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Abstract Since mild hyperhomocysteinemia is a risk

factor for cardiovascular and cerebral diseases and extra-

cellular nucleotides/nucleosides, which are controlled by

the enzymatic action of ectonucleotidases, can induce an

immune response, in the present study, we investigated the

effect of chronic mild hyperhomocysteinemia on ectonu-

cleotidase activities and expression in lymphocytes from

mesenteric lymph nodes and serum of adult rats. For the

chronic chemically induced mild hyperhomocysteinemia,

Hcy (0.03 lmol/g of body weight) or saline (control) were

administered subcutaneously from the 30th to the 60th day

of life. Results showed that homocysteine significantly

decreased ATP, ADP, and AMP hydrolysis in lymphocytes

of adult rats. E-NTPDases transcriptions were not affected,

while the ecto-50-nucleotidase transcription was signifi-

cantly decreased in mesenteric lymph nodes of hype-

rhomocysteinemic rats. ATP, ADP, and AMP hydrolysis

were not affected by homocysteine in rat serum. Our

findings suggest that Hcy in levels similar to considered

risk factor to development of vascular diseases modulates

the ectonucleotidases, which could lead to a pro-inflam-

matory status.
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Introduction

Homocysteine (Hcy) is a thiol amino acid synthesized during

the metabolic conversion of methionine to cysteine [1].

Hyperhomocysteinemia occurs when the plasma concen-

tration of Hcy exceeds 15 lmol/l, being classified into three

ranges; mild (15–30 lmol/l), moderate (31–100 lmol/l),

and severe ([100 lmol/l) [2]. Mild hyperhomocysteinemia

is prevalent in the general population and can be caused

mainly by nutritional deficiencies of folate or vitamin B12,

renal disease, and certain medications [3–5]. Some studies

support an association between mild hyperhomocysteinemia

and vascular diseases [6–8]. The mechanisms mediating

Hcy-induced vascular changes are not completely defined,

but it is established that hyperhomocysteinemia leads to

endothelial dysfunction by promoting oxidative stress and

inflammation [9].

Since the strategy of using animal models is useful to

better understand the pathophysiology of diseases, we have

developed an experimental model of chronic mild hype-

rhomocysteinemia in adult rats [10], whose plasma levels

of Hcy were similar to those considered as risk factor for

cardiovascular and cerebral diseases [11, 12]. Animals

subjected to this experimental model present oxidative

damage in blood and cerebral cortex [10].

Extracellular tri- and diphosphate nucleotides, such as

adenosine 50-triphosphate (ATP) and adenosine 50-diphos-

phate (ADP), together with adenosine (Ado), modulate a

multiplicity of tissue functions, including development,

blood flow, inflammation, and immune reactions [13].

These molecules exert their effects by binding to two types
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of purinoceptors: P1 and P2. There are four subtypes of P1

receptors: A1, A2A, A2B, and A3, which respond to the

nucleoside Ado. P2 receptors are activated by ATP and

ADP and classified into two families: ionotropic P2X, sub-

divided in seven subtypes (P2X1–7), and G-protein-coupled

P2Y, characterized by eight subtypes (P2Y1,2,4,6,11–14) [14].

It has been shown that ATP exerts a pro-inflammatory role

and induces cytokine release by acting at P2X7 receptors,

while the Ado has anti-inflammatory actions via binding to

A2A receptors, found in several cells, such as neutrophils,

monocytes/macrophages, lymphocytes, platelets, and neu-

rons [15, 16].

The levels of nucleotides in the extracellular space are

controlled by the enzymatic action of ectonucleotidases. Ecto-

nucleoside triphosphate diphosphohydrolases (NTPDases)

are a family of ecto-enzymes that hydrolyze extracellular

ATP and ADP to AMP, and this nucleotide monophosphate

is converted to Ado by ecto-50-nucleotidase, also identi-

fied as CD73. Four members of the NTPDase family

(NTPDase1, 2, 3, and 8) are typical cell surface-located

and have an active site facing to the extracellular milieu

[13, 14, 17].

