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Abstract

Background: Hyperhomocysteinemia often results from vitamin deficiency and/or an unhealthy lifestyle. Because the condition is a risk factor for developing 
cerebrovascular disease or atherosclerosis, approaches that decrease plasma homocysteine level are needed to alleviate this public health issue. Unfortunately, 
as the standard treatment of supplementation with B vitamins has shown limited benefit, novel therapies must be explored. We have recently focus on two 
novel approaches, the first being a preventive approach through diet by supplementation with polyphenols, and the other a reinforcement of homocysteine 
metabolism by targeting the principal organ of homocysteine metabolism, the liver. Chronic supplementation of polyphenols decreased plasma homocysteine 
and LOX-1 level in hyperhomocysteinemic mice. Plasma homocysteine level also significantly decreased after hepatocyte-specific DYRK1A gene transfer in 
hyperhomocysteinemic mice, DYK1A being an enzyme implicated in different aspects of homocysteine metabolism. 

Aim: We aimed to extend our previous findings by analyzing the effect of hepatocyte-specific Dyrk1a gene transfer on plasma LOX-1 level in 
hyperhomocysteinemic mice. 

Materials and methods: Plasma LOX-1 level and some signalling pathways in aorta were assessed by ELISA and RPPA. 

Results: Hepatocyte-specific DYRK1A gene transfer restored plasma LOX-1 level and Pi3K/Akt/mT or pathway in aorta of hyperhomocysteinemic mice. 

Discussion: Hepatocyte-specific DYRK1A gene transfer makes it possible to normalize plasma homocysteine level and its associated endothelial dysfunction 
by restoring LOX-1 level in hyperhomocysteinemic mice as previously found with polyphenols supplementation.

ABBREVIATIONS
CBS: Cystathionine Beta Synthase; DYRK1A: Dual-Specificity 

Tyrosine-Phosphorylation-Regulated Kinase 1A; GSK3  : 
Glycogen Synthase Kinase 3; Hhcy: Hyperhomocysteinemia; 
Hcy: Homocysteine; LOX-1: Lectin-like Oxidized Low-Density 
Lipoprotein Receptor-1; Oxldl: Oxidized Low Density Lipoprotein 
Particles; PON-1: Paraoxonase-1

INTRODUCTION
Since its discovery and toxicity in human disease, the 

metabolism of homocysteine (hcy) and its genetic defects 
have been extensively explored [1]. The main therapeutic 
approach to treating Hcy defects is supplementation with B 

vitamins, in combination with protein restriction, and cysteine 
supplementation [2-4]. Although treatments can be effective, 
some patients with hyperhomocysteinemia (Hhcy) are 
unresponsive to conventional treatment with B vitamins [5]. 
Therefore, new therapeutic approaches have been sought in 
recent years to reduce the plasma level of this amino acid, which 
is considered to be an independent risk factor for the progression 
of vascular disease [6]. We have recently focus on two major 
new therapeutic approaches, the first being a preventive 
approach through diet by supplementation with polyphenols, 
and the other a reinforcement of Hcy metabolism by genetic 
manipulation. Both approaches have been designed to improve 
the health of vessels in patients by targeting the principal organ 
of Hcy metabolism, the liver. Indeed, impairment of hepatic Hcy 
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metabolism can lead to higher intracellular concentrations and 
export to the blood. Hence, plasma Hcy level is an important 
reflection of hepatic methionine metabolism and of the rate of 
processes modified by B vitamins. We found, on the one way, that 
chronic supplementation of polyphenolic extract from red wine 
in Hhcy mice due to cystathionine beta synthase (CBS) deficiency 
and fed a high-methionine enriched diet decreased plasma Hcy 
level [7]. Similar results were observed with a diet that was 
supplemented with purified catechin [8,9] or epicatechin [9]. 
On the other way, our results implicated the dual-specificity 
tyrosine-phosphorylation-regulated kinase 1A (DYRK1A), an 
enzyme that is thought to play a role in signaling pathways 
regulating proliferation and differenciation, in different aspects 
of Hcy metabolism, with its hepatic protein expression negatively 
correlated with plasma Hcy level [10-12]. DYRK1A has been 
therefore showed to be a good candidate for gene therapy to 
normalize Hcy levels. However, a large body of evidence also 
implicates DYRK1A in altering synaptic plasticity and facilitating 
neurodegeneration and dementia [13]. Thus, therapy must be 
targeted rather than broad. We therefore implemented targeted 
gene therapy to overexpress DYRK1A specifically in liver [14,15]. 
For this, a specific adenoviral vector was used to rescue Dyrk1a 
expression in the liver of Hhcy mice, and plasma Hcy levels 
significantly decreased after hepatocyte-specific Dyrk1a gene 
transfer in Hhcy mice [14,15].

