the HepG2

hepatocyte cell line was incubated with a combination of adenosine (Ado) and homocysteine

(Hcy), as in our previous studies (Song et al., 2004, Song et al., 2007). Ado and Hcy serve as

co-substrates for the enzyme SAH hydrolase. Under normal conditions, SAH hydrolase

catalyzes the breakdown of SAH into Ado and Hcy, but when Ado and Hcy levels are high

the reverse reaction is favored, resulting in the synthesis of SAH.Indeed, addition of Ado

+Hcy to the culture medium resulted in an increase inintracellular SAH levels.Under these

conditions, the cells became sensitive to the cytotoxicity of TNF (Fig. 2). The extent of cell

killing was similar to that seen with the classical TNF sensitizer actinomycin D (Fig. 2). Ado

or Hcy alone did not sensitize cells to TNF cytotoxicity (Fig. 2), nor did they increase SAH

levels to the same extent as seen with the combination of the two (Fig. 1). Similar results

were seen with primary human hepatocytes. Although higher concentrations of Ado+Hcy
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were required, there was a clear concentration-dependent sensitization to the cytotoxic

effects of TNF (Fig. 2B). Identical results were obtained with hepatocytes from 2 different

donors.

Because actinomycin D inhibits new RNA synthesis, it is believed that actinomycin D

sensitizes cells to TNF by blocking the expression of protective genes (Hill et al., 1995,

Nagaki and Moriwaki, 2008). Previous studies have shown that the transcription factor

NFκB controls the expression of these protective genes (Van Antwerp et al., 1996), and

inhibition of NFκB can also render cells sensitive to TNF (Wang et al., 1996). To determine

whether Ado+Hcy treatment inhibitedNFκB-mediated gene expression, NFκB activity was

measured with an NFκB-luciferase reporter. The results showed that NFκB activity was

activated in resistant control cells, but that this activation was blocked in cells treated with

Ado+Hcy (Fig. 3A).

In unstimulated cells, NFκB is normally maintained in an inactive form in a cytoplasmic

complex with IκB-α. Upon stimulation, IκB-α is degraded, allowing NFκB to move into

the nucleus and bind to specific sequences within the promoters of its target genes. One of

these targets is IκB-α, which is re-synthesized and thereby limits the duration of NFκB

activity (Sun et al., 1993). Expression of IκB-α was induced upon stimulation with TNF in

control cells, but not in cells treated with Ado+Hcy (Fig. 3B). In fact, IκB-α expression was

inhibited by Ado+Hcy even in the absence of TNF stimulation, suggesting that basal NFκB

activity was inhibited. Similarly, basal and TNF-induced expression of two other

endogenous NFκB targets, IL-8 and A20, were inhibited in HepG2 cells with high SAH

levels (Fig. 3B). NFκB-mediated gene expression was also inhibited in primary human

hepatocytes treated with Ado+Hcy. As in HepG2 cells, TNF-induced expression of IκB-α,

A20 and IL-8 was inhibited in hepatocytes pre-treated with Ado+Hcy (Fig. 3C). Basal IκB-

α mRNA levels were also lower in Ado+Hcy-treated cells. In contrast to HepG2 cells,

however, basal A20 levels were unaffected, and basal IL-8 levels were increased by Ado

+Hcy in primary hepatoctyes (Fig. 3C).

To determine the mechanism by which Ado+Hcy inhibitedNFκB-mediated gene expression,

activation of the pathway by degradation of IκB-α and nuclear translocation of NFκB was

examined by western blotting of cytosolic and nuclear fractions (Fig. 4). In control cells,

TNF stimulation resulted in transient degradation of cytosolic IκB-α within 15 minutes,

followed by the reappearance of IκB-α and a return to baseline levels within 60 minutes.

The kinetics of IκB-α degradation and re-synthesis were mirrored by the movement of the

NFκB subunit p65 into, and then out of, the nucleus over the same time period. These

results are typical of activation of the canonical NFκB signaling pathway by TNF. In

contrast to the results in control cells, the Ado+Hcy pre-treated cells responded much

differently. Baseline levels (i.e., in cells not stimulated with TNF) of cytosolic IκB-α and

nuclear p65 were lower and higher, respectively, than in control cells. Stimulation with TNF

resulted in more persistentstimulation of the NFκB signaling pathway, as evidenced by

continuing degradation of IκB-α and increasingly high levels of p65 in the nuclear fractions

over the time course of the exposure (Fig. 4). The prolonged nuclear localization of NFκB is

most likely the result of inhibition of IκB-α re-synthesis; IκB-α expression is normally

induced by NFκB (see Fig.3), providing a mechanism to replenish IκB-α and limit the
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duration of NFκB activity. A second NFκB target gene, A20, also functions as a negative

feedback inhibitor of NFκB activation by deubiquitinating RIP1 and disrupting the

recruitment of IKK-γ to the TNFR1 signaling complex (Shembade and Harhaj, 2012).

