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Background: Several mechanisms for the pathogenesis of many liver diseases are related with oxidative stress, endotoxins, and infections 
by many microorganisms. These can lead to chronic hepatitis, cirrhosis, and even liver cancer. The aim of this study was to evaluate 
the effects of S-adenosylmethionine (SAMe) and its combinations with taurine and/or betaine against hepatotoxicites induced by 
lipopolysaccharide (LPS) or polyinosinic-polycytidylic acid (polyI:C). 
Methods: RAW 264.7 macrophage cells and seven-week-old male C57BL/6 mice were pretreated with SAMe (SAM or AdoMet), taurine, 
and/or betaine. In order to mimic hepatic injury like endotoxemia or viral infection, cells and mice were treated with LPS or polyI:C. 
Concentrations of glutathione (GSH), mRNA expressions of GSH synthesizing enzymes, and inflammatory markers were measured by 
biochemical assays and quantitative real-time PCR.
Results: In RAW 264.7 cells and mice, pretreatment of SAMe alone or SAMe with taurine and/or betaine attenuated the decrease in 
GSH levels and mRNA expressions of GSH synthesizing enzymes. In addition, pretreatment of SAMe with taurine and/or betaine prevented 
the excessive increase in inflammatory mediators produced by LPS or polyI:C treatment.
Conclusions: Treatment with SAMe in combination with taurine and betaine, would have anti-oxidant functions in addition to 
anti-inflammatory action against bacterial and/or viral inflammation.
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INTRODUCTION

Eighty percent of the liver volume is hepatocytes that have a 

significant role in endotoxin detoxification. The remaining cells, 

such as liver endothelial cells and Kupffer cells, play an important 

role in innate immune defenses against pathogens and 

elimination of microorganisms.1 Infection with the hepatitis 

virus and innate immunity is associated with pathogenesis of 

liver cirrhosis and development of hepatocellular carcinoma 

(HCC). Hepatitis virus-induced inflammation is considered as 

major risk factor for HCC.2 

The formation of reactive metabolites triggers liver injury and 

activates an innate immune response, which in turn, causes 

inflammation. Since liver plays a major role in the removal of 

endotoxin, endotoxemia participates in the pathogenesis of liver 

diseases.3 Lipopolysaccharide (LPS) is an essential component of 

the outer layer of the membrane of gram-negative bacteria.4 

Toll-like receptors (TLRs) recognize microbial molecules and 

initiate the inflammatory response.5 LPS is recognized by TLR4 

which is expressed on macrophages and other cell types in the 

liver.4 LPS can trigger the production of inflammatory mediators, 

such as nitric oxide (NO) which is synthesized by inducible nitric 

oxide synthase (iNOS) in macrophages.3,6 In addition, several 

cytokines play important roles in mediating an inflammatory 
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reaction, such as TNF-. These cytokines mediate some aspects of 

the response to infection and inflammation.7 

In cells infected by RNA viruses, viral RNA replication produces 

double stranded RNA (dsRNA).8 TLR3 is found in cells such as 

macrophages and dendritic cells and recognizes dsRNA from 

viruses.9 When TLR3 recognizes pathogen-associated molecular 

patterns, it induces inflammatory responses. In hepatic immune 

disorders, TLR3 signaling pathways are activated.10 Polyinosinic- 

polycytidylic acid (polyI:C) is a synthetic analogue of dsRNA, 

which may induce the immune response similar to viral in-

fection.11 Like other pathogenic endotoxins, dsRNA can trigger 

the generation of inflammatory cytokines and chemokines such 

as TNF-.8 Cytokines are necessary for the immune system to 

communicate, but excessive and uncontrolled production causes 

serious systemic complications.12,13 

An impairment of methionine metabolism is often shown in 

the liver diseases.14,15 This can lead to an improper metabolism of 

sulfur-containing amino acids (SCAA) and their metabolic 

substances including methionine, S-adenosylmethionine (SAMe, 

SAM or AdoMet), homocysteine, S-adenosylhomocysteine (SAH) 

