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S-Adenosyl-L-methionine ameliorates TNFα-induced insulin 

resistance in 3T3-L1 adipocytes　
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Abstract

An association between inflammatory processes and 
the pathogenesis of insulin resistance has been in-
creasingly suggested. The IκB kinase-β (IKK-β)/ nu-
clear factor-κB (NF-κB) pathway is a molecular media-
tor of insulin resistance. S-Adenosyl-L-methionine 
(SAM) has both antioxidative and anti-inflammatory 
properties. We investigated the effects of SAM on the 
glucose transport and insulin signaling impaired by 
the tumor necrosis factor α (TNFα) in 3T3-L1 adi-
pocytes. SAM partially reversed the basal and insulin 
stimulated glucose transport, which was impaired by 
TNFα. The TNFα-induced suppression of the tyrosine 

phosphorylation of the insulin receptor substrate-1 
(IRS-1) and Akt in 3T3-L1 adipocytes was also reversed 
by SAM. In addition, SAM significantly attenuated the 
TNFα-induced degradation of IκB-α and NF-κB 
activation. Interestingly, SAM directly inhibited the kin-
ase activity of IKK-β in vitro. These results suggest that 
SAM can alleviate TNFα mediated-insulin resistance 
by inhibiting the IKK-β/NF-κB pathway and thus can 
have a beneficial role in the treatment of type 2 diabetes 
mellitus. 
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Introduction

Mounting evidence suggests that inflammatory pro-
cesses are related to the pathogenesis of insulin 
resistance. The IκB kinase-β (IKK-β)/NF-κB path-
way is a molecular mediator of insulin resistance 
(Shoelson et al., 2003). Shoelson et al. studied the 
glucose lowering effects of salicylates and found 
that activation of IKK-β/NF-κB pathway causes 
insulin resistance, while inhibition of the pathway 
can reverse insulin resistance. Various inflamma-
tory stimuli activate IKK-β and anti-inflammatory 
agents with IKK-β-inhibiting properties have been 
suggested to improve insulin resistance (Shoelson 
et al., 2006). Insulin signaling pathway has been 
well studied. When insulin binds to insulin receptor 
(IR), IR activates insulin receptor substrate (IRS) 
through specific tyrosine phosphorylation, which in 
turn induces a serial activation of PI3K, Akt and 
glucose transporter (GLUT) translocation to the 
plasma membrane. Finally, glucose uptake through 
GLUT is increased (Schinner et al., 2005). 
Inflammatory cytokines such as tumor necrosis 
factor α (TNFα activates several kinases including 
MAPK, JNK and IKKβ, which phosphorylate serine 
residue on IR or IRS-1. The serine phosphorylation 
inhibits activation of IR or IRS-1 and results in 
insulin resistance (Aguirre et al., 2000; Gao et al., 
2002). IKKβ is also indirectly involved in insulin 
resistance by activating NF-κB which stimulates 
other inflammatory mediators (Baud and Karin, 
2001).  
    S-adenosyl-L-methionine (SAM) is a well-known 
methyl donor that is vital for many reactions 
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Figure 1. Effects of SAM on glucose transport in TNFα treated 3T3-L1 
adipocytes. Cells were treated with SAM (1 mM) and TNFα (50 ng/ml) 
for 72 h and incubated with or without insulin (100 nM) for 30 min. 
Glucose transport levels seen in the cells not treated with SAM, TNFα or 
insulin (control) was expressed as 100 and the others were expressed as 
its relative values. *P ＜ 0.001 compared to the control, †P ＜ 0.001 
compared to the level of cells treated with insulin and not TNFα, **P ＜
0.001 compared to the level of cells treated with TNFα and not but SAM. 
‡P ＜ 0.001 compared to cells treated with insulin and TNFα. 