Considering that (a) hyperhomocysteinemia induces

lymphocytes proliferation and differentiation [18, 19],

(b) ATP, ADP, and Ado are signaling molecules that might

play a role in the regulation of lymphocytes function [14],

(c) Hcy added to the medium assay (in vitro studies)

inhibits nucleotide hydrolysis in rat serum [20], and (d) to

our knowledge there are no studies showing the in vivo

effect of mild hyperhomocysteinemia on nucleotide

hydrolysis, in the present study, we investigated the effect

of chronic mild hyperhomocysteinemia on ectonucleoti-

dase activities in lymphocytes and serum of adult rats. We

also evaluated the E-NTPDases and ecto-50-nucleotidase

expression in mesenteric lymph nodes, to better understand

the involvement of extracellular nucleotide hydrolysis in

mild hyperhomocysteinemia.

Materials and methods

Animals and reagents

Wistar rats (30 days old) were obtained from the Central

Animal House of Biochemistry Department, Institute of

Basic Health Sciences, Federal University of Rio Grande

do Sul, Porto Alegre, Brazil. They were maintained on a

12:12 h light/dark cycle (lights on 07:00–19:00 h) in air-

conditioned constant temperature (22 ± 1�C) colony room,

with free access to water and 20% (w/w) protein com-

mercial chow. Animal care followed the ‘‘Principles of

Laboratory Animal Care’’ (NIH publication 85-23, revised

1985) and was approved by the Ethical Committee of the

Universidade Federal do Rio Grande do Sul, Brazil

(#19634).

Chronic mild hyperhomocysteinemia

Hcy (0.03 lmol/g of body weight) was administered

subcutaneously from the 30th to the 60th day of life.

Plasma Hcy concentration in rats subjected to this treat-

ment achieved levels similar to those described in the

plasma of patients with mild hyperhomocysteinemia

(30 lM) [10]. Control rats received saline solution in the

same volumes (0.5 ml/100 g of body weight). The ani-

mals were killed by decapitation 12 h after the last

injection of Hcy, and the blood and mesenteric lymph

nodes were removed.

Isolation of lymphocytes

Mesenteric lymph nodes were removed and passed through

a mesh grid in saline 0.9% [21]. Cells were washed three

times with saline, and centrifuged at 200 g for 10 min.

Afterward, cells were centrifuged 2 times at 2009g for

10 min with the same buffer used in the enzyme assays,

without divalent cations [22]. The cells were counted with

Trypan Blue, and only the groups with more than 95% of

viability were used for the experiments.

Isolation of blood serum fraction

Blood samples were drawn after decapitation of rats and

were soon centrifuged in plastic tubes at 50009g for 5 min

at 20�C. The serum samples obtained were then stored on

ice and immediately used in the experiments [23].

Assays of ecto-nucleoside triphosphate

diphosphohydrolase (E-NTPDase)

and ecto-50-nucleotidase activities in lymphocytes

The reaction medium contained 2 mM CaCl2 (for ATP and

ADP) or MgCl2 (for AMP), 120 mM NaCl, 5 mM KCl,

60 mM glucose, 1 mM sodium azide, 0.1% mM albumin,

and 20 mM Hepes buffer, pH 7.6, in a final volume of

200 ll. About 106 cells of lymphocytes were added to the

reaction medium, and the enzyme reaction was started by

the addition of ATP, ADP, or AMP to a final concentration

of 2 mM and incubated for 30 min at 37�C. The reaction

was stopped by the addition of 200 ll of 10% trichloro-

acetic acid (TCA). The samples were chilled on ice, and

the amount of inorganic phosphate (Pi) released was

measured as described by Chan et al. [24]. In order to

correct nonenzymatic hydrolysis, we performed controls by

adding the cells after reaction was stopped with TCA. All

samples were assayed in triplicate. Enzyme activities were
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generally expressed as nmol Pi released per min per 106

cells [22].

