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Background.

Monogenic diseases or genetic diseases (such name is spread abroad) - a group of diseases (with diverse clinical manifestations), which are caused by mutations at the gene level and in most cases have Mendelian inheritance pattern. 

At the basis of this group of hereditary disease are single gene mutations or point mutations, which include defects of exons (deletions, insertions, substitutions, inversions), defects of introns and flanking parts (change in polyadenylation signal), which leads to changes in the composition and order of nucleotides in the DNA molecule, disorder of genetic information translation from DNA to RNA, from RNA to ribosomes and to changes of the sequence of amino acids in a polypeptide.

The following types of human gene mutations that cause hereditary diseases have been described:

- Missens;

- Nonsense;

- Frameshift;

- Deletions;

- Inserts (inertia);

- Disorder of splicing;

- Increase in number (expansion) of trinucleotide repetitions.

Mutations that cause genetic diseases, may involve structural, transport and embryonic proteins, enzymes.

Levels of protein synthesis regulation:

- Pretranscriptional.

- Transcriptional.

- Translational.

We can assume that at all of these levels, which are caused by the corresponding enzymatic reactions, can occur hereditary disease. If we accept that a man has about 10000 genes and each of them can mutate and control synthesis of protein with different structure, we can assume not less number of hereditary diseases. 

More than 5000 of nosological units of monogenic diseases are known at present. In different countries, they are found in 30-65 children per 1000 live births, which is 3.0 - 6.5%, and 10-14% in general mortality of children under 5 years 10-14%.

Monogenic pathology occupies a significant place in modern medicine.

The primary effects of mutant alleles can occur in 4 variants:

- Lack of synthesis of the polypeptide chain (protein);

- Synthesis of abnormal in the primary structure of protein;
- Quantitatively insufficient protein synthesis;

- Quantitatively excessive protein synthesis.
The result of the pathological mutation (phenotype effects) can be first of all mortality at early stages of embryonic development, to implantation. About 50% of unsuccessful impregnations are due to the loss of zygote by genetic causes (genetic, chromosomal and genomic mutations). If the development of the embryo didn’t stop at an early stage, the phenotypic effects were formed in 3 variants, depending on the involved gene and the nature of mutation nature: dysmorphogenes (congenital malformations), errors of metabolism, mixed effects (dysmorphogenesis and abnormal metabolism)

Influence of pathological mutations begins to be realized in different periods of ontogenesis, from prenatal period to elderly age. Up to 25% of all hereditary pathologies manifests in utero, 45% - in up to puberty, 20% - in adolescence and early adulthood, and only 10% - develops after 20 years. 

Disorders of various pathogenetic chains, which are caused by phenotypic effects of mutations of different genes, can lead to the manifestation of clinical disease. Such cases are called genocopy. 
Genocopies are cases in which damaging environmental factors that usually act in utero, cause illness, which by the clinical picture is similar to hereditary. The opposite condition, when in the case of the mutant genotype in human as a result of environmental influences (diet, medications and others) the disease does not develop, is called normal copying.
Classification of monogenic pathology.

There are several classifications of monogenic diseases. They are based on the following principles: genetic, clinical and pathogenetic. 

Depending on which system is most affected, hereditary diseases of skin, eyes, nervous system, endocrine, musculoskeletal, neuromuscular system, blood, cardiovascular system, gastrointestinal tract, nephrourinary system and others are emphasised. There are special terms for some groups of diseases: neurogenetics, oncogenetics, ophtalmogenetics, dermatogenetics and others. Conditionality of such classification generates no doubt because in some patients the same diseases manifest in different ways. For example, cystic fibrosis can occur mostly involving the gastrointestinal tract or lungs.
By the genetic principle, gene disorders can be divided by the type of inheritance. Following diseases are correspondingly distinguished:

• autosomal dominant diseases. For example: achondroplasia, osteogenesis imperfecta, neurofibromatosis, retinoblastoma, familial hypercholesterinemia, Marfan syndrome, Huntington's chorea and others;

• autosomal recessive diseases (cystic fibrosis, phenylketonuria, adrenogenital syndrome, albinism, ataxia-telangiectasia, galactosemia, etc.);

• X-linked dominant diseases (hypophosphatemia, Bloch-Sulzberger syndrome, etc.);

• X- linked recessive diseases (Duchenne and Becker myodystrophies, hemophilia, etc.);

• Y-linked (holandric);

• Mitochondrial;

• Diseases of expansion of trinucleotide repetitions.