One of the key xenobiotic metabolizing enzymes (XME) 
affected by Hcy is Paraoxonase-1 (PON-1). PON-1 is a phase I 
XME associated with serum high density lipoprotein (HDL), and 
is synthesized in the liver [16]. Hhcy mice exhibit a decrease of 
liver and plasma PON-1 activity, with a strong correlation with 
plasma Hcy level [17-19]. Supplementation with polyphenolic 
extract or purified catechin in Hhcy mice induces increased 
activity of PON-1 in liver and in plasma [7-9]. Targeted hepatic 
rescue of expression of Dyrk1a also resulted in elevated activity of 
plasma PON-1 [14,15], which plays a major role in the protective 
function of HDL against endothelial dysfunction. People with 
Hhcy exhibit increased expression of lectin-like oxidized low-
density lipoprotein receptor-1 (LOX-1) in mononuclear cells 
of peripheral blood [20]. LOX-1 activation allows oxidized low 
density lipoprotein particles (OxLDL) to penetrate macrophages 
and induce their transformation into foam cells, playing a vital 
role in regulating the progression of atherosclerotic lesions. Hhcy 
mice exhibit increased aortic expression and serum amount of 
LOX-1 [7,9]. Supplementation with polyphenolic extract, catechin 
or epicatechin, induces a decrease of LOX-1 in aorta and plasma of 
Hhcy mice [7,9]. It has been demonstrated that LOX-1 activation 
causes endothelial apoptosis and inflammation, and polyphenol 
supplementation has beneficial effects on biochemical markers 
of endothelial dysfunction due to Hhcy [7,9,21]. Commensurate 
with the effect on PON-1 activity in plasma of Hhcy mice, targeted 
hepatic Dyrk1a gene transfer can abolish the negative effect of 
Hhcy on signaling pathways implicated when compromised 
in impaired endothelial function [14]. Therefore, we aimed 
to extend our previous findings by analyzing the effect of 
hepatocyte-specific Dyrk1a gene transfer on plasma LOX-1 level 
in HHcy mice.

MATERIALS AND METHODS

Experimental animals

All procedures were carried out in accordance with 
the ethical standards of French and European regulations 
(European Communities Council Directive, 86/609/EEC). 
Official authorization from the French Ministry of Agriculture 
was granted to perform research and experiments on animals 
(authorization number 75-369), and the experimental protocol 
was approved by the institutional animal care and use committee 
of the Paris Diderot University (CEEA40). Mice were housed 
in a controlled environment with unlimited access to food and 
water on 12-h light/dark cycle. Number of mice and suffering 
were minimized as possible. Mice heterozygous for targeted 
disruption of the Cbs gene (Cbs +/-) were generously donated 
by Dr. N. Maeda (Department of Pathology, University of North 
Carolina, Chapel Hill, NC, USA) [22]. Cbs +/- mice, on a C57BL/6 
background, were obtained by mating male Cbs +/- mice with 
female wild-type C57BL/6 (Cbs +/+) mice. The E1E3E4-deleted 
adenoviral vector “AdDYRK1A” was constructed to induce 
hepatocyte specific overexpression of DYRK1A, and injected by 
the retro-orbital sinus to have 2 x 1012 adenoviral particles/kg 
body weight as described previously [14]. 

Preparation of serum samples, tissue collection, and 
ELISA assay

When mice were euthanized, blood samples were collected 
into tubes containing a 1/10 volume of 3.8% sodium citrate and 
placed on ice immediately. Plasma was isolated by centrifugation 
at 2,500 x g for 15 min at 4°C. Aorta were harvested, snap-
frozen, and stored at -80°C until use. Levels of plasma LOX-1 
were determined using an ELISA from R&D Systems, Inc. (R&D 
Systems Europe, Lille, France).

Protein extraction and reverse phase protein array 
analysis

Protein extraction from liver and aorta and quantification 
by slot blotting and reverse phase protein array analysis (RPPA) 
were performed as described [14]. 