and glutathione (GSH).16 GSH, a powerful antioxidant in liver, 

protects the liver from oxidative stress and regulates the 

inflammatory response.17 The progression of hepatitis may 

involve oxidative stress.18 The inactivation of methionine 

adenosyltransferase (MAT) decreases hepatic SAMe and GSH 

concentration in liver diseases.19 SAMe, which is the metabolite 

of a reaction catalyzed by MAT, is important for synthesizing 

GSH.20 

Taurine, an effective antioxidant, is synthesized from methio-

nine and cysteine in liver.21 It has been shown that patients with 

liver disease have low serum cysteine, taurine and GSH 

concentration.22,23 Nearly half of the cysteine is converted to GSH, 

and rest of that is converted into taurine and participates in 

protein synthesis depending on the need of the cells.24

Betaine is a metabolite of choline.25 Betaine is involved in 

remethylation by donating its methyl group to homocysteine, 

which is then converted to methionine by betaine-homocysteine 

methyltransferase.25 Therefore, betaine can restore the hepatic 

methionine level and regulate the SAM:SAH ratio.26 If the 

SAM:SAH ratio is decreased, it could decrease methylation by 

lowering the activation of methyltransferases.26 Betaine 

supplementation may enhance trans-sulfuration by increasing 

methionine and SAMe in liver.27 Moreover, betaine may have an 

antioxidative effect by maintaining SAMe levels and preventing 

the elevation of homocysteine.25

GSH is an important factor determining the susceptibility of 

the liver to damage induced by LPS.28 SAMe has been shown to 

restore the GSH concentration.20 Taurine and betaine are also 

vital compounds in SCAA metabolism. The aim of this study is to 

evaluate the effects of SAMe, taurine, betaine and their com-

binations on GSH homeostasis and inflammatory mediators in 

LPS- or polyI:C-treated RAW 264.7 cells and C57BL/6 mice.

MATERIALS AND METHODS
1. Materials

SAMe in the form of S-adenosyl-L-methionine disulfate p- 

toluensulfonate (SAMe PATES) dried powder was obtained from 

Samoh Pharm (Seoul, Korea). Taurine, betaine, LPS (Escherichia 
coli 055:B5), and polyI:C were purchased from Sigma Chemical 

(St. Louis, MO, USA). 

2. Cell culture

RAW 264.7, a murine macrophage cell line, was obtained from 

the Korean Cell Line Bank (Seoul, Korea). RAW 264.7 cells were 

maintained in Dulbecco’s modified Eagle’s medium (Wel Gene, 

Daegu, Korea) supplemented with 10% FBS (v/v) (Hyclone, Logan, 

UT, USA), 100 U/mL penicillin and 100 g/mL streptomycin 

(Hyclone) at 37oC in a 5% CO2 humidified incubator.

3. Cell treatment

RAW 264.7 cells (passage numbers: 10-18) were seeded on 

6-well plates (8.5 × 105 cells/well) and incubated. After 6 hours, 

cells were pretreated with SAMe (0.5 mM), taurine (10 mM) 

and/or betaine (1 mM) and incubated for 16 hours. LPS and 

polyI:C were suspended in PBS. PolyI:C was heated for 10 minutes 

at 65oC and cooled for 1 hour at room temperature to achieve 

re-annealing of the reconstitution. After pretreatment, the cells 

were stimulated with LPS (0.5 g/mL) or polyI:C (10 g/mL) for 4 

hours. These concentrations of LPS and polyI:C were shown to 

increase the expression of pro-inflammatory mediators in RAW 

264.7 cells in other experiments.29,30

4. Cell viability 

RAW 264.7 cells were seeded in 96-well plates (0.25 × 105 

cells/well) and incubated at 37oC in a 5% CO2 environment. After 

6 hours, cells were pretreated with SAMe (0.5 mM), taurine (10 

mM) and/or betaine (1 mM) and incubated for 16 hours. After 

pretreatment, they were stimulated with LPS (0.5 g/mL) or 

polyI:C (10 g/mL) for 4 hours. Then, each well was inoculated 

with MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) and 

incubated at 37oC for 2 hours. The supernatant was gently 
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removed, and 100 L of dimethyl sulfoxide was added into each 

well. The absorbance of each well was measured at 560 nm using 

a microplate reader (Molecular Devices, Sunnyvale, CA, USA). 

5. Animal experiments

Five-week-old male C57BL/6 mice were purchased from 

Samtako (Osan, Korea). They were maintained at 25oC ± 3oC with 

a 12:12-hour light-dark cycle, and given chow (Altromin, Lage, 

Germany) and deionized water. The mouse chow contains 12 

mg/kg of vitamin B2, 24 mg/kg of vitamin B6, 24 g/kg of vitamin 

B12, 2 mg/kg of folate, 600 mg/kg of choline chloride and 0.7% of 

methionine and cysteine. After acclimation for 10 days, the mice 

were randomly divided into fifteen groups (n = 5-6/group) as 

follows: control, only LPS or polyI:C and LPS or polyI:C plus 

SAMe, taurine, betaine, SAMe with taurine, SAMe with betaine or 

SAMe with taurine and betaine. Control, LPS and polyI:C groups 

were administered 0.1 mL/kg body weight (BW) PBS. SAMe, 

taurine and betaine were freshly dissolved in PBS. SAMe-treated 

mice were given 100 mg/kg BW. Taurine-treated mice were given 

200 mg/kg BW. Betaine-treated mice were given 500 mg/kg BW 

every day for a week by intragastric gavage. Six hours after the last 

pretreatment, LPS was injected intraperitoneally (i.p.) 15 mg/kg 

BW to LPS groups. PolyI:C was injected 50 mg/kg BW (i.p.) to 

polyI:C groups. After exposure to LPS or polyI:C for 18 hours, 

animals were sacrificed. 