Assays of ecto-nucleoside triphosphate

diphosphohydrolase (E-NTPDase)

and ecto-50-nucleotidase activities in serum

ATP, ADP, and AMP hydrolysis were determined using a

method described by Yegutkin [25] with modification

prescribed by Oses et al. [23]. The reaction mixture con-

taining 3 mM ATP, ADP, or AMP as substrate, and

112.5 mM Tris–HCl, pH 8.0, was incubated with approx-

imately 1.0 mg of serum protein at 37�C for 40 min in a

final volume of 200 ll. The reaction was stopped by the

addition of 200 ll of 10% TCA. The samples were chilled

on ice, and the amount of Pi released was measured as

described by Chan et al. [24]. In order to correct non-

enzymatic hydrolysis, we performed controls by adding the

serum after the reaction was stopped with TCA. All sam-

ples were centrifuged at 50009g for 5 min to eliminate

precipitated protein and the supernatant was used for the

colorimetric assay. All the samples were assayed in trip-

licate. Specific activities were generally expressed as nmol

Pi released per min per milligram of protein.

Analysis of gene expression by semi-quantitative

RT-PCR

Analysis of NTPDase1 (Entpd1), 2 (Entpd2), 3 (Entpd3), and

ecto-50-nucleotidase (Nt5e) gene expression was carried out

by a semi-quantitative reverse transcriptase-polymerase

chain reaction (RT-PCR) assay. 12 h after the last injection

of Hcy, mesenteric lymph nodes of rats were isolated for total

RNA extraction with the Trizol� Reagent (Invitrogen) in

accordance with the manufacturer’s instructions. RNA pur-

ity was quantified spectrophotometrically and assessed by

electrophoresis in a 1.0% agarose gel using GelRedTM. The

cDNA species were synthesized with SuperScriptTM III

First-Strand Synthesis SuperMix (Invitrogen) from 3 lg of

total RNA following suppliers. RT reactions were performed

for 50 min at 42�C. cDNA (1 ll) was used as a template for

PCR with specific primers for Entpd1, 2, 3, and Nt5e. b-actin

(Actb) was used for normalization as a constitutive gene.

PCR reactions have a volume of 25 ll using a concentration

of 0.4 lM of each primer indicated below and 200 lM and

1 U Taq polymerase (Invitrogen) in the supplied reaction

buffer. Conditions for all PCR were as follows: Initial 1 min

denaturation step at 94�C, 1 min at 94�C, 1 min annealing

step (Entpd1, 3, and Nt5e: 65�C; Entpd2: 66�C; Actb:

58.5�C), 1 min extension step at 72�C for 35 cycles and a

10 min final extension at 72�C. The amplification products

were Entpd1—543 bp; Entpd 2—331 bp; Entpd 3—267 bp;

Nt5e—403 bp; Actb—210 bp. For each set of PCR reac-

tions, negative control was included. Ten microliters of the

PCR reaction mixture were analyzed on a 1% agarose gel

using GelRedTM and photographed under UV light. The Low

DNA Mass Ladder was used as a molecular marker and

normalized employing Actb (b-actin) as a constitutive gene.

The images of stained PCR products were analyzed by

optical densitometry and semi-quantified (enzyme/Actb

mRNA ratios) using the computer software Image J. Table 1

shows the set of primers used.

Protein determination

Protein was measured by the Comassie Blue method

according to Bradford [26], using bovine serum albumin as

standard.

Statistical analysis

Data were analyzed by Student’s t test. All analyses were

performed using the statistical package for the social sci-

ences (SPSS) software in a PC-compatible computer. Dif-

ferences were considered statistically significant if

P \ 0.05.

Table 1 PCR primers

sequences
Enzyme Sequence (50–30)

Entpd1 Sense GAT CAT CAC TGG GCA GGA GGA AGG

Entpd1 Antisense AAG ACA CCG TTG AAG GCA CAC TGG

Entpd2 Sense GCT GGG TGG GCC GGT GGA TAC G

Entpd2 Antisense ATT GAA GGC CCG GGG ACG CTG AC

Entpd3 Sense CGG GAT CCT TGC TGT GCG TGG CAT TTC TT

Entpd3 Antisense TCT AGA GGT GCT CTG GCA GGA ATC AGT

Nt5e Sense CCC GGG GGC CAC TAG CAC CTC A

Nt5e Antisense GCC TGG ACC ACG GGA ACC TT

Actb Sense TAT GCC AAC ACA GTG CTG TCT GG

Actb Antisense TAC TCC TGC TTC CTG ATC CAC AT
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Results

Effect of chronic mild hyperhomocysteinemia

on ectonucleotidase activities in lymphocytes

of adult rats

We measured extracellular ATP, ADP, and AMP hydro-

lysis in lymphocytes obtained of mesenteric lymph nodes

of rats subjected to chronic mild hyperhomocysteinemia.