catalyzed by methyltransferases (Chiang et al., 
1996; Cheng and Blumenthal, 1999). SAM is also 
known to be as effective as celecoxib or non-ste-
roidal anti-inflammatory drugs in the management 
of osteoarthritis (di Padova, 1987; Najm et al., 
2004). Many possible mechanisms of action of 
SAM have been suggested in the treatment of 
osteoarthritis, and the reduction of inflammatory 
mediators is one of them (Hosea Blewett, 2008). 
SAM also serves as a precursor molecule in the 
transsulfuration pathway, which leads to the 
synthesis of glutathione (GSH). Glutathione plays 
an important role in the natural defense mecha-
nism against oxidative stress. SAM can restore the 
mitochondrial glutathione concentration, decrease 
the concentration of TNFα, and increase the 
expression of interleukin 10 (IL-10) (Purohit et al., 
2007). These effects may explain its protective role 
in alcoholic liver disease and acetaminophen 
toxicity. If SAM has an anti-inflammatory effect 
through suppression of the IKK-β/NF-κB pathway, 
it may be an effective treatment modality for type 2 
diabetes mellitus as in the case of salicylates. We 
showed in our previous study that the treatment 
with SAM improved the whole body insulin 
sensitivity in Otsuka Long Evans Tokushima Fatty 
(OLETF) rats (Jin et al., 2007). 
    The objective of this study was to investigate the 
effect of SAM on inflammatory signaling and insulin 
resistance. In this study, we demonstrate that SAM 
could improve the TNFα-induced impairment of the 

glucose transport and insulin-signaling pathway, 
and could directly inhibit IKK-β activity.

Results

SAM improved glucose transport impaired by TNFα 
To investigate the effect of SAM on insulin 
resistance, we tested whether SAM could reverse 
the impaired glucose transport which was induced 
by TNFα in 3T3-L1 adipocytes. Treatment with 
TNFα (50 ng/ml) for 72 h reduced the basal and 
insulin-stimulated glucose transport by 61.5% (P ＜ 
0.001) and 77.2% (P ＜ 0.001), respectively when 
compared to untreated cells (Figure 1). Pretreat-
ment with 1 mM SAM increased the basal and 
insulin stimulated glucose transport by 44.7% (P ＜ 
0.001) and 101.0% (P ＜ 0.001), respectively when 
compared to TNFα treated cells. However, SAM 
treatment restored the impaired glucose transport 
to about half of the control levels. In the absence of 
TNFα, treatment of SAM did not affect glucose 
transport either in the basal or insulin-stimulated 
level. These results suggest that SAM specifically 
ameliorates glucose transport impaired by TNFα. 

SAM enhances insulin signaling impaired by TNFα

To elucidate the molecular mechanisms underlying 
the glucose transport improved by SAM, we 
evaluated the effect of SAM on phosphorylation of 
IRS-1 and Akt, two important factors in the insulin 
signaling pathway, after TNFα treatment in 3T3-L1 
adipocytes. Treatment with 50 ng/ml of TNFα for 
18 h reduced the IRS-1 tyrosine phosphorylation at 
position Y612 and the Akt phosphorylation at posi-
tion Ser473. Consistent with the result of glucose 
transport in Figure 1, pretreatment of cells with 0.5 
mM or 1 mM SAM partially reversed the impaired 
phosphorylation of IRS-1 and Akt (Figure 2). 

SAM reduces DNA binding activity of NF-κB induced 
by TNFα 

Since activation of IKK-β/NF-κB is involved in the 
TNFα-induced insulin resistance, we investigated 
whether SAM has an inhibitory effect on the 
IKK-β/NF-κB pathway. The effect of SAM on the 
DNA binding activity of NF-κB was investigated in 
3T3-L1 adipocytes. The DNA binding activity of 
NF-κB was dramatically increased by TNFα 
(Figure 3A). Two specific bands were observed, 
the upper band was super-shifted by the addition 
of antibody against p65 (lane 8), suggesting that 
the upper band was p65/p50 complex and the 
lower band was p50/p50 homodimer (Udalova et 
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al., 2000; Daosukho et al., 2002). SAM efficiently 
decreased the TNFα-induced DNA binding activity 
of NF-κB. The inhibitory effect of SAM on NF-κB 
activity was also confirmed in HepG2 cells (human 
hepatoma cell line) and L6 cells (rat skeletal muscle 
cell line) (data not shown). In addition, TNFα-in-
duced translocation of p65 into nucleus was 
confirmed by Western blot analysis, and treatment 
of SAM significantly inhibited p65 translocation 
(Figure 3B). Total amount of p65 in the cell lysates 
was not changed by TNFα or SAM. To elucidate 
how SAM inhibits the activation of NF-κB in the 
presence of TNFα, the effect of SAM on the 
degradation of IκB-α was investigated by Wes-
tern-blot analysis. The TNFα induced degradation of 
IκB-α in 3T3-L1 adipocytes and treatment with SAM 
partially inhibited this degradation (Figure 3B). 