The experimental procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) at Ewha 

Womans University (approval number 15-059).

6. Serum alanine aminotransferase and aspartate 
aminotransferase

Alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) activities were examined using kits (Asan Pharm, 

Hwaseong, Korea) based on Retiman-Frankel method.31

7. Glutathione concentration 

GSH concentration was measured by using GSH reductase 

(Sigma-Aldrich). Liver was homogenized in PBS and cell was 

scrapped with PBS. Homogenates were centrifuged at 10,000 ×g 

for 30 minutes at 4oC. A 0.1 mL aliquot of supernatant was added 

to the same volume of 0.6 M perchloric acid (Junsei Chemical, 

Tokyo, Japan), and the GSH concentration determined. The 0.1 

mL GSH standards and samples (Sigma-Aldrich) were added to 2.5 

mL reaction buffer (0.15 mM NADPH [Sigma-Aldrich), 0.1 mM 

5,5’-dithio-bis-(2-nitrobenzoic acid) [Sigma-Aldrich], 50 mM 

NaPO4 [Junsei Chemical], 1.5 mM ethylenediaminetetraacetic 

acid [E5124; Sigma-Aldrich] and 0.1 mL GSH reductase [10 

units/mL]). Changes in absorbance for a 1 minute period were 

measured at 412 nm using a Biochrom Libra S50 

spectrophotometer (Biochrom Ltd., Cambridge, UK). The 

concentrations of GSH were calculated as nmol/mg protein.

8. RNA isolation and quantitative real-time reverse 
transcriptase-PCR

Total RNA was extracted from liver tissues and cells using 

Trizol (Life Technologies, Grand Island, NY, USA) according to the 

manufacturer’s instructions. RNA was reverse transcribed into 

complementary DNA (cDNA) using a first strand cDNA synthesis 

kit (Thermo Fisher Scientific, Waltham, MA, USA). Quantitative 

real time PCR (qPCR) was performed using Maxima SYBR Green 

qPCR Master Mixes (Thermo Fisher Scientific). qPCR was 

conducted in duplicate with the Rotor Gene Q machine (Qiagen, 

Hilde, German). Amplification was performed by starting with a 

template denaturation step at 95oC for 10 minutes, followed by 40 

cycles at 95oC for 15 seconds and 60oC for 1 minute. The primer 

sequences used for this experiment are as follows: 

glutamate-cysteine ligase catalytic subunit (NM_010295, GCLC): 

5'-ACA CCT GGA TGA TGC CAA CGA G-3' (forward), 5'-CCT CCA 

TTG GTC GGA ACT CTA C-3' (reverse), glutamate-cysteine ligase 

modifier subunit (NM_ 008129, GCLM): 5'-TCC TGC TGT GTG 

ATG CCA CCA G-3' (forward), 5'-GCT TCC TGG AAA CTT GCC TCA 

G-3' (reverse), GSH synthase (NM_0008180, GS): 5'-CCA GGA AGT 

TGC TGT GGT GTA C-3' (forward), 5'-GCT GTA TGG CAA TGT CTG 

GAC AC-3' (reverse), hypoxanthine guanine phosphoribosyl 

transferase (NM_013556, Hprt1): 5'-CAG GCC AGA CTT TGT TGG 

AT-3' (forward), 5'-TTG CGC TCA TCT TAG GCT TT-3' (reverse), 

TNF- (NM_001278601): 5'-GGT GCC TAT GTC TCA GCC TCT T-3' 

(forward), 5'-GCC ATA GAA CTG ATG AGA GGG AG-3' (reverse), 

iNOS (NM_010927, iNOS): 5'-GAG ACA GGG AAG TCT GAA GCA 

C-3' (forward), 5'-CCA GCA GTA GTT GCT CCT CTT C-3' (reverse). 

The relative amounts of these mRNAs were normalized to the 

amounts of hprt1 and the relative amounts of RNAs were 

calculated using the comparative CT method. All data are 

expressed as a relative quantity to each control value.

