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Abstract

An increase in total homocysteine (Hcy) levels (protein-bound and free Hcy in the serum) has
been identified as a risk factor for vascular diseases. Hcy is a product of the methionine cycle and
is a precursor of glutathione in the transsulfuration pathway. The methionine cycle mainly occurs
in the liver, with Hcy being exported out of the liver and subsequently bound to serum proteins.
When the non-specific adenosine receptor agonist 5’-N-ethylcarboxamide-adenosine (NECA; 0.1 or
0.3 mg/kg body weight) was intraperitoneally administered to mice that had been fasted for 16 h,
total Hcy levels in the serum significantly increased 1 h after its administration. The NECA treat-
ment may have inhibited transsulfuration because glutathione levels were significantly decreased
in the liver. After the intraperitoneal administration of a high dose of NECA (0.3 mg/kg body
weight), elevations in total Hcy levels in the serum continued for up to 10 h. The mRNA expression
of methionine metabolic enzymes in the liver was significantly reduced 6 h after the administra-
tion of NECA. NECA-induced elevations in total serum Hcy levels may be maintained in the long
term through the attenuated expression of methionine metabolic enzymes.
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1. Introduction

An increase in total serum homocysteine levels (total Hcy: serum protein-bound and free Hcy) has been identi-
fied as a risk factor for cardiovascular disease [1] [2] and liver fibrosis [3]. The normal range of total Hcy in
adults is typically 5 - 15 uM, with the mean level being approximately 10 uM [2]. Plasma Hcy concentrations
were previously found to be strongly associated with the presence and number of small infarctions, or infarction
of the putamen in elderly diabetic patients [4]. High levels of Hcy have been shown to induce endoplasmic reti-
culum (ER) stress and increase the production of reactive oxygen species (ROS) [5]. Hey has strong reducibility
and modifies disulfide bonds in proteins. Only 1% to 2% of Hcy occurs as thiol homocysteine in the serum; 75%
of Hcy has been suggested to bind to proteins through disulfide bonds with protein cysteines [6]. Hcy is formed
as an intermediary in methionine metabolism [7] [8]. Methionine metabolism mainly occurs in the livers of
mammals. Methionine receives an adenosine group from ATP to become S-adenosylmethionine (AdoMet) in the
methionine cycle. This reaction is catalyzed in the liver by liver-specific methionine adenosyltransferase 1/111
(MAT I/111), which is encoded by the methionine adenosyltransferase 1A (MAT1A) gene [9]. AdoMet then
transfers its methyl group to a large number of compounds, a process that is catalyzed by various methyltransfe-
rases (e.g., glycine N-methyltransferase: GNMT; DNA methyltransferase; phosphatidylethanolamine N-methyl-
transferase), to produce S-adenosylhomocysteine (AdoHcy). Hey is formed from AdoHcy by AdoHcy hydrolase
(SAHH). The reaction that generates Hcy from AdoHcy is reversible, and AdoHcy from Hcy is shown to be
thermodynamically favored over the synthesis of Hcy [10]. A previous study reported that Hcy levels were very
low in the liver [11]. This reaction then proceeds toward the synthesis of Hcy when the products (Hcy and ade-
nosine) are removed by further metabolism [12]. Three enzymes metabolize Hcy, with the betaine-homocysteine
S-methyltransferase (BHMT) and methionine synthase (MS) reactions both yielding methionine. A large pro-
portion of Hcy in the liver is remethylated by BHMT [3]. The third enzyme, cystathionine g-synthase (CBS)
catalyzes Hcy to cystathionine in the transsulfuration pathway. Previous studies of whole body methionine ki-
netics demonstrated that 62% of Hcy was converted to cystathionine during each cycle in males fed a basal diet,
resulting in the production of glutathione (GSH), while 38% of Hcy was remethylated to methionine [13]. Hey is
located at an important regulatory branch point: remethylation to methionine; conversion to cystathionine; ex-
port from the cells.