SAM directly affects the kinase activity of IKK-β

As the results in Figure 3 suggest that SAM has an 
inhibitory effect on NF-κB activation at the upstream 

of Iκβ degradation step, we tested whether SAM 
could directly inhibit the kinase activity of IKK-β by 
using an in vitro IKK-β activity assay. As shown in 
Figure 4, SAM significantly inhibited the kinase 
activity of IKK-β compared to the controls in a 
dose-dependent manner. The inhibitory effect of 1 
mM SAM was comparable to that of 10 μM 
staurosporine, a strong kinase inhibitor (Seo and 
Seo, 2009). This result clearly showed that SAM 
could act as an inhibitor of IKK-β.

Discussion

In the present study, we showed that SAM inhibited 
the activity of IKK-β and the degradation of IκB and 
the NF-κB binding activity induced by TNFα. SAM 
improved the glucose transport that was impaired 
by TNFα. TNFα treatment decreased glucose 
transport both in the absence and in the presence 
of insulin, and SAM partially recovered the effect of 
TNFα regardless of the presence of insulin (Figure 

Figure 2. Effects of SAM on phosphorylations of IRS-1 and Akt in 
3T3-L1 adipocytes treated with TNFα. (A) Adipocytes were treated with 
SAM and TNFα (50 ng/ml) for 18 h, and then treated with insulin for 30 
min before harvesting. Cell lysates were subjected to immunoblot 
analysis. (B) The band intensities of phopho-IRS-1 (pIRS-1) or pAkt were 
normalized by their total IRS-1 or Akt, respectively. *P ＜ 0.01 compared 
to the value of control cells treated with insulin (n = 3). **P ＜ 0.01 com-
pared to the value of cells treated with insulin and TNF-α (n = 3). 
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Figure 3. Effects of SAM on TNFα-induced NF-κB activation in adipocytes. (A) After adipocytes were treated with SAM (1 mM) for the indicated days, 
TNFα (50 ng/ml) were treated for 18 h. Nuclear proteins were prepared and NF-κB binding activity was determined by EMSA. Lane 1 shows free probe 
(FP) alone. Anti-p65 antibody was incubated with the nuclear extract before the addition of the probe (lane 8). (B) After treatment of cells with TNFα or 
SAM, nuclear extracts and cell lysates were subjected to immunoblot analysis with anti-p65, anti-IkBα or γ-tubulin. (C) The band intensity of p65 in the nu-
clear extract of the cells treated with TNFα was expressed as 100 and the others were expressed as its relative values (upper panel) (n = 3). *P ＜ 0.01 
compared to the value of the cells treated with TNFα. **P ＜ 0.05 compared to the value of the cells treated with TNFα. The band intensities of p65 in the 
cell lysates were normalized by those of γ-tubulin. The value of the control cells was expressed as 100 and the others were expressed as its relative val-
ues (lower panel) (n = 4). *P ＜ 0.01 compared to the value of the control cells. **P ＜ 0.01 compared to the value of cells treated with TNFα.

1). Although it has not been well investigated how 
TNFα decreases the basal level of glucose 
transport, it may be explained by the significant 
reduction of total IRS level after the treatment of 
TNFα shown in Figure 2. SAM also increased the 
level of total IRS in the presence of TNFα (Figure 
2), and similarly increased the basal level of 
glucose transport (Figure 1). Definitely, further 
studies are required to clarify this possibility. 
Anyhow, the results in this study suggest that SAM 
could improve insulin sensitivity, which has been 
reported in a previous animal study (Jin et al., 
2007). 