Figure 1 shows that Hcy significantly decreased the

hydrolysis of ATP [t(8) = 6.144; P \ 0.001], ADP [t(9) =

4.743; P \ 0.01], and AMP [t(9) = 4.128; P \ 0.01] as

compared to control.

Effect of chronic mild hyperhomocysteinemia

on E-NTPDases and ecto-50-nucleotidase expression

in mesenteric lymph nodes of adult rats

As reported in Fig. 2, Entpd1, 2, and 3 transcript levels

were not affected by chronic mild hyperhomocysteinemia

[t(6) = -1.974; P [ 0.05; t(6) = 1.851; P [ 0.05; t(7) =

-1.246; P [ 0.05, respectively]. However, Nt5e mRNA

transcript [t(6) = 4.057; P \ 0.01] was decreased in mes-

enteric lymph nodes of rats.

Effect of chronic mild hyperhomocysteinemia

on ectonucleotidase activities in serum of adult rats

We investigated the effect of chronic mild hyperhomocy-

steinemia on nucleotide hydrolysis in serum of adult rats.

As observed in Fig. 3, ATP [t(10) = -1.851; P [ 0.05],

ADP [t(12) = 0.406; P [ 0.05] and AMP [t(15) = 0.092;

P [ 0.05] hydrolysis were not affected by Hcy admin-

istration.

Discussion

Mild hyperhomocysteinemia is a risk factor for cerebral

and cardiovascular diseases [12, 27, 28]. Although the

mechanisms by which Hcy leads to these alterations are not

well fully elucidated, there are studies showing that this

amino acid may induce oxidative stress and inflammation,

which may contribute to the development and progression

of atherosclerotic plaques [9, 29–32].

ATP is present in high levels in the extracellular space

during inflammation [33, 34]. This nucleotide may modu-

late inflammatory responses through several ways, includ-

ing activating cells (endothelium, leukocytes), cytokine

and chemokine release and increase adhesion molecules

expression via activation of P2X7 receptor [35–37]. ADP is

the most important promoter of platelet aggregation, which

may be secondary to vascular injury as a consequence of

inflammatory processes [38]. On the other hand, nucleoside

Ado exhibits potent anti-inflammatory and immunosup-

pressive action in tissues subjected to various forms of

injurious stimuli such as ischemia and inflammation [39].

Since ectonucleotidases are important enzymes in the

regulation of extracellular nucleotides and nucleosides

levels, acting as signaling molecules in inflammatory pro-

cesses, in the present study we evaluate the effect of

chronic mild hyperhomocysteinemia on nucleotide hydro-

lysis in lymphocytes from mesenteric lymph nodes of adult

Fig. 1 Effect of chronic homocysteine administration on ATP (a),

ADP (b), and AMP (c) hydrolysis in lymphocytes of adult rats.

Results are expressed as mean ± SD for 4–6 animals in each group.

Different from control, **P \ 0.01; ***P \ 0.001 (Student’s t test).

Hcy homocysteine
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rats. Present reports show that extracellular ATP, ADP, and

AMP hydrolysis were significantly decreased in lympho-

cytes from hyperhomocysteinemic rats.

In order to evaluate whether the mild hyperhomocy-

steinemia causes transcriptional modifications in the ecto-

nucleotidases in lymphocytes, we also investigated the

expression patterns of these enzymes after Hcy treatment in

mesenteric lymph nodes of adult rats. A semi-quantitative

RT-PCR analysis showed that E-NTPDase1, 2, and 3

transcriptions were not affected by chronic mild hype-

rhomocysteinemia. These findings demonstrated that the

decrease in ATP and ADP hydrolysis caused by Hcy was

not followed by alterations in E-NTPDases mRNA tran-

script levels. In this context, it well known that the gene

expression is regulated by various factors involving cell

machinery and signal transduction pathways, being that the

enzymatic activity cannot be directly correlated with the

gene expression pattern or with protein levels because of

the existence of several post-translational events [40].