A decrease in intracellular ATP levels, accompanied by the accumulation of 5’-AMP and subsequently ade-
nosine, is known to follow ischemia. Adenosine levels in interstitial fluids were shown to increase 100 - 1000-
fold from basal levels (10 - 300 nM) with ischemia [14]. Furthermore, adenosine levels in hepatocytes were in-
creased by a hypoxic challenge, with excess amounts of adenosine being exported out of cells [14]. Adenosine
levels were also found to increase 10-fold due to hypoxia, stress, and inflammation [15]. Adenosine has been
shown to activate A1, A2a, and A3 receptors with ECsq values in the range of 0.2 - 0.7 uM, and also A2b recep-
tors with an ECs, of 24 uM [16]. Al and A3 receptors have been classified as adenylate cyclase inhibitory re-
ceptors, and A2a and A2b receptors as adenylate cyclase-activating receptors [17]. The activation of adenosine
receptors accompanied by ischemia may increase total Hcy levels in the serum because hepatic ischemia is
known to decrease the content of GSH and activity of MAT [18].

We previously reported that the non-specific adenosine receptor agonist 5’-N-ethylcarboxamide-adenosine
(NECA) increased serum glucose levels and the expression of a glucogenic enzyme (glucose 6-phosphatase) in
the liver [19] [20]. Based on the dose of NECA administered in these studies and plasma concentrations after the
administration of other adenosine agonists [21], it was inferred that the serum NECA concentration was in the
1M range and also that NECA activated adenosine A2b receptors. In the present study, we measured methionine
metabolites, including Hcy, in NECA-treated mice in order to determine whether the activation of adenosine re-
ceptors increased total Hey levels in the serum. The results obtained clearly demonstrated that NECA increased
total Hey levels in the serum.

2. Materials and Methods
2.1. Reagents

All reagents used were of analytical grade and purchased from Nacalai Tesque Ltd. (Kyoto, Japan) unless oth-
erwise stated. NECA was purchased from Sigma-Aldrich Co. (Tokyo, Japan). [a-**P]JdCTP was purchased from
PerkinElmer Japan Co., Ltd. (Yokohama, Japan). Tris(2-carboxyethyl)phosphine (TCEP) and 4-fluoro-7-sul-
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fonbenzofurazan, ammonium salt (SBD-F) were purchased from Wako Pure Chemical Industries Ltd. (Osaka,
Japan).

2.2. Animal Treatments

Male mice (ddY strain, 4 weeks old, 20 - 25 g) were purchased from Japan SLC and maintained for a 1-week ac-
climation period prior to the start of the experiments under the following conditions: laboratory food (MF,
Oriental Yeast Co., Ltd., Japan) and water were provided ad libitum, with a 12-h light: dark cycle (8:00 to 20:00
light/20:00 to 8:00 dark). In all experiments, food was withheld from the animals starting at 18:00 for 16 h prior
to the administration of NECA. Seven experiments were performed using the NECA treatment. Details of the
NECA treatment methods have been described previously [19]. Briefly, after the fasting period, mice were
intraperitoneally (i.p.) administered NECA (0.1 mg/kg in 1 mL saline/100 g body weight: NECAO.1 group, or
0.3 mg/kg in 1 mL saline/100 g body weight: NECAO.3 group) and blood and livers were collected 1, 3, 6, or 10
h later under ether anesthesia. In all experiments, control mice were administered an equivalent volume of saline
(1 mL saline per 100 g body weight). In all experiments, blood from the descending aorta was obtained under
ether anesthesia, and allowed to clot for 15 min at room temperature and a further 30 min at 4°C. Serum was
then prepared by centrifugation at 5000 rpm for 10 min and stored at —80°C for later analyses. Tissue samples
were collected, immediately frozen in liquid nitrogen, and stored at —80°C until analyzed. All animal experi-
ments were performed in accordance with the Kobe Gakuin University Guidelines that were approved by the
Committee on the Ethics of Animal Experiments in that institution.