9. Nitric oxide assay

The production of NO, which is a major macrophage-derived 

inflammatory mediator, was evaluated by measuring the 

accumulated nitrite content in culture medium and serum. RAW 

264.7 cells (passage numbers: 10-18) were seeded on 6-well plates 

(8.5 × 105 cells/well) and incubated for 6 hours. Cells were then 

treated with SAMe (0.5 mM), taurine (10 mM) and/or betaine (1 
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mM) and incubated for 16 hours. After this incubation, they were 

stimulated with LPS (0.5 g/mL) or polyI:C (10 g/mL) and 

incubated overnight. The cell culture media were collected and 

centrifuged at 1,500 rpm for 10 minutes at 4oC. Griess reagent (1% 

sulfanilamide in 5% phosphoric acid and 0.1% N-(1-Naphthyl)- 

ethylenediamine dihydrochloride in water) was added to each 

well in a 1:1 (v/v) manner. After gentle mixing, the plates were 

incubated in a dark room for 15 minutes and the absorbance was 

measured at 540 nm using a microplate reader (Molecular 

Devices). The nitrite concentration was calculated using a 

standard curve by serial dilutions of standard nitrite solutions 

(sodium nitrite in deionized water). 

10. Measurement of TNF- in the serum

TNF level in serum was determined using an ELISA kits 

(R&D Systems, Minneapolis, MN, USA). 

11. Statistical analysis

Results are expressed as the means ± SEM. The data were 

analyzed using the Statistical Analysis Systems package ver. 9.3 

(SAS Institute, Cary, NY, USA). The differences among groups 

were analyzed by one-way ANOVA with post-hoc Duncan’s test. 

P-values less than 0.01 were considered statistically significant.

RESULTS
1. Effects of S-adenosylmethionine, taurine, betaine, 

lipopolysaccharide, and polyinosinic-polycytidylic 
acid on the viability of RAW 264.7 cells

To examine the effect of SAMe, taurine, betaine, LPS and 

polyI:C on cell viability, MTT assay was performed (data are not 

shown). The viability was more than 90% in all groups. The results 

indicate that 0.5 mM of SAMe, 10 mM of taurine, 1 mM of betaine, 

0.5 g/mL of LPS and 10 g/mL of polyI:C are not cytotoxic to RAW 

264.7 cells.

2. Effects of S-adenosylmethionine,taurine, and/or 
betaine on intracellular GSH levels, mRNA levels 
of GSH synthesizing enzymes and inflammation 
markers in lipopolysaccharide-treated RAW 264.7 
cells

LPS treatment had a tendency to lower the GSH level (Fig. 1A). 

Pretreatment of SAMe and its combinations with taurine and/or 

betaine attenuated the decrease in GSH level during endo-

toxemia. GSH level was increased by nearly 1.5 fold in SAMe 

alone-treated cells than in control cells. SAMe pretreatment 

significantly attenuated the decrease in mRNA levels of GSH 

synthesizing enzymes in RAW 264.7 cells (Fig. 1B). In contrast, 

only taurine or betaine treatment had no significant effect on 

mRNA levels of GSH synthesizing enzymes. SAMe and taurine 

combination, with or without betaine, also attenuated signifi-

cantly the decrease in GCLC and GCLM mRNA levels.

Pretreatment of cells with SAMe, taurine and/or betaine signi-

ficantly inhibited excessive production of NO in RAW 264.7 cells 

stimulated by LPS (Fig. 1C). Since NO production is related to the 

expression of iNOS, mRNA expression level was measured (Fig. 

1D). iNOS mRNA level was markedly upregulated by LPS treat-

ment but pretreatment with either taurine or betaine 

dramatically inhibited upregulation of iNOS expression induced 

by LPS. To measure production of proinflammatory cytokine, 

TNF- mRNA expression levels were measured. Stimulation of 

RAW 264.7 cells with LPS (0.5 g/mL) for 4 hours markedly 

increased the TNF- mRNA level (Fig. 1D). Pretreatment with 

SAMe, taurine, betaine and their combinations inhibited the 

increase in the LPS-induced TNF- mRNA levels. 

3. Effects of S-adenosylmethionine, taurine, and/or 
betaine on intracellular GSH levels, mRNA levels 
of GSH synthesizing enzymes and inflammation 
markers in polyinosinic-polycytidylic acid-treated 
RAW 264.7 cells

PolyI:C treatment also indicated a tendency to lower the GSH 

level (Fig. 2A). Interestingly, pretreatment with SAMe and its com-

binations with taurine prevented the decrease in GSH level in 

polyI:C-treated RAW 264.7 cells. Pretreatment with SAMe and its 

combinations with taurine and/or betaine significantly attenuated 

the decrease in mRNA levels of GSH synthesizing enzymes in 

polyI:C-treated RAW 264.7 cells (Fig. 2B). On the other hand, only 

taurine or betaine treatment had no significant effect on mRNA 

levels of GSH synthesizing enzymes. 