Pathogenetic classification of genetic diseases divides them depending on what the main pathogenetic chain is directed to, which can lead to metabolic disorders, abnormalities of morphogenesis, or a combination of the first and second. The following diseases are distinguished: inherent metabolism diseases (IMD), congenital malformations (monogenic nature) and combined conditions. IMD in its turn is subdivided by the type of errors of metabolism (amino acid, carbohydrate, metabolism of vitamins, lipids, steroids, metals and others). 

Examples of common monogenic diseases are the following nosologic units:

• Cystic fibrosis. The gene is located in the 7q32 segment and encodes protein – transmembrane conductance regulator (CFTR). Frequency for Europe and North America - 1: 2000.

• Phenylketonuria (PKU) (12q24.1). In PKU, which is due to dihydropteridine reductase deficiency, the gene is located in the 14q15.1 segment. Frequency - 1: 10000, and in some populations - 1: 1000.

• Duchenne and Becker myodystrophy (Xp21) - 1:3000-3500 for men.

• Neurofibromatosis type 1 (17q11.2) and neurofibromatosis type 2 (22q11.2) - 1: 3000-5000.

• Inborn hypothyroidism (8q24.3) - 1: 4700. Genes are located in 1r13 and 14q31segments in not strumous forms of hypothyroidism.

• Martin - Bella syndrome (fragile X-chromosome or linked with X- chromosome mental retardation). Disease gene (FMR1) is localized in the Xq27 segment (chromosomal marker - fra Xq27.3). The expansion of three nucleotide repetitions is the basis of the disease. Frequency in the population is  from 0.3 to 1.0 in 1000.
General laws of pathogenesis.

Schematically, the principal chains of pathogenesis of monogenic diseases can be represented as follows: mutant alleles → pathological primary product (qualitatively or quantitatively changed), a chain of biochemical subsequent processes → cell → bodies→ body. This is the basic pattern of monogenic diseases in all their diversity.
The main features of the clinical picture in monogenic diseases.

Features of the clinical picture of monogenic diseases include:

- Diversity of manifestations;

- Varying age manifestation of the disease;

- Progression of the clinical picture;

- Chronic overrun;

- Overrun severity, which leads to disability in childhood and reduce life expectancy.

Biological basis of diversity of manifestations of gene diseases is a gene control of the primary mechanisms of metabolism or morphogenetic processes. 

Hereditary diseases manifest in different periods of ontogenesis: from the earliest stages of embryonic development / embryogenesis.

The reasons of the beginning of the same disease at the different age is the individual characteristics of the patient's genome. Effects of other genes on effect manifestation of mutant gene (gene interaction) can change the time of disease development. 

Progression of clinical picture, chronic protracted course of the disease with relapses are characteristic for monogenic pathology.

For example in neurofibromatosis type 1 child are born with pigmented spots of color of coffee with milk. With age spots increase in size and number, appear in the groin, neurofibromas develop. 

Progression isn't characteristic for all diseases. For example, achondroplasia develops according to bone growth in proportion to age. Rate of the disease, as it is programmed (for the period of bone growth), without further progression.

Clinical polymorphism is characteristic for monogenic diseases. It is observed both within some nosology form, and within the family. The clinical picture of the same disease can vary from subtle to elongated. 

Clinical polymorphism manifests in different terms of disease manifestation, course severity, the degree of disability, etc. S.M. Davydenkov first began to analyze the phenomenon of the clinical polymorphism of a hereditary disease in 20-30 years of the twentieth century. The scientist also discovered the phenomenon of genetic heterogeneity that is often hidden under the clinical polymorphism. Studying the causes of the clinical polymorphism has allowed S. M. Davydenkov to discover new forms of diseases and develop treatments and prevention.