2.3. RNA Preparation and Hybridization Analysis

Total RNA was extracted using the acid guanidine thiocyanate-phenol-chloroform method [20]. Details of the
northern hybridization method have been described previously [23]. The liver-specific MAT1A gene has two
transcripts due to the presence of two promoters for this gene. The expression of the main transcript was de-
tected with the MAT1Alst probe. A 3’-noncoding region fragment was used as a non-liver-type methionine
adenosyltransferase 2A (MAT2A)-specific probe because the MAT2A sequence of the coding region was similar
to that of MAT1A. The MAT1A1st fragment [24], MAT2A-specific fragment (1673 to 1868 bp of cDNA fragment
GenBank accession No. AB070266), GNMT fragment (251 to 779 bp of cDNA fragment GenBank accession No.
BC014283), CBS fragment (297 to 1099 bp of cDNA fragment GenBank accession No. BC 013472), BHMT
fragment (1409 to 1854 bp of cDNA fragment GenBank accession No. NM_016668), and 18S rRNA fragment
were labeled using [a-**P]dCTP and a Random Primer DNA Labeling Kit Ver. 2.0 (Takara Shuzo, Japan) and
then used as probes for northern hybridization.

2.4. Measurement of Methionine Metabolites

AdoMet and AdoHcy levels in the liver were measured using an HPLC method [25] and total GSH in the liver
was measured using a microtiter plate assay [26], as described previously [23]. Total Hcy and total cysteine le-
vels (total Cys: free and protein-bound cysteine) in the serum were measured using an HPLC method [27].
Briefly, a mixture of 50 uL of serum, 25 pL of an internal standard, and 25 pL of phosphate-buffered saline
(PBS, pH 7.4) was incubated with 10 uL of 1200 mg/mL TCEP for 30 min at room temperature in order to reduce
and release protein-bound thiols. After this incubation, 90 uL of 100 mg/mL trichloroacetic acid containing 1
mmol/L EDTA was added for deproteinization, centrifuged at 15,000 xg for 10 min, and 50 pL of the superna-
tant was added to a tube containing 10 uL of 1.55 mol/L NaOH; 125 uL of 0.125 mol/L borate buffer containing
4 mmol/L EDTA, pH 9.5; and 50 pL of 1 mg/mL SBD-F in the borate buffer. The sample was then incubated
for 60 min at 60°C. HPLC was performed on a Waters M-600 pump equipped with a Waters 2475 Multi A Fluo-
rescence Detector (385 nm excitation, 515 nm emission). The separation of SBD-derivatized thiols was per-
formed on a .-BONDASPHERE C18 column (Waters, 5 um, 100 A, 150 x 3.9 mm) with a 20-pL injection vo-
lume and 0.1 mol/L acetate buffer, pH 5.5, containing 30 ml/L methanol as the mobile phase at a flow rate of 1.0
mL/min and column temperature of 29°C.

2.5. Statistical Analysis

All data are expressed as the mean + the standard error of the mean (SEM). The unpaired Student’s t-test was
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used to compare NECA-treated groups to the control groups. All statistical analyses were performed using the
statistical software package Prism Ver. 5.0 (GraphPad Software, Inc., USA).

3. Results
3.1. Effects of NECA on Total Hcy and Total Cys Levels in the Serum

As shown in Table 1, serum total Hcy and total Cys levels significantly increased after 16 h of fasting. The ad-
ministration of a low dose of NECA (NECAO.1 group) to mice fasted for 16 h resulted in higher serum total Hcy
levels than those in the control group at 1 h (Experiment 1). Serum total Hcy levels were also significantly ele-
vated at 3 h (Experiment 2), but were not significantly different from those in the control group at 6 h (Experi-
ment 3). The administration of a high dose of NECA (NECAQO.3 group) resulted in significantly higher serum
total Hcy levels than those in the control group at 1 h, 3 h, 6 h, and 10 h (Experiments 4, 5, 6, and 7), gradually
increasing Hey levels to 19.7 uM. The effects of NECA on serum total Cys levels were the same as those on to-
tal Hcy levels.