RAW 264.7 cells treated with polyI:C alone slightly increased 

NO production compared to cells pretreated with SAMe and its 

combinations (Fig. 2C). Also, RAW 264.7 cells treated with polyI:C 

(10 g/mL) for 4 hours caused higher levels of iNOS and TNF- 

mRNA. Pretreatment with either taurine or betaine significantly 

inhibited the increase in the polyI:C-induced iNOS and TNF- 

mRNA expressions (Fig. 2D).
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Figure 1. Effects of S-adenosylmethionine, taurine, betaine and their combinations on intracellular GSH levels and mRNA levels of GSH 
synthesizing enzymes and inflammation markers in lipopolysaccharide-treated RAW 264.7 cells. (A) Intracellular GSH levels were measured 
using glutathione reducase in LPS-stimulated RAW 264.7 cells. (B) mRNA levels of GCLC, GCLM and GS were measured using RT-qPCR. (C) 
NO production was measured from cell culture medium by the Griess reaction assay. (D) TNF- and iNOS mRNA levels were measured by 
RT-qPCR and Hprt1 was used as the housekeeping gene. Cells were pretreated with SAMe (0.5 mM), Tau (10 mM), and/or Bet (1 mM) for
18 hours. After pretreatment, the cells were stimulated with LPS (0.5 g/mL) for 4 hours. Values represent mean with SEM of three independent
experiments. SAMe, S-adenosylmethionine; Tau, taurine; Bet, betaine; GSH, glutathione; LPS, lipopolysaccharide; GCLC, glutamate-cysteine ligase
catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; GS, GSH synthase; RT-qPCR, quantitative real-time reverse transcriptase-PCR;
NO, nitric oxide; iNOS, inducible nitric oxide synthase. #P ＜ 0.01 vs. control cells, *P ＜ 0.01 vs. LPS-treated group.

4. Effects of S-adenosylmethionine, taurine, betaine, 
lipopolysaccharide and polyinosinic-polycytidylic 
acid on body weight and liver weight mice

The BWs and liver weights were measured to determine the 

effects of administration of SAMe, taurine, betaine on injection of 

LPS and polyI:C (Table 1). LPS or polyI:C-treated groups tended to 

have higher ratios of liver weight (LW) to BW compared to the 

control group. The increase in LW may be associated with an 

increase in liver metabolic activity imperative for detoxification.
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Figure 2. Effects of S-adenosylmethionine, taurine, betaine, and their combinations on intracellular GSH levels and mRNA levels of GSH 
synthesizing enzymes and inflammation markers in polyI:C-treated RAW 264.7 cells. (A) Intracellular GSH levels were measured using gluta-
thione reductase in polyI:C-activated RAW 264.7 cells. (B) GCLC, GCLM, and GS mRNA levels were measured using RT-qPCR. (C) NO production
was measured from cell culture medium by the Griess reaction assay. (D) TNF- and iNOS mRNA levels were measured by RT-qPCR and 
Hprt1 was used as the housekeeping gene. Cells were pretreated with SAMe (0.5 mM), Tau (10 mM), and/or Bet (1 mM) for 18 hours. After
pretreatment, the cells were stimulated with polyI:C (10 g/mL) for 4 hours. Values represent mean with SEM of three independent 
experiments. SAMe, S-adenosylmethionine; Tau, taurine; Bet, betaine; GSH, glutathione; PolyI:C, polyinosinic-polycytidylic acid; GCLC, gluta-
mate-cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; GS, GSH synthase; RT-qPCR, quantitative real-time 
reverse transcriptase-PCR; NO, nitric oxide; iNOS, inducible nitric oxide synthase. #P ＜ 0.01 vs. control cells, *P ＜ 0.01 vs. PolyI:C-treated
cells.