The clinical picture of the disease may depend on the dose of genes.

Genetic causes of the clinical polymorphism may be due to not only the abnormal gene, but the genotype as a whole, i. e. to phenotypic environment in the form of gene-modifiers. 
Genetic heterogeneity
The concept of the genetic heterogeneity means that the clinical form of monogenic diseases can be caused by mutations in different loci or mutations in one locus (multiple alleles). Genetic heterogeneity was first noticed by S. M. Davidenkov by an example of hereditary diseases of the nervous system.

Genetic heterogeneity that is caused by mutations in different loci called interlocus heterogeneity. An example may be Ehlers-Danlos syndrome, glycogenosis, neurofibromatosis etc.

The source of genetic heterogeneity in the same locus can be multiple allelism and genetic compounds.

Genetic compounds are a combination of two different pathologic alleles of one locus in individual.
The general topic is to be able to recognize the general features of gene inherent diseases, to know diagnostic criteria of some nosologic forms with different types of inheritance.
The concrete aims of studying:
1. To recognize clinical manifestations of the following monogenic diseases: phenylketonuria, homocystinuria, Marfan syndrome, Ehlers-Danlos syndrome, Duchenne muscle dystrophy, adrenogenital syndrome, cystic fibrosis, neurofibromatosis, fragile-X syndrome and others;

2. To determine the necessity of the additional examination of the patient, including biochemical, instrumental and molecular genetic, on the basis of the general signs of gene disease.
The aims of output level of knowledge-skills:
1. To determine the general questions of etiology, pathogenesis, genetics of gene diseases, their classification.

2. To reveal some nosologic forms of monogenic pathology on the basis of somatic genetic examination, clinical genealogical and syndromologic analysis.

3. To interpret the data of the main laboratory and special methods of studying (biochemical, instrumental, molecular genetic) of monogenic diseases.

4. To determine methods of prevention and treatment (pathogenetic and symptomatic) of studied monogenic diseases.

To find out whether the output level of your knowledge-skills corresponds to the necessary level, you have to do such tasks. Check the correctness of your answers by comparing with standards.
Tasks for self-control and self-correction of the output level of skills.

Task 1.
The child of 6 years old was referred to the counseling because of frequent headaches. Phenotype: multiple pigment spots, pigmentation in the groin. Mother has multiple pigment spots, neurofibromas, pigmentation in the groin. Father is healthy. What is diagnosis?
Task 2.
A woman of 30 years old was addressed to the counseling. Height - 185cm. She was taller compared with people of the same age. Her limbs are long particularly in the distal regions. She is observed in ophtalmologist because of bilateral subluxation of crystal. ECG: prolapse of mitral valve. She has a daughter of 2 years old. The daughter is tall, with long flexible fingers, blue sclers, funnel-shaped deformation of the breast (mild degree). The woman’s husband is healthy. What’s diagnosis? What’s prognosis of future child’s health in the family? 
Task 3.
There are vomiting, water deprivation, increased pigmentation of skin, hyponatraemia in the case of increased content of potassium in blood. What is preliminary diagnosis? What is the risk of this disease for siblings?

Answers to tasks:

Task 1: Neurofibromatosis. 50%

Task 2: Marfan syndrome. 50%

Task 3: Adrenogenital syndrome. 25%
The main theoretical issues:
Introduction. General characteristics of monogenic pathology. Genic diseases in the structure of incidence and invalidization. Frequency and spreading in different quotas. Etiology and pathogenesis. Variety of manifestations of genic mutations on different levels (clinical, biochemical, molecular). Pre- and postnatal realization of the action of abnormal gene.

Clinical polymorphism (genetic heterogeneity, action of genes-modifiers and others).

Classification of monogenic pathology. Syndromes of multiple inborn developmental defects. Inherited metabolic defects. Analysis of specific nosologic forms.