Table 1. Effects of NECA on the content of total homocysteine and total cysteine in the serum.

Serum
Groups Total Hey Total Cys
(umol/L) (umol/L)
Normal (n = 6) 473+0.17 182+9.8
Fast (n = 6) 6.27 £0.28™ 252 £9.0"
Experiment 1
Control (1 h) (n=5) 435+0.35 170+ 7.8
NECAO0.1 (1 h) (n=5) 5.75+0.40" 271+11.3"
Experiment 2
Control 3 h) (n=8) 6.26 + 0.45 192 +16.9
NECA0.1 (3h) (n=9) 9.30 +1.04" 277276
Experiment 3
Control (6 h) (n = 4) 7.44 +0.27 149 + 6.4
NECAO0.1 (6 h) (n=5) 9.18+1.82 175 +20.9
Experiment 4
Control (1 h) (n =5) 4.14+0.36 179+10.5
NECAO0.3 (1 h) (n=5) 6.60+0.51" 308 +18.07
Experiment 5
Control (3 h) (n = 4) 7.19+0.45 157 + 20.0
NECAO0.3 (3h) (n=4) 11.5+0.98" 279 £21.67
Experiment 6
Control (6 h) (n = 6) 5.61+0.11 243+10.3
NECA0.3 (6 h) (n=7) 14.8 £0.497 487 £22.07
Experiment 7
Control (10 h) (n=7) 7.41+0.47 253+75
NECA0.3 (10 h) (n = 8) 19.7 £0.95™ 494 + 474

Mice were administered (i.p.) saline (1 mL/100g body weight; control), 0.1 mg/kg or O 3 mag/kg NECA Data are presented as the mean + SEM. Un-
paired Student’s t-tests were used to compare NECA-treated groups to the control groups. “p < 0.05, p < 0.01: significantly different from each control.
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3.2. Effects of NECA on Other Methionine Metabolite Levels in the Liver

We previously reported that fasting for 16 h decreased AdoMet and GSH levels, and increased AdoHcy levels in
the livers of mice [23]. In the present study, as shown in Table 2, the administration of a low dose of NECA
(NECAO.1 group) to mice fasted for 16 h resulted in lower liver GSH levels than those in the control group at 1
h (Experiment 1). Liver GSH levels were also significantly lower at 3 h (Experiment 2), while GSH levels were
not significantly different from those in the control group at 6 h (Experiment 3). The administration of a high
dose of NECA (NECAO0.3 group) resulted in liver GSH levels that were significantly lower than those in the
control group at 1 h, 6 h, and 10 h (Experiments 4, 6, and 7). The effects of NECA on total Hcy levels in the se-
rum and GSH levels in the liver were similar at each dose and time. Furthermore, the low and high doses of
NECA both led to significantly higher AdoMet levels than those in the control group at 1 h (Experiments 1 and
4). AdoMet levels at 3 h, 6 h, and 10 h were not significantly different from those in the control group (Experi-
ments 2, 3, 5, 6, and 7). AdoHcy levels were significantly lower in the NECAO0.3 group than in the control group
6 h and 10 h after the administration of NECA (Experiments 6 and 7), while the administration of a low dose of
NECA had less of an impact on AdoHcy levels.

Table 2. Effects of NECA on the content of methionine metabolites in the liver.