5. Serum alanine aminotransferase and aspartate 
aminotransferase levels in mice

Serum ALT and AST levels were measured to determine the 

level of liver injury (Fig. 3A, 4A). LPS- and polyI:C-treated groups 

showed significantly higher serum ALT and AST levels compared 

with their control groups. SAMe, taurine and betaine 

pretreatment attenuated the increase in serum ALT and AST 

levels induced by LPS or polyI:C treatment compared with only 

LPS- or polyI:C-treated group.
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Table 1. Effects of SAMe, taurine, betaine, and the combinations of three sulfur containing amino acids on body weight and liver weight 
in experimental mice

Group Treatments BW (g) LW (g) LW/BW ratio

Control Saline 22.28 ± 0.68 0.85 ± 0.05a 0.38 ± 0.02a

LPS Saline 22.10 ± 0.45 1.13 ± 0.03cd 0.51 ± 0.01d

SAMe 22.52 ± 1.27 1.15 ± 0.07cd 0.51 ± 0.02d

Tau 22.70 ± 0.97 1.16 ± 0.05d 0.51 ± 0.02d

Bet 21.00 ± 0.65 0.96 ± 0.05ab 0.46 ± 0.02b

SAMe ＋ Tau 21.07 ± 1.08 1.06 ± 0.08cd 0.50 ± 0.03cd

SAMe ＋ Bet 21.29 ± 0.30 1.03 ± 0.05bc 0.48 ± 0.02bcd

SAMe ＋ Tau ＋ Bet 21.03 ± 1.19 0.99 ± 0.07b 0.47 ± 0.01bc

PolyI:C Saline 22.25 ± 0.34 0.97 ± 0.02b 0.44 ± 0.01
SAMe 22.59 ± 0.61 0.97 ± 0.04b 0.43 ± 0.02
Tau 22.19 ± 0.78 0.97 ± 0.06a 0.44 ± 0.01
Bet 22.71 ± 0.70 0.99 ± 0.04b 0.44 ± 0.01
SAMe ＋ Tau 22.43 ± 1.12 0.98 ± 0.05b 0.44 ± 0.01
SAMe ＋ Bet 22.57 ± 0.43 0.93 ± 0.09a 0.41 ± 0.04
SAMe ＋ Tau ＋ Bet 21.91 ± 0.61 0.94 ± 0.05a 0.43 ± 0.01

Values are presented as mean ± SEM (n = 5). SAMe, S-adenosylmethionine; Tau, taurine; Bet, betaine; BW, body weight; LW, liver weight; 
LPS, lipopolysaccharide; PolyI:C, polyinosinic-polycytidylic acid. abcdValues with different superscripted alphabets are significantly different at 
P ＜ 0.01 level compared with control group.

6. Effects of S-adenosylmethionine and its combi-
nations on hepatic glutathione levels, mRNA 
levels of glutathione synthesizing enzymes and 
inflammatory mediators in lipopolysaccharide- 
injected mice

Hepatic GSH concentrations were decreased in only 

LPS-treated mice compared to control mice. SAMe, taurine and/or 

betaine pretreatment significantly inhibited the decreases in 

hepatic GSH levels of LPS-treated mice (Fig. 3B). The mRNA levels 

of the GCLC, GCLM, and GS were decreased 18 hours after LPS 

recovered pretreatment of SAMe and its combinations with 

taurine and/or betaine (Fig. 3C). Pretreatment with SAMe 

combinations significantly inhibited LPS-induced production of 

NO and TNF- (Fig. 3D) and LPS-induced mRNA expression of 

TNF- and iNOS (Fig. 3E).

7. Effects of S-adenosylmethionine and its combi-
nations on hepatic glutathione levels, mRNA 
levels of glutathione synthesizing enzymes and 
inflammatory mediators in polyI:C-injected mice

Hepatic GSH levels were slightly but not significantly 

decreased in only polyI:C-treated mice compared to control mice. 

However, SAMe and its combinations with taurine and/or betaine 

preserved GSH levels equal to those of control mice (Fig. 4B). The 

mRNA levels of the GCLC, GCLM, and GS were reduced 18 hours 

after polyI:C injection (Fig. 4C). SAMe and its combinations with 

taurine and/or betaine blocked the decreases in mRNA level of 

GCLC, GCLM, and GS. 

Pretreatment with SAMe combinations inhibited excessive 

production of TNF- in serum induced by polyI:C (Fig. 4D). Serum 

NO was slightly increased in the group treated with only polyI:C 

but pretreatment with SAMe and its combinations did not result 

in increase in serum NO (Fig. 4D). Pretreatment of SAMe 

combinations with taurine and/or betaine more inhibited 

upregulation of TNF- and iNOS mRNA  than pretreatment with 

SAMe alone in polyI:C-injected mice (Fig. 4E).