Because SAH inhibits these negative feedback arms of the canonical pathway, NFκB levels

remain high in the nucleus. However, this NFκB is not transcriptionally active, as evidenced

by the low levels of IκB-α, A20 and IL-8 mRNA (Figs. 3B and 3C) and lack of expression

of the NFκB-dependent luciferase reporter (Fig. 3A).

Nuclear accumulation alone is not sufficient for the activation of NFκB-mediated gene

expression; other proteins must be recruited for the assembly of active transcriptional

complexes at the promoters of target genes. One way that this is regulated is through

posttranslational modifications of NFκB, such as phosphorylation of Ser536 within the

transactivation domain of the p65 subunit (Neumann and Naumann, 2007). TNF stimulation

results in rapid and transient phosphorylation of Ser536 (Fig. 5). Most of the NFκB that

accumulates in the nucleus of control cells is in the phosphorylated form. In contrast,

phosphorylation of Ser536 in the cytosolic pool of p65 is somewhat inhibited in cells with

high SAH levels, and it is the unphosphorylated form of p65 that builds up in the nucleus of

these cells over time (Fig. 5).

Phosphorylation of p65 at Ser536 can be mediated by at least five different enzymes,

including multiple components of the IKK complex (Neumann and Naumann, 2007). If Ado

+Hcy acts at the level of the IKK complex, which phosphorylatesIκB-αin response to TNF

stimulation, then phosphorylation of IκB-α could also be affected. To examine this

possibility, the time course of TNF-induced p65 phosphorylation was compared to the time

course of IκB-α phosphorylation (Fig. 6). Maximal phosphorylation of both p65 and IκB-α
occurred 5 minutes after TNF stimulation in control cells, whereas peak phosphorylation

was delayed in Ado+Hcy-treated cells. In addition, the degree of phosphorylation of p65 and

IκB-α was much less in Ado+Hcy-treated cells than in control cells. The phosphorylation of

p65 paralleled the phosphorylation of IκB-α in control cells and in Ado+Hcy-treated cells,

but the onset and extent of phosphorylation was inhibited in Ado+Hcy-treated cells. These

results suggest that the activity of at least one of the components of the IKK complex is

altered in cells with high levels of SAH.

The data in Fig. 3 show that A20 mRNA levels are low in cells with high SAH. Fig. 7 shows

that A20 protein levels correlate very well with mRNA levels, where both basal and TNF-

stimulated A20 levels are inhibited by Ado+Hcy. In addition to being a feedback inhibitor of

NFκB activation, A20 also functions as an anti-apoptotic protein that protects against TNF

cytotoxicity (Lee et al., 2000).When TNF binds to its receptor TNFR1, multiple proteins are

recruited to form what is known as TNFR1 complex I. Complex I signals NFκB activation

and resistance to cell death. In cells lacking A20, formation of TNFR1 complex II is

favored, allowing activation of caspase-8 and cell death. RIP1 is a component of both

complexes, but becomes cleaved by caspase-8 upon the transition from complex I to

complex II (Vandenabeele et al., 2010). RIP1 cleavage is seen in TNF-sensitive (Bellail et

al., 2012) and TRAIL-sensitive cells (Dong et al., 2012) undergoing death, but not in

resistant cells. To determine whether loss of A20 expression in cells with high SAH levels

was associated with RIP1 cleavage, a western blot was performed. The data show that the
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RIP1 cleavage product is seen in response to TNF only in cells that were pre-treated with

Ado+Hcy (Fig. 7).