Liver
Groups AdoMet AdoHcy Total GSH
(nmol/g) (nmol/g) (umol/g)
Experiment 1
Control (1 h) (n=5) 68.4+7.6 28.7+4.7 3.29 +0.09
NECAO0.1 (1 h) (n=5) 100 + 6.5" 13.6+2.6" 2.27+0.19™
Experiment 2
Control (3 h) (n=8) 493+73 20.8+6.6 2.72+0.16
NECA0.1 (3h) (n=9) 494 +37 12.2+2.9 1.88 £0.147
Experiment 3
Control (6 h) (n=4) 46.3+132 285+6.7 2.79+0.11
NECAO0.1 (6 h) (n =5) 46.7+9.8 16.0+838 2.72+£0.27
Experiment 4
Control (1 h) (n=5) 79.0+4.3 15.2+3.1 3.08+0.15
NECA0.3 (L h) (n=5) 115+8.7" 20.3+3.1 2.46 £0.09™
Experiment 5
Control (3 h) (n = 4) 52.8+9.0 27.7+84 2.58 +0.27
NECAO0.3 (3h) (n=4) 55.4+5.7 9.4+4.4 2.10+0.11
Experiment 6
Control (6 h) (n = 6) 7124127 20.7+3.7 1.81+0.10
NECA0.3 (6 h) (n=7) 72.1+8.0 76+20" 1.13+0.07"
Experiment 7
Control (10 h) (n = 6) 65.0 6.9 239+28 3.29+0.29
NECA0.3 (10 h) (n=7) 72.9+48 7.9+38" 2.24+0.13™

Mice were administered (i.p.) saline (1 mL/100g body weight; control), 0.1 mg/kg or 0.3 mg/kg NECA. Data are presented as the mean + SEM. Un-
paired Student’s t-tests were used to compare the NECA-treated groups to the control groups. p < 0.05, p < 0.01: significantly different from each

control.
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3.3. Effects of NECA on mRNA Expression of Methionine Cycle Enzymes in the Liver

Figure 1 shows changes in the mRNA expression of methionine cycle enzymes in Experiments 4, 5, and 6. The
expression of methionine cycle enzymes did not significantly change 1 h after the administration of NECA. The
expression of MAT1A mRNA was significantly decreased in the liver 6 h after the NECA treatment, while that
of MAT2A was increased. The changes observed in the expression of MAT in the present study were consistent
with previous findings obtained in ischemic livers [18] or with liver regeneration [28]. The expression of GNMT,
which eliminates excess AdoMet, was significantly decreased 6 h after the NECA treatment. The expression of
CBS, which converts Hcy to cystathionine through the transsulfuration pathway, and BHMT, which converts
Hcy to methionine, was also decreased at 6 h.

Experiment 4: 1 h Control (n=5); NECA0.3 (n=5)

MAT1A MAT2A GNMT CBS BHMT
1.6 0.161~ 0.3 0.2~ 0.4
1.2 0.3
= 0.2
£
2‘0'8 0.2
©
= 0.1
204 0.1
<

0 0 ; 0 0 0
ControlNECA Control NECA Control NECA Control NECA Control NECA
Experiment 5: 3 h Control (n=4); NECA0.3 (n=4)

MAT1A MAT2A GNMT CBS BHMT
2.5 2.5 0.4 20
0.3 *
.20 9
£ 0 0.3
1.5 0.2 1.5
E 0.2
£ 1.0 1.0
Ko}
z 0.1

05 0.1

0 0 :
Control NECA Control NECA Control NECA Control NECA Control NECA

Experiment 6: 6 h Control (n=6); NECAO0.3 (n=7)

MAT1A MAT2A GNMT CBS BHMT
0.8 0.04_— 5.0 0.2 20
" *%

0.6 0.031- 4.0 1.5
"§ 3.0
>04 0.02[- 0.1 1.0
g 2.0
2 0.01 0.5
< 0.2 1.0

0

0

0 0 0

Control NECA  Control NECA Control NECA ControlNECA Control NECA
Figure 1. Effects of NECA on the mRNA expression of methionine cycle enzymes in the
mouse liver. Northern hybridization was performed on the liver RNA of mice in experiments 4,
5, and 6. The mean = SEM of the ratio of each enzyme mRNA to the level of the 18S rRNA
signal is shown as an arbitrary unit. Unpaired Student’s t-tests were used to compare NECA-