DISCUSSION

The liver has an important role in detoxification and in the 

immune response. Liver damage induced by LPS or viral infection 

can lead to cirrhosis, hepatitis and liver cancer.15 Viral infection 

and innate immunity is associated with pathogenesis of liver 

cirrhosis and development of HCC. Virus-induced inflammation 

could be main risk factor for HCC.2 Impairment in methionine 

metabolism has been found in patients with liver disease.14,18 

Alterations in the metabolism of sulfur-containing amino acids in 

liver could be related to depletion of SAMe and GSH con-

centration.32 In this work, we focused on the SAMe level in the 

liver to regulate the methionine metabolism and to ameliorate 

the depletion of GSH concentration. Some studies suggested that 

SAMe and betaine may ameliorate liver damage by maintaining 

normal methionine metabolism.18 It has also been shown that 

taurine administration could decrease oxidative stress.33 Given 

the importance of these compounds in methionine metabolism 
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Figure 3. Effects of SAMe, taurine, betaine, and their combinations
on serum ALT and AST levels, hepatic GSH levels and mRNA levels
of hepatic GSH synthesizing enzymes, and inflammatory mediators
in LPS-stimulated mice. (A) Serum ALT and AST levels. (B) Hepatic
GSH levels, (C) mRNA levels of hepatic GCLC, GCLM and GS, and 
(D) NO production was measured as described in Materials and 
Methods. (D) Serum TNF- was examined by ELISA. (E) TNF- and
iNOS mRNA levels in LPS-injected mice were measured by RT-qPCR
and Hprt1 was used as the housekeeping gene. Each bar represents
mean with SEM (n = 5). ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; GSH, glutathione; LPS, lipopolysaccharide; 
GCLC, glutamate-cysteine ligase catalytic subunit; GCLM, gluta-
mate-cysteine ligase modifier subunit; GS, GSH synthase; NO, nitric
oxide; iNOS, inducible nitric oxide synthase; Tau, taurine; Bet, 
betaine. #P ＜ 0.01 vs. control group, *P ＜ 0.01 vs. LPS group.
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Figure 4. Effects of SAMe, taurine, betaine, and their combina-
tions on serum ALT and AST levels, hepatic GSH levels and mRNA
levels of hepatic GSH synthesizing enzymes and inflammatory me-
diators in polyI:C-stimulated mice. (A) Serum ALT and AST levels,
(B) hepatic GSH levels and (C) mRNA levels of hepatic GCLC, GCLM
and GS were measured as described in Materials and Methods, (D)
NO production and serum TNF- were examined by Griess re-
action assay and ELISA, respectively. (E) TNF- and iNOS mRNA
levels were measured by RT-qPCR and Hprt1 was used as the 
housekeeping gene. Each bar represents mean with SEM (n = 5). 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
GSH, glutathione; PolyI:C, polyinosinic-polycytidylic acid; GCLC, 
glutamate- cysteine ligase catalytic subunit; GCLM, glutamate-cys-
teine ligase modifier subunit; GS, GSH synthase; NO, nitric oxide; 
iNOS, inducible nitric oxide synthase; Tau, taurine; Bet, betaine. 
#P ＜ 0.01 vs. control group, *P ＜ 0.01 vs. PolyI:C-treated group.
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pathways, the aim of this study was to evaluate the protective 

effects of these components and their combinations in LPS- or 

polyI:C- treated cells and mice. 

GSH protects the liver against oxidative stress and influences 

its susceptibility for damage.28 Among the changes in 

hepatotoxicity, the decrease in GSH level is probably a key 

protective mechanism. We observed the mRNA expression levels 

of the GCL and GS. GCL, which is the rate-limiting enzyme, has a 

catalytic and a modifier subunit, GCLC and GCLM.34 The results of 

our experiments showed that LPS treatment significantly 

decreased GSH concentration compared to untreated control 

mice. It has been reported that LPS treatment inactivates hepatic 

MAT activity.35 Because activity of MAT is decreased in patients 

with liver disease, biosynthesis of hepatic SAMe is reduced and 

then hepatic GSH level is decreased.36 SAMe pretreatment 

restored hepatic GSH level and mRNA level of GCLC in our in vitro 

and in vivo experiments. Consistent with this, Ko et al.37 has 

shown the same effects of SAMe pretreatment on GCLC, GCLM 

and GS expression during endotoxemia. This action of SAMe may 

be one of the mechanisms for hepatoprotection. Taurine or 

betaine treatment also tended to prevent the decrease in hepatic 

GSH levels. Betaine supplementation attenuated the decrease in 

GSH level in mice and rats.38 Therefore, we suggest that the 

effects of SAMe, taurine and betaine against liver injury might be 

associated with their regulatory role in the conservation of 

hepatic GSH level. 