    Various inflammatory stimuli including interleu-
kin-1β, TNFα, IL-6 and interferon-β activate IKK. 
Activated IKK catalyzes the phosphorylation of IκB 
which leads to the degradation of IκB and allows 
the translocation of NF-κB to the nucleus. 
Activated IKK-β and/or NF-κB activation is known 
to play a central role in the pathogenesis of insulin 
resistance (Evans et al., 2002). Suppression of 
IKK-β/NF-κB activation could be a therapeutic 
approach in type 2 diabetes mellitus. Some 
anti-inflammatory drugs, e.g. salicylate, aspirin and 
sulfasalazine, have an inhibitory effect on the 
IKK-β/NF-κB pathway. Their insulin sensitizing and 
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Figure 4. SAM inhibited IKK-β kinase activity in a dose-dependent 
manner. IKK-β and different concentrations of SAM had been pre-
incubated for 10 min and the kinase reaction was allowed to continue for 
30 min. IKK-β kinase activity was also measured in the presence of 10 
μM staurosporine (Stau), a strong kinase inhibitor. *P = 0.014 by Kruskal 
Wallace test, *P ＜ 0.001 by ANOVA with posthoc test (n = 3).

glucose lowering effect has been shown in animal 
and human studies (Kim et al., 2001; Hundal et al., 
2002; Goldfine et al., 2008). Although it is possible 
that most of the anti-inflammatory drugs have an 
inhibitory effect on IKK-β/NF-κB pathway, few 
studies have explored this hypothesis (De Bosscher 
et al., 1997; Yin et al., 1998; Yamamoto et al., 
1999). SAM, which was tested in our study, plays 
not only a role as intracellular antioxidant but also 
as therapeutic agent in osteoarthritis. Several 
possible mechanisms of SAM in the treatment of 
osteoarthritis were proposed: 1) the reduction of 
inflammatory mediators such as TNFα and nitric 
oxide (NO), 2) an increase of proteoglycan 
synthesis and glutathione and 3) DNA methylation 
(Hosea Blewett, 2008). There is increasing evidence 
indicating that the modulation of the inflammatory 
response could be an explanation for the beneficial 
effects of SAM. It has been reported that SAM 
inhibits the LPS-induced expression of TNFα, the 
TNFα promoter activity and the expression of the 
inducible NO synthase (iNOS) in vivo. In addition, it 
stimulates the expression of interleukin-10 in 
macrophages (Watson et al., 1999; Veal et al., 
2004; Ara et al., 2008). Based on these data, we 
analogized that SAM would have an anti-inflamma-
tory effect through inhibition of the IKK-β/NF-κB 
pathway and possibly has a beneficial role in the 
treatment of type 2 diabetes mellitus.
    The role TNFα in the pathogenesis of insulin 
resistance is well established. An increase in the 
expression of TNFα has been postulated to induce 
insulin resistance. In addition, direct exposure of 
healthy individuals, animals or cells to TNFα also 