treated groups with the control groups. 'p < 0.05, ~'p < 0.01: significantly different from each

control.
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4. Discussion

In the present study, an increase in total Hcy levels and AdoMet levels, and decrease in GSH levels occurred 1 h
after the NECA treatment. These results were not due to changes in the expression of methionine metabolic en-
zymes, which remained unchanged 1 h after the NECA treatment (Figure 1). The effects of NECA on methio-
nine metabolism are summarized in Figure 2. No previous study has demonstrated that adenosine has the ability
to directly affect CBS; however, the overproduction of carbon monoxide (CO), which is generated by heme
oxygenase (HO), is found to inhibit transsulfuration [11]. CO has been shown to inhibit CBS activity and in-
crease AdoMet concentrations [11]. Adenosine and NECA were previously reported to markedly induce HO in
macrophages [29]. Hcy, which is a substrate of CBS, may be increased by NECA via the CO-induced inhibition
of CBS, and GSH may be decreased by the CO-induced inhibition of transsulfuration. However, the mechanism
by which NECA affects transsulfuration in the short term has not yet been elucidated.

Polyamine
! on
Liver GNMT *
T other methyltransferases
Acceptor Methylated
ATP AT+6h S-Adenosyl P acceptor
methionine
(AdoMet)T 1h
fasting
+
NECAO0.3 len
I ’ S-Adenosyl
Methionine homocysteine
(AdoHcy)
BHMT+6"
DMGBG Betaine Adenosine
Zn
B12 Homocysteine
Tetrahydro- 5-methyl (Hey) =~._ Sy

. S
Serine “~o_

folate tetrahydro- total
— ;6 cBs |6h 1 1h 6h
olate ~&n Homocysteine
Cystathionine
(tHcy)
&} o-Ketobutyrate
Cysteine

y Glutamic acid

y-Glutamylcysteine

r Glycine

Glutathione
(GSH) i 1h6h

Figure 2. Effects of NECA on the methionine metabolic pathway. MAT: methionine adeno-

syltransferase, GNMT: glycine N-methyltransferase, CBS: cystathionine g-synthase, BHMT:
betaine-homocysteine S-methyltransferase, MS: methionine synthase (Map is based on Sa-

kata SF 2005).
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GSH was maintained at a low level for up to 10 h by the NECAQO.3 treatment and transsulfuration may have
been continuously inhibited by the NECAO.3 treatment. Total Hcy levels were also continuously increased for
up to 10 h by the NECAO.3 treatment, and decreased AdoHcy levels were observed 6 h and 10 h after the
NECAO0.3 treatment. Long-term elevations in serum total Hcy levels by NECA may be maintained by attenuat-
ing the expression of methionine metabolic enzymes via the following mechanisms: The expression of methio-
nine metabolic enzymes in the liver was reduced 6 h after the NECAO0.3 treatment (Figure 1); the flow of the
methionine cycle may have been decreased by changes in the expression of MAT (decreased liver-specific
MAT1A expression and increased non-liver type MAT2A expression) because MATIII (Km for methionine: 215
uM - 7 mM) is the true liver-specific isoform responsible for methionine metabolism [30] and the generation
rate of AdoMet by MATII (non-liver type enzyme) was modest with a low Km (80 uM for methionine) [31]; in-
hibition of the methyltransferases, BHMT [32] and GNMT [33], induces hyperhomocysteinemia; decreases in
AdoHcy levels may be caused by reductions in methyltransferase levels. However, the mechanisms by which
NECA continuously increased total Hcy levels have not yet been elucidated in detail.

5. Conclusion

The present study confirmed that the non-specific adenosine receptor agonist NECA continuously increased to-
tal Hey levels in the serum. The inhibition of adenosine receptors may decrease the risk of cardiovascular dis-
eases because an increase in serum total Hcy levels is a known risk factor.
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