Phenylketonuria. Etiology, pathogenesis, clinical picture, diagnostics, treatment, prognosis, prevention.

Adrenogenital syndrome. Etiology, pathogenesis, different forms, clinical picture, diagnostics, treatment, prevention.

Cystic fibrosis. Etiology, pathogenesis, clinical picture, diagnostics, treatment, prognosis, prevention.

Marphan syndrome. Clinic, diagnostics, type of inheritance, differential diagnosis with homocystinuria, tactics of observation.

Ehlers-Danlos syndrome. Clinic, genetics, diagnostics, tactics of observation, prevention of complications.

Neurofibromatosis. Forms, clinical picture, type of inheritance, tactics of observation.

Muscle dystrophy of Duchenne and Becker. Genetics, characteristics of mutations, clinical picture, type of inheritance, clinical diagnostics, molecular and genetic methods of diagnostics of disease and carriage, tactics of observation. 

Fragile-X syndrome. Clinical manifestations in hemizygous men and heterozygous women, diagnostics, treatment.

Demonstration and analysis of the patients with monogenic pathology.

Principles of diagnostics: clinical investigation, syndromological analysis, special methods – biochemical, ultrasound, electrophysiological, molecular and genetic, and others.

Plan of the practical class 

1. Introduction                                                                                    3 min.

2. Etiology, pathogenesis of gene disease                                         5 min.

3. Classification of monogenic pathology                                         5 min.

4. General characteristics of monogenic pathology                          9 min.

5. Analysis of specific nosologic forms                                          45 min.

6. Demonstration and analysis of the patients with monogenic pathology 15 min.

7. Educational control and correction of knowledge                      10 min.

    8. Conclusion                                                                                       3   min.               

Test control of output level of knowledge will be held at the beginning of classes. Analysis of theoretical material. Then - the students' individual work with patients. A clinical analysis of genetic maps of patients with monogenic pathology will be held under the guidance of the teacher. At the end of classes - final test control.

Тechnologic schedule of lesson conduction
	№ 
	Stage
	Time, minutes
	Study guide
	Place of lesson conduction

	1
	Determination of the initial level
	15
	Test control
	Studying room

	2
	Thematic analysis of material, genetic maps, patients with monogenic disease
	60
	Genetic maps, catalogues, pictures of patients, algorithm
	Studying room

	3
	Conclusions
	15
	Tasks, test control
	Studying room


Do some tasks-models using flow chart of the topic

Task 1. 

Child of 3 years old was hospitalized with pneumonia, which occurs for the third time. It is noted the constant attacks of cough, dyspnea, cyanosis. The child has a low weight for her age, poor appetite. Cal is gray with lots of neutral fat. The elder brother of the patient died at the age of 5 years from chronic pneumonia. Parents are healthy. What disease should be suspected by a doctor? 

A. Celiac disease.

B. Error of bilirubin metabolism.

C. Niemann-Pick disease.

D. Cystic fibrosis.

What tests can confirm this diagnosis?

A.Gliodin loading. 

B. Determination of ceruloplasmin in blood plasma.

C. Determination of chlorides in sweat

D. Determination of enzymes in the duodenal juice.

What drug prescription is a priority in this disease?

A. Creon.

B. Atropine.

C. No-spa.

D. Broad-spectrum antibiotics.

Task 2.

Regression of acquired skills and increasing dementia are marked in six months girl. The parents noticed that the child has an unusual urine odor. The eldest son in this family is healthy. What disease should be suspected by a doctor? 

A. Shereshevsky-Turner syndrome.

B. Congenital hypothyroidism.

C. Phenylketonuria.

D. Beckwith–Wiedemann syndrome.

What biochemical changes in blood will confirm this diagnosis?

A. High levels of glycine and metylmalonic acid.

B. Hyperphenylalaninemia.

C. Reduction of the level of tyrosine.

D. Increase of the level of glycosaminoglycanes in blood.

What are the principles of treatment of this disease?