DISCUSSION

A number of cell types can be made sensitive to TNF cytotoxicity by genetic or

pharmacologic inhibition of NFκB activity (Xu et al., 1998, Beg and Baltimore, 1996, Van

Antwerp et al., 1996, Wang et al., 1996). The studies presented here demonstrate that

intracellular accumulation of the endogenous methionine metabolite SAH can also inhibit

NFκB and convert TNF-resistant HepG2 cells to TNF-sensitive cells. This sensitization was

accompanied by an inhibition of both basal and TNF-induced expression of NFκB-

dependent genes, including the TNFAIP3 gene encoding the anti-apoptotic A20 protein. In

TNF-stimulated cells, loss of A20 expression was associated with the transition of the anti-

apoptotic TNF receptor complex I to the pro-apoptotic complex II, as evidenced by RIP-1

cleavage. Therefore, both basal and TNF-induced NFκB-dependent A20 expression

contribute to resistance to the cytotoxic effects of TNF in HepG2 cells and in primary

hepatocytes by favoring anti-apoptotic signaling pathways, and the balance is shifted in

favor of pro-apoptotic pathways in cells with high SAH levels.

In addition to its role as an inhibitor of apoptosis, A20 also functions as an inhibitor of

NFκB activation. Induction of A20, therefore, serves to limit the duration of NFκB activity

following a stimulus such as TNF. In this respect, A20 is analogous to IκB-α: both genes

are activated by NFκB, and both encode proteins that terminate NFκB signaling (Sun et al.,

1993, Lee et al., 2000). A20 does so by de-ubiquitinating RIP1 and disrupting its

interactions IKK-γ and the subsequent activation of the IKK complex. IκB-α terminates

NFκB activity by replacing the IκB-α that was degraded and re-forming inhibitory

complexes with NFκB. Because A20 and IκB-α inhibit signaling events leading to NFκB

activation, overexpression of either can inhibit the extent to which NFκB can be activated.

However, Ado+Hcy does not induce overexpression of these proteins; rather, they are both

inhibited. Therefore, this does not appear to be the mechanism by which SAH inhibits

NFκB. The decreased basal expression of the NFκB target genes A20, IκB-α and IL-8 most

likely reflects the inhibition of transactivation potential of nuclear NFκB by SAH. Our data

show that phosphorylation of Ser536 within the transactivation domain of p65 is decreased

by SAH, even under basal conditions. Phosphorylation at this site promotes the recruitment

of co-activators necessary for expression of target genes, and loss of this activating

posttranslational modification may account for the inability of NFκB to mediate gene

expression.

The mechanism by which SAH inhibitedNFκB was somewhat unusual in that the

cytoplasmic signaling pathways were only partially inhibited, allowing NFκB to translocate

to the nucleus in response to TNF stimulation. However, this nuclear NFκB was not active,

due, at least in part, to a lack of phosphorylation of the transactivation domain. Because the

expression of the feedback inhibitors A20 and IκB-α were not activated, NFκB remained in

the nucleus for much longer. It is unclear, however, to what extent the presence of

transcriptionally inactive NFκB in the nucleus interferes with the activities of other

transcription factors.

Watson et al. Page 7

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Other agents that affect methionine metabolism have been shown to have similar effects on

NFκB activity in other cell types. Treatment of RAW 264.7 cells with SAM, the immediate

upstream metabolite of SAH, decreased LPS-induced NFκB transcriptional activity without

affecting IκB-α degradation or nuclear translocation of NFκB (Gobejishvili et al., 2011). In

another study using LPS-stimulated RAW 264.7 cells, Jeong et al, showed that

deazaadenosine (DZA), an inhibitor of SAH hydrolase, inhibited the transcriptional activity

of NFκB while at the same time inducing the degradation of IκB-α (Jeong et al., 1999).

Interestingly, another SAH hydrolase inhibitor, DZAari, had no effect on NFκB in that study

(Jeong et al., 1999). Additional studies are needed to differentiate among the effects of

SAM, SAH and enzymes that interact with these metabolites in the regulation of NFκB in

response to different stimuli and in different cell types.

Inhibition of two other enzymes that are not directly related to methionine metabolism also

had effects on NFκB activity that were similar to those reported here. Inhibition of PDE4B

by rolipram increased cAMP levels and inhibited LPS-induced NFκB transcriptional activity

without affecting IκB-α degradation or NFκB nuclear translocation (Gobejishvili et al.,

2008). Similarly, inhibitors of thioredoxinreductase, an enzyme involved in antioxidant

defenses, blocked the transcriptional activity of NFκB, but had no effect on the upstream

steps activated by TNF or LPS (Heilman et al., 2011). The phosphorylation state of Ser536

was not measured in the nuclear pool of p65 in those earlier studies, but at least one of the

inhibitors (curcumin) blocked phosphorylation of total p65 in response to TNF (Heilman et

al., 2011).