Given the importance of GSH in the modulation of liver 

damage, the effects of SAMe combinations with taurine and/or 

betaine on cellular GSH level were also evaluated in polyI:C- 

treated RAW 264.7 cells and mice. The effects of SAMe and its 

combinations on virus-infected macrophages are not fully 

reported. Therefore, we used polyI:C-stimulated macrophages 

and polyI:C-injected mice to assess the anti-viral capacity of SAMe 

and its combinations with taurine and/or betaine. To our current 

knowledge, this is the first report examining whether polyI:C has 

influence on GSH levels. PolyI:C treatment downregulated mRNA 

levels of GCLC, GCLM and GS in mice. We found that SAMe 

pretreatment and its combinations completely prevented the 

decrease in GSH level and attenuated the decrease in GCLC, 

GCLM, and GS mRNA expression in polyI:C-treated RAW 264.7 

cells and mice. 

When liver function is impaired, endotoxemia can occur and 

contribute to liver injury.3 As in many liver diseases, the 

inflammation induced by viral infection could accelerate the 

progression of liver disease.39 Pro-inflammatory cytokines such 

as TNF- play important roles in liver injury.40 TNF- is involved 

in immune and inflammatory processes. However, 

inappropriately overexpressed TNF- correlates with the 

development of liver disease during inflammation.41 Several 

studies showed that inflammatory mediators, such as TNF-, 

stimulate tumor growth and progression in models of cancer and 

cancer cells.42 Another important inflammatory mediator is 

iNOS. Increased expression of iNOS is followed by excessive NO 

production.43 Since RAW 264.7 cells have been used as an 

excellent model of inflammatory response in macrophages, LPS- 

or polyI:C-stimulated RAW 264.7 cells were used to evaluate the 

expression of inflammatory mediators.29 In our studies, LPS or 

polyI:C treatment triggered mRNA expression of iNOS and TNF- 

in RAW 264.7 cells. In addition, LPS or polyI:C injection also 

stimulated an increase in release of NO and TNF-, and mRNA 

expression of iNOS and TNF-. Other studies have shown that 

pretreatment with SAMe dramatically inhibited induction of 

TNF- and iNOS expression in LPS-stimulated RAW 264.7 

cells.44,45 However, we and Ara et al.29 showed that SAMe 

treatment did not completely inhibit an LPS-induced increase in 

TNF- mRNA expression. Although TNF- mRNA level was not 

completely inhibited, SAMe pretreatment significantly lowered 

TNF- mRNA expression in LPS- or polyI:C-stimulated RAW 264.7 

cells. Our experiments showed that SAMe did not significantly 

prevent the increase in iNOS mRNA expression both in vitro and 

in vivo. Likewise, Ko et al.37 reported that SAMe treatment did not 

inhibit the LPS-induced iNOS expression in mice. On the other 

hand, betaine or taurine treatment dramatically decreased mRNA 

expressions of iNOS in LPS- or polyI:C-stimulated RAW 264.7 cells 

and mice. Taurine has been shown as a potent modulator of the 

pro- inflammatory and immune response.21 Other studies 

reported that taurine had a protective effect against toxins such 

as arsenic and fluoride in murine hepatocytes.46,47 However, the 

underlying mechanism of its anti-inflammatory activity remains 

unclear. Betaine was shown to contribute to various diseases 

caused by inflammation.48 Jung et al.38 showed that betaine 

supplementation completely blocked the induction of TNF- and 

iNOS mRNA expressions in rats. Betaine has recently been shown 

to inhibit inflammatory cytokines through inhibition of TLR4 

expression or suppression of the activation of NF-B, which 

regulates the transcription of pro-inflammatory mediators 

including TNF- and iNOS.49,50 In this regard, our results suggest 

that the hepatoprotective mechanism of betaine may be 

associated with the inhibition of inflammatory factors. 

In summary, our study demonstrated that SAMe pretreatment 

tended to prevent the decrease in GCLC mRNA expression, 

helping to preserve GSH levels in LPS- or polyI:C-treated RAW 
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264.7 cells and mice. This may be a major mechanism of the 

protective effect of SAMe. Taurine or betaine pretreatment 

significantly prevented overexpression of pro-inflammatory 

cytokines and inflammatory mediators in LPS- or polyI:C-treated 

RAW 264.7 cells and mice. Taken together, SAMe combination 

with taurine and betaine can protect the liver against LPS- or 

polyI:C-induced liver injury, most probably via its effects on 

oxidative stress and inflammatory mediators. Although further 

work is needed to elucidate the mechanisms of SAMe, taurine 

and betaine, our study showed the potential effects of SAMe in 

combination with taurine and betaine on GSH levels and 

inflammatory mediators. Ultimately, SAMe combinations could 

have anti-viral, anti-bacterial and hepatoprotective effects, which 

eventually would contribute to preventing the progression of 

various liver diseases into liver cancer.
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