A. Prescription of nootropics.

B. Long-term dietary therapy.

C. Substitution therapy.

D. Antibiotic therapy.    
                                                                                                        Appendix
                                                      INTRODUCTION
Genomic human health is a foundation of psychic, somatic and reproductive health. This fact, which is proved by many world geneticists, was accepted by the society only after the approval of the role of inherent disorders  in developing rare as well as common human diseases  by WHO (World Health Organization) and EU approval in 1990. Health is programmed during the maturity of germ cells and at early stages of individual development and depends on the character of received from parents  genetic information, as well as on environmental conditions, in which it is realized, and also on a great number of genes of (not parenteral) unknown origin. It is established that gene activity during human life depends on interaction with other genes, on environment and on genetic mechanisms of gene activity regulation. 

Knowledge gained in the process of genome composition interpretation conveniences that molecular medicine will not give an expected result without studying clinical features of human diseases. Causative-consecutive relations in the pathogenesis of the inherent pathology can be established only by common efforts of clinicist, geneticist, biochemists, molecular geneticist and pharmogeneticist. 

Molecular diagnosis is mostly considered in studying genome variety, this diagnosis is the one of the most important perspective area of genetics allowing to determine causes of the development of inherent diseases and mechanisms of their development with the use of the modern methods: sequencing, cloning, RFLP (restriction fragment length polymorphism)- analysis, chip-technologies. These studies are directed at solving fundamental scientific problems, which are connected with human origin, and at revealing gene differences, which are connected with human sensitivity and resistance to various diseases and environmental influence.  New mutations and polymorphic sites can be found in studying the changes of nuclear DNA, as well as mitochondrial DNA (mtDNA). Polymorphic sites are gene regions, where mutations arose in the process of evolution and had an adaptive character. They can be transform from neutral mutation to conditionally pathogenic and lead to disease appearance that occurs in the case of bioenergy metabolism disorder (mitochondriopathy).

Studying polymorphisms of genes, which are predisposed to diseases of cardiovascular and central nervous systems acquires the great practical meaning in the modern condition of molecular medicine development. Sulfur containing amino acids (methionine, homocysteine, homocystine, cystationine, cysteine, cystine and taurine) become the centre of attention of geneticians. From our point of view, they influence on the realization of the function of many genes, which carry various information, because methionine is a donor of methyl groups, which take part in the epigenetic regulation of gene expression. That’s why there are new opportunities of adequate assessment of the role of sulfur containing amino acid (SCAA) metabolism in the appearance of various clinical signs. In the past, folate metabolism disorders were considered as an obvious cause of multifactorial defects of CNS (neural tube closure defects), nowadays we can speak about the systemic influence of such metabolism disorder.

These methodic recommendations are devoted to the problems of an early (including prenatal) diagnosis of disorders of SCAA metabolism, and also to questions about the treatment and rehabilitation of patients with different disorders of SCAA metabolism,  designed for geneticians, pediatricians, surgeons, obstetrician-gynecologists, interns.

                     Biochemistry of sulfur-containing amino acids

Methionine is an essential sulfur containing amino acid which is included in the composition of proteins. The full characteristics of methionine is presented in Human Metabolone Database (HMD). That fact, that methionine is an evolutionally selected antioxidant, explains a wide range of pathology, which develops in metabolism disorder of this sulfur containing amino acid.

Methionine is essential for human development in accordance with his program. Metionine isn’t produced in the body, it is obtained from food and serves as a substrate for protein synthesis. Methionine has unique functions:

· Takes part in transamination reactions;

· Serves as a donor of methyl groups in synthesis of biologically active groups;

· Takes part in synthesis of nucleic acids;

Methionine is an acceptor of methyl for 5-methyltetrahydropholate-homocysteine methyl transferase (methionine transferase) in a single reaction, and also is a methyl acceptor in catabolism (Human Metabolome Database, 2005). Methionine is a precursor of cysteine, takes part in biosynthesis of the last one. Methionine sulfur converts in cysteine sulfur in the process of catabolism. Carbon skeleton of cysteine origins from serine. Figure 1 reflects conceptual biochemistry in methionine.
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CBS – cystationine beta- synthetase 
MS – methionine synthetase
В6 –vitamin В6 (pyridoxine) 