SAH is produced in multiple subcellular compartments by SAM-dependent

methyltransferases within those compartments. Cytoplasmic and mitochondrial pools of

SAH are increased in hepatocytes of mice chronically exposed to alcohol (Song et al., 2007),

and this may be influenced by both altered methionine metabolism and the effects on

transport of SAM and SAH across the mitochondrial membrane (Fernandez et al., 2009).

Much less is known about what happens to SAH in the nuclear compartment. DNA

methyltransferases and histone methyltransferases, which use SAM and generate SAH, are

present in the nucleus and have a tremendous impact on gene expression through effects on

chromatin remodeling. These methylransferases are subject to product inhibition by SAH

(Mull et al., 2006) and, therefore, chromatin structure could be altered by high

concentrations of SAH in the nucleus. Either nuclear or cytoplasmic SAH levels may be

responsible for the observation that NFκB was not phosphorylated in the nuclei of cells

exposed to Ado+Hcy. Phosphorylation of p65 at Ser536 occurs within the cytoplasm, as

shown by our data showing an increase in phosphorylated p65 within that compartment (Fig.

6) as well as the reported localization of the kinases responsible for this modification

(Neumann and Naumann, 2007). While SAH does not appear to completely block

phosphorylation in the cytoplasm, it may block the translocation of the phosphorylated form

of NFκB from the cytoplasm to the nucleus, possibly by interfering with its interaction with

importin α3 or α4 (Fagerlund et al., 2005). Alternatively, SAH could exert its effects within

the nucleus by facilitating dephosphorylation within the nucleusor by increasing the rate of

export from the nucleus. Therefore, it is possible that SAH acts at multiple levels may to

modulate transcription independent of, or in concert with, cytoplasmic signaling cascades.
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The data presented hereconfirm and extend our previous finding that elevated SAH levels

sensitize hepatocytes to TNF cytotoxicity (Song et al., 2007, Song et al., 2004). The

combination of Ado+Hcy increased intracellular SAH levels to 760 nmol/mg protein. This

value was slightly higher than the value of 250 nmol/mg protein that we reported previously

(Song et al., 2004). The difference could have been due to our use of medium containing 1%

fetal bovine serum in the current study and 10% fetal bovine serum in the earlier study.

Others have shown that the combination of Ado+Hcy sensitized other cell types to TNF

(Ratter et al., 1999, Bergmann et al., 1994). Bergmann et al., reported that L929 cells were

sensitized to TNF by the combination of Ado+Hcy, but that NFκB activation was not altered

(Bergmann et al., 1994). This latter conclusion was based on the observation that Ado+Hcy

did not inhibit TNF-induced nuclear translocation of NFκB as measured by electrophoretic

mobility shift assay.Transcriptional activity was not measured in that study, but in view of

the present results it is likely that the NFκB seen in the nuclei of Ado+Hcy-treated L929

cells was transcriptionally inactive. Factors other than NFκB inhibition may increase the

extent to which hepatocytes become sensitive to TNF (Fredriksson et al., 2011, Osawa et al.,

2001), and chronic alcohol exposure has effects other than perturbation of SAM and SAH

metabolism (McClain et al., 2002). For example, TNF-induced hepatocyte apoptosis has

been observed even in the presence of activated NFκB when mitochondrial glutathione was

depleted (Mari et al., 2008), a condition associated with chronic alcohol exposure (Hirano et

al., 1992). Nevertheless, the results presented here demonstrate NFκB signaling is impaired

in cells with high SAH levels, and that this leads to increased sensitivity to the cytotoxic

effects of TNF.
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Fig. 1.
SAH levels are increased in cells exposed to the combination of adenosine and

homocysteine. HepG2 cells were incubated for 2 hours in medium alone (DMEM) or in

medium supplemented with 500 µM adenosine (Ado), 500 µMhomocysteine (Hcy), or the

combination (Ado+Hcy). Intracellular SAH was measured by HPLC as described in

Materials and Methods. Data represent the means ± sd of 3 independent measurements.
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Fig. 2.
HepG2 cells and primary human hepatocytes are sensitized to TNF cytotoxicity by pre-

treatment with the combination of adenosine and homocysteine (Ado+Hcy). (A) HepG2

cells were pre-treated for 2 hours with medium alone (DMEM), 500 µM adenosine (Ado),