On the other hand, ecto-50-nucleotidase/CD73 mRNA

transcriptional level was significantly decreased in mes-

enteric lymph nodes of hyperhomocysteinemic rats. Con-

sidering that ATP and ADP can exert inhibitory effects on

ecto-50-nucleotidase/CD73 [41], it is possible that the inhi-

bition in nucleotide hydrolysis caused by Hcy may lead to

increase of ATP levels that consequently, inhibit the ecto-50-
nucleotidase/CD73. Taken together, these data could result

in activation of inflammatory responses, since ATP could

accumulate in the extracellular milieu, and AMP hydrolysis

is decreased, leading to decreased Ado production.

Riksen et al. [42] showed that in patients with severe

hyperhomocysteinemia, the cellular adenosine uptake is

enhanced due to S-adenosyl-homocysteine (AdoHcy) for-

mation, limiting Ado-induced vasodilation. However, to

our knowledge, there are no studies showing the involve-

ment of adenine nucleotides and nucleosides in mild

hyperhomocysteinemia. In the present study, we suggest

that the Hcy can reduce the Ado concentration through of

inhibition of nucleotide hydrolysis in lymphocytes of rats.

These findings corroborate with studies demonstrating that

a decreased in Ado levels could be associated with the

adverse effects of hyperhomocysteinemia, since several

cardio- and vaso-protective actions are attributed to this

nucleoside, such vasodilation [43], inhibition of platelet

aggregation [44], and activation of cellular antioxidant

enzyme systems [45].

Moreover, Ado regulates inflammatory actions on lym-

phocytes [36, 46]. The activation of the A2A receptors on

CD4
? T lymphocytes prevents myocardial ischemia–

reperfusion injury by inhibiting the accumulation and

activation of CD4
? T cells in the reperfused heart [47] and

limits the production of inflammatory mediators such as

IL-12, TNF-a, and INFc by lymphocytes [48, 49]. In

addition, Vuaden et al. [50] showed that a selective A2A

receptor agonist prevents the endotoxin-induced effects on

nucleotide catabolism in mouse lymphocytes.

ATP and other nucleotides of adenine can be degraded

by nucleotidases both in the membrane-bound form, and in

the soluble form, located in the interstitial medium or

within body fluids [51]. It is currently accepted that the

exogenous ATP levels may be increased in several

inflammatory and shock conditions, mainly as a conse-

quence of nucleotide release from platelets, endothelial,

and blood vessel cells [52–54]. This rise in exogenous ATP

concentration is usually accompanied by concurrent

secretion and/or cleavage of various enzymes to the

extracellular milieu [55]. Therefore, serum enzymes might

reduce the excess of the extracellular nucleotides levels and

Fig. 2 Gene expression

patterns after chronic Hcy

treatment for NTPDase1

(Entpd1), NTPDase2 (Entpd2),

NTPDase3 (Entpd3), ecto-50-
nucleotidase (Nt5e), and b-actin

in mesenteric lymph nodes of

rats. Results are expressed as

mean ± SD for 4–5 animals in

each group. Different from

control, **P \ 0.01 (Student’s

t test). Hcy homocysteine
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to have an important role in maintaining normal physiology

[23].

Our results also demonstrated that extracellular ATP,

ADP, and AMP hydrolysis were not altered in serum of rats

subjected to experimental mild hyperhomocysteinemia.

The lack of effect of mild hyperhomocysteinemia on these

parameters in serum is puzzling; however, Böhmer et al.

[20] showed that the Hcy in vitro inhibits the nucleotide

hydrolysis in the millimolar range, and that this inhibition

is concentration dependent. It is important to consider that

in vivo other factors could affect the enzymatic cascade

and that our results represent concentrations of Hcy in the

micromolar range, similar to those considered as a risk

factor to cardio- and cerebrovascular diseases [11, 12].

In summary, in the present study, we demonstrated that

experimental mild hyperhomocysteinemia significantly

decreases the extracellular ATP, ADP, and AMP hydro-

lysis and ecto-50-nucleotidase/CD73 gene expression pat-

tern in lymphocytes of adult rats. Our findings suggest that

the Hcy modulates the ectonucleotidases, probably

decreasing the Ado levels, which could lead to a pro-

inflammatory status.
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