Data analysis

Statistical analysis was done with one-way analysis of 
variance (ANOVA) followed by Fisher post-hoc test using 
Statview software. The results are expressed as medians with 
interquartile ranges. Data were considered significant when p 
<0.05. 

RESULTS AND DISCUSSION

Effect on Hcy lowering on plasma LOX-1 levels

We previously found an increased plasma level of soluble LOX-
1 in Cbs +/- mice fed a high-methionine diet [7,9]. We confirmed 
this increase in plasma of Cbs +/- mice compared to wild type Cbs 
+/+ mice (Figure 1). Conversely, hepatic DYRK1A protein level 
was decreased in Cbs +/- mice compared to wild type Cbs +/+ 
mice (64.7 ± 5.9 vs 111 ± 7.5; p <0.0005; n=8 mice for each group) 
as previously described [11]. Injection of AdDYRK1A resulted in a 
significant decrease in plasma LOX-1 level (Figure 1). Conversely, 
hepatic DYRK1A protein level was increased in Cbs +/- mice 
injected with AdDYRK1A compared to Cbs +/- mice (389 ± 78 
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vs 64.7 ± 5.9 p <0.0001; n=8 mice for each group) as previously 
described [14]. Therefore, in relation to our previous work which 
underlines the effect of supplementation with polyphenols and 
of hepatocyte-specific Dyrk1a gene transfer on plasma Hcy level 
[7,8,9,14,15], the decrease in plasma Hcy shows a beneficial 
effect on plasma LOX-1 level in HHcy mice. Polyphenols can act 
at several locations to counteract the cytotoxicity of Hcy, thereby 
preventing vascular pathology related to liver phenotypes. A 
healthy liver supports vascular health. The down-regulation of 
LOX-1 may be a potential treatment to protect against ox-LDL-
induced endothelial cell injury in high-risk vascular diseases. 
Ox-LDL-induced endothelial cell apoptosis can be reduced by 
inhibiting LOX-1 expression and by increasing the activation of 
PI3k/Akt signaling pathways [23]. The PI3K/Akt pathway is a 
pivotal signal pathway involved in cell survival and metabolism 
[24]. PI3K/Akt has been shown to affect several important 
endothelial functions to promote endothelial cells survival [25]. 
We previously found a decrease of phospho-Akt in aorta of HHcy 
mice, which is restored by hepatocyte-specific Dyrk1a gene 
transfer [14]. 

Effect on Hcy lowering on Pi3K/Akt/mTor pathway in 
aorta

Given the fact that PI3K/Akt/mTOR pathway plays a key role 
in cellular homeostasis through its role in regulation of apoptosis, 
cell growth, cell cycle and angiogenesis, we also analysed mTOR 
phosphorylation. We found a decreased phosphorylation 

of mTOR in aorta of Cbs +/- mice (Figure 2A), and injection 
of AdDYRK1A resulted in a significant increase (Figure 2A). 
Previous results demonstrated the role of Pi3K for upregulation 
of cyclin D1 [26]. Akt also promotes cyclin D1 translation via 
indirect activation of mTOR [27], and prevents phosphorylation 
and degradation of cyclin D1 by phosphorylation and inactivation 
of glycogen synthase kinase 3 (GSK3) at Ser9 [28]. Hepatocyte-
specific Dyrk1a gene transfer not only resulted in PI3K/Akt 
activation but also in GSK3 inhibition in aorta of Hhcy mice [14]. 
We therefore analysed the protein level of cyclin D1, and found a 
decrease in aorta of Cbs +/- mice (Figure 2B), which is abolished 
after injection of AdDYRK1A to Cbs +/- mice (Figure 2B). Previous 
results demonstrated the ability of Hcy to decrease mRNA 
expression of cyclin D1 in human umbilical vein endothelial cells 
[29]. Further, hepatocyte-specific Dyrk1a gene transfer rescues 
Akt/GSK3/cyclin D1 signaling pathways not only in aorta but 
also in liver of HHcy mice [15]. Taken together, Hcy lowering by 
AdDYRK1A injection abolishes the negative effect on PI3K/Akt/
mTOR pathway and on cyclin D1 protein level. 

CONCLUSION
In conclusion, taken together with our previous works, we 

found that two different approaches one preventive and based 
on chronic supplementation of polyphenols, and the other 
genetic and based on restoring hepatic function make it possible 
to normalize plasma Hcy level and its associated endothelial 
dysfunction by restoring LOX-1 level in Hhcy mice. 
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