500 µMhomocysteine (Hcy) or the combination (Ado+Hcy; 500 µM each), then exposed to

10 ng/ml TNF (light bars) or vehicle (DMEM; dark bars) for an additional 24 hours. MTT

was added during the final hour of exposure to assess cell viability. Actinomycin D (ActD;

0.4 µg/ml) was included as a positive control for sensitization to TNF cytotoxicity. (B)
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Primary human hepatocytes were pre-treated with the indicated concentrations of Ado+Hcy,

then exposed to 100 ng/ml TNF (light bars) or vehicle (DMEM; dark bars) for an additional

24 hours. MTT was added during the final hour of exposure to assess cell viability. The

experiments were performed in triplicate using hepatocytes from 2 different donors, and the

data from both donors was pooled for statistical analyses. Data show mean ± s.d. of the

pooled data. *- Significantly different (p<0.05) compared to no TNF control.
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Fig. 3.
NFκB-dependent gene expression is inhibited by SAH. (A) Expression of an NFκB-

luciferase reporter construct in inhibited by SAH. HepG2 cells were co-transfected with

plasmids encoding an NFκB-luciferase reporter and β-galactosidase under the control of the

CMV promoter. 24 hours after transfection, the cells were pre-treated for 2 hours with either

medium (DMEM) or 500 µM adenosine and homocysteine (A+H), then either stimulated

with 10 ng/ml TNF or left unstimulated for 3 hours. Luciferase activity was normalized to β-

galactosidase activity and expressed as a percent of the value in DMEM (control) cells. (B)
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HepG2 cells were pre-treated with medium alone (DMEM) or 500 µMAdo+Hcy (A+H),

then treated with 10 ng/ml TNF were indicated for 3 hours. RNA was isolated and analyzed

by real time RT-PCR as described in the Methods. (C) Primary human hepatocytes were

pre-treated with 4 mMAdo+Hcy (A+H) or medium alone, then treated with 100 ng/ml for 3

hours. RNA was isolated and analyzed as in panel (B). a- Significantly different (p<0.05)

compared to medium alone. b- Significantly different (p<0.05) compared to TNF alone.
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Fig. 4.
TNF-induced degradation of IκB-α and nuclear translocation of NFκB is not inhibited by

SAH. HepG2 cells were pre-treated for 2 hours with either medium alone (DMEM) or the

combination of 500 µM adenosine and 500 µMhomocysteine (A+H). The cells were then

stimulated with 10 ng/ml TNF for the indicated times, and cytosolic and nuclear fractions

were prepared as described in Materials and Methods. (A) Representative western blot

showing degradation of IκB-α in cytosolic fraction and translocation of the NFκB subunit

p65 to the nucleus in response to TNF. (B) Densitometric analyses of western blots from 3

independent experiments performed as in (A).

Watson et al. Page 18

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5.
The phosphorylated form of p65 does not accumulate in the nucleus of Ado+Hcy-treated

cells. Cells were pre-treated for 2 hours with medium alone (DMEM) or 500 µM adenosine

and homocysteine (A+H), then stimulated with 10 ng/ml TNF for the indicated times.

Cytosolic and nuclear fractions were prepared, and equal amounts of total protein (15 µg)

were analyzed by western blotting.
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Fig. 6.
Phosphorylation of both IκB-α and p65 is delayed and inhibited in cells with high SAH

levels. Whole cell lysates were prepared from cells pre-treated with either medium alone

(DMEM) or medium supplemented with 500 µM adenosine and homocysteine (A+H) and

then stimulated with 10 ng/ml TNF for the indicated times. Western blotting was performed

on 15 µg total protein using antibodies specific for the indicated proteins.
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Fig. 7.
Decreased A20 protein levels are associated with increased apoptotic signaling in TNF-

stimulated cells with high SAH. Basal and TNF-induced A20 protein levels (upper panel)

are decreased in whole cell lysates from cells treated with 500 µM adenosine and

homocysteine (A+H). Cleavage of RIP1 is induced by TNF in cells with low A20 and high

SAH levels. Actin is shown as a loading control. The graph at the bottom represents the

results of densitometric analysis (mean +/− SD) of western blotting of 3 separate samples for

each condition.
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