induces insulin resistance (Sethi and Hotamisligil, 
1999; Cawthorn and Sethi, 2008). It is interesting 
to note that SAM improved the glucose transport 
and insulin signaling that was impaired by TNFα 
although its effect was not completely reversed in 
this study. We showed in the present study that 
SAM could have an insulin sensitizing effect by 
inhibiting the activation of IKK-β, degradation of 
IκB, and activation of NF-κB. 
    Besides the anti-inflammatory effect of SAM, it 
also acts as an antioxidant. It plays an antioxida-
tive role as a precursor of glutathione, which is an 
important intracellular antioxidant. Supplementa-
tion of SAM could increase the intracellular 
glutathione concentration (Garcia-Roman et al., 
2008). We also observed that SAM could increase 
the intracellular glutathione concentration after 
intracellular depletion of glutathione by high 
concentrations of glucose (data not shown). In 
addition to its role as a precursor of glutathione, 
SAM itself has several characteristics as a good 
antioxidant. It has been reported that SAM can 
scavenge hydroxyl radicals more effectively than 
glutathione (Evans et al., 1997) and that it does not 
stimulate the formation of hydroxyl radicals. SAM 
has also been reported to have little pro-oxidative 
effect in a variety of lipid-peroxidation systems. 
NF-κB is the common denominator of oxidative 
stress activated pathway and inflammation (Kim et 
al., 2008). The inhibitory role of SAM on 
TNFα-induced activation of NF-κB shown in this 
study could be attributed to its antioxidative 
properties and its inhibitory effect on the activity of 
IKK-β.
    In the present study, SAM reversed the impair-
ment of the insulin-induced tyrosine phosphoryla-
tion of IRS-1 and AKT caused by TNFα. Indeed, 
SAM appears to intersect the early events in the 
insulin-signaling pathway. Since SAM acts as a 
major methyl donor in vivo, it may affect the 
methylation of a specific DNA sequence or protein 
involved in the insulin-signaling pathway. However, 
we did not observe any differences in the methy-
lation status of genomic DNA after SAM treatment 
in a previous animal study (Jin et al., 2007). 
    When 400-1,000 mg of SAM was administered 
orally to healthy volunteers, the plasma concen-
trations were in the range of 0.5-1 mg/L (1.25-2.5 
μM) (Friedel et al., 1989; Evans et al., 1997). The 
tissue concentration of SAM is reported to be 
about 40 times higher than in the plasma in 
humans (Becker et al., 2003). In this study, cells 
were treated with 0.5 mM or 1 mM SAM, which 
would be 2.5-5 times higher than its usual 
therapeutic dose. Therefore, in order to observe 
the insulin sensitizing effect of SAM in type 2 
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diabetic patients, much higher dose of SAM would 
need to be administered. 
    In conclusion, SAM inhibited the activity of IKK-β 
and the degradation of IkB and the NF-κB binding 
activity induced by TNFα. SAM reversed the 
impaired insulin signaling and glucose transport in 
a TNFα-induced model of insulin resistance. To the 
best of our knowledge, this is the first report on the 
beneficial metabolic effect of SAM in a TNFα-in-
duced insulin resistance model. Our results 
suggest that SAM could have a beneficial role in 
the treatment of type 2 diabetes mellitus. However, 
further clinical studies are required to confirm these 
observations. 　

Methods

Cell culture and differentiation

3T3-L1 preadipocytes were maintained in DMEM supple-
mented with 10% fetal calf serum (Invitrogen, Carlsbad, 
CA). Two days after the cells became confluent, their 
differentiation was induced by adding an adipogenic 
differentiation mixture [0.25 μM dexamethasone, 0.5 mM 
3-isobutyl-α-methylxanthine, and 5 μg/ml insulin] to the 
DMEM (supplemented with 10% FBS) for two days. The 
medium was then replaced with 10% FBS DMEM 
containing 1 μg/ml insulin for two days and the cells were 
then incubated with 10% FBS DMEM for up to six days. 
The medium was changed every other day.

Glucose-transport assay

3T3-L1 cells were cultured in 12-well cluster plates and 
induced to differentiate as described above. The adipo-
cytes were treated with 1 mM SAM (Yooyoung Pharm, 
Seoul, Korea) and 50 ng/mL TNFα (R&D Systems, 
Minneapolis, MN) for 72 h and then incubated with or 
without insulin (100 nM) for 30 min (Rotter et al., 2003; 
Burgermeister et al., 2006). The cells were then placed in a 
transport buffer consisting of 20 mmol/L HEPES (pH 7.4), 
140 mmol/L NaCl, 5 mmol/L KCl, 2.5 mmol/L MgCl2, 1 
mmol/L CaCl2 and 0.1% BSA (wt/vol). Next, insulin (100 
nmol/L) was added for 30 min, followed by treatment with 
10 μmol/L 2-deoxyglucose (1.0 μCi/ml) for 15 min at 37oC. 
The reactions were stopped by aspirating the media and 
the cells were washed thoroughly with cold PBS. The cells 
were lysed in 0.5N NaOH and the radioactivity was 
determined by liquid scintillation counting. 

Western-blot analysis

The level of degradation of IκB-α and the level of 
phosphorylation of IKK-β, IRS-1 and Akt were determined 
by Western blot analysis. Differentiated 3T3-L1 adipocytes 
were treated with SAM, TNFα or insulin as indicated. 
Cellular proteins (20 μg) were separated by SDS-polya-
crylamide gel electrophoresis (SDS-PAGE; 8% gel) and 
then transferred onto a nitrocellulose membrane. The 

membrane was blocked in 5% skim milk and incubated 
with specific primary antibodies in 0.1% Tween20/TBS. 
The primary antibodies used were as follows: IκB-α, pAkt 
(ser473) and Akt (Cell Signaling, Danvers, MA), IRS-1, 
γ-tubulin (Sigma-Aldrich, St. Louis, MO), p65, GAPDH 
(Santa Cruz biotechnology, Santa Cruz, CA) and phospho-
rylated IRS-1 (Y612) (Biosource, Camarillo, CA). Bound 
primary antibodies were detected by incubation of the 
membranes with a secondary horseradish peroxidase 
(HRP)-conjugated IgG antibody and visualized by ECL 
(Pierce).

Electrophoretic mobility shift assay 

The activity of NF-κB was determined by an electrophoretic 
mobility shift assay (EMSA) as previously described 
(Skulachev, 1998). Nuclear proteins were isolated from 
adipocytes as described with minor modifications (Dignam 
et al., 1983). The following double-stranded oligonucleotide 
sequence containing the NF-κB binding sequence was 
used as a probe: forward 5'-GTTAGTTGAGGGGACTT-
TCCCAGGC-3' (Staiger et al., 2006). The oligonucleotide 
and its complementary strand were annealed and labeled 
with α-32P dATP using Klenow DNA polymerase (Ambion, 
Austin, TX). The labeled probe (35,000 cpm) was 
incubated with nuclear proteins (5 μg) at room temperature 
for 15 min in 10 mmol/L HEPES (pH 7.9) containing 50 
mmol/L KCl, 0.1 mmol/L EDTA, 0.25 mmol/L DTT, 0.1 
mg/mL poly (dIdC), 0.01% Nonidet P40 and 10% glycerol. 
The reaction mixtures were separated on a 5% polya-
crylamide gel in 0.5× Tris-borate-EDTA (TBE) buffer. The 
DNA-protein complexes were visualized by autoradio-
graphy.

IKK-β kinase activity 

The kinase activity of IKK-β was determined by a 
colorimetric enzyme-linked immunosorbent assay (ELISA; 
HTScanⓇ IKKβ Kinase Assay Kit, Cell Signaling Techno-
logy Inc., Danvers, MA) according to the manufacturer’s 
instructions. Briefly, the kinase reaction was initiated by 
addition of the substrate and ATP to the mixture of IKK-β 
and SAM that had been pre-incubated for 10 min. A 
biotinylated peptide (Biotin-IκB-α) that contained the 
residues around the position of Ser-32 of IκB-α served as 
substrate. The final reaction mixture contained 50 ng IKK-β 
kinase protein, 1.5 μM Biotin-IκB-α, 200 μM ATP, 25 mM 
Tris-HCl (pH 7.5), 10 mM MgCl2, 5 mM β-glycero-
phosphate, 0.1 mM Na2VO4, 2 mM DTT and different 
concentrations of SAM. Distilled water (DW) was used as 
control. The kinase reaction was allowed to continue for 30 
min and was then quenched by addition of EDTA (50 mM, 
pH 8). The mixtures were incubated in a 96-well 
streptavidin-coated plate (Pierce Biotechnology Inc., 
Rockford, IL) to immobilize the substrate peptide. The 
mixtures were then treated with a phospho-IκB-α 
(Ser32/36) mouse monoclonal antibody followed by 
addition of a HRP-labeled secondary antibody to detect 
phosphorylation of the IKK-β substrate peptide. The 
absorbance was read at 450 nm with a microtiter plate 
reader. 
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Statistical analysis

Results are reported as mean ± standard error mean 
(SEM). Analysis of variance (ANOVA) with post hoc testing 
and Wilcoxon signed-rank tests were used as appropriate. 
A P value of less than 0.05 was considered statistically 
significant.
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