В9 – folic acid
В12 – vitamin В12 (cyanocobalamin)
MTHFR – 5,10 - methylenetetrahydrofolate reductase

Fig.1. – Methionine conversion scheme
(on data of G.F. Hoffmann et al., 2002)
Methionine is localized in plasma of the cell and extracellular. It is in blood, cerebellar liquid, prostate gland, in urine. The normal concentration in blood of newborn in the age of 0-30 days - 35.0 +/- uM, in children of 1-13 years old - 27.0 +/- 5.0 uМ, in boys of more than 18 years old -  32.0 +/- 6.0 uМ, in girls of the same age - 27.0 +/- 5.0 uМ. In SCF in children of less than 18 years - 9 +/- 0.69 uМ (data vary in different authors).
Enzymes of methionine metabolism are presented by:

- methionine synthetase;

- tyrosine aminotransferase;

- S-adenosyl methionine synthetase (2 type isoform);

- arsenite methyltransferase;

- adenosyl methionine synthetase (1 type isoform);

- betaine-homocysteine S- methyltransferase;

- methionine- tRNA synthetase (cytoplasmic).

Homocysteine is an intermediate metabolite in methionine metabolism and it isn’t contained in food. Homocysteine has a profound toxic effect, which is manifested first of all by endothelial function disorder, that’s why the increase of homocysteine level in blood has profound atherogenic and trombophilic effects. These defects are caused by that homocysteine is converted into homocystine, disulphide, homocysteine thiolactone. These units affect the endothelium of vessels uncovering subendothelial matrix and smooth muscle cells.  Such wound surface stimulates thrombocyte aggregation and thrombosis. It occurs because an affected endothelium decreases the intensity of relaxic factor and nitric oxide synthesis. Simultaneously, the release of Willebrand factor increases by affected cells of the endothelium.

Released homocysteine thiolactone combines with low density lipoproteins and is grasped by macrophages, which combine and create “foam cells”. “Foam cells” are surrounded by the ateromic plaque. Hyperhomocysteinemia activates XII, V factors and Hugeman factor. In this case, the release of natural inhibitors, coagulation, antiaggregants (protein C, which is an inhibitor of the external pathway of blood coagulation) is disturbed. Decreased activation of antithrombine III, which depends on glycosaminoglycan level, the inhibition of thrombomoduline activation join to previous thrombophilic effects, interact with atherogenic effects and create the specific endothelium dysfunction.

Homocysteine also induces the effect of products of lipid peroxidation, which, in their turn, decrease nitrate synthase that leads to the decrease of endothelial nitrogen oxide synthesis, and this increases thrombocyte aggregation.

It is established, that homocysteine is a strong mutagen for smooth muscle cells. This leads to their proliferation, thickening of vessel walls and determines the morphologic picture of aterosclerosis. Such role of homocysteine in human pathology make us to return to its origin – methionine, because it appeared to be relevant for the one of the most important functions of the genome – gene activity regulation. Methionine acts as a donor of methyl groups. 
Folate cycle plays a great role in methionine metabolism. Many chemical substances in the body are converted in cycles. The cycle, in its turn, consists from many steps, which become possible only with participation of many enzymes. Every such metabolic step leads to the appearance of a new quality of metabolism product. 

In the folate cycle, such substance, which is lost or acquired, are methyl groups, where 3 molecules of hydrogen CH3 are connected with carbon, their conversion is performed by hydrolysation with the help of enzyme pteroylpolyglutamate hydrolase. The conversion into monoglutamate is necessary for absorption in the proximal part of the small intestine.
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                                                 Fig. 2 – Scheme of the folate cycle 

Monoglutate in the intestine is absorbed and restored to tetrahydrofolate (THF) – a biologically active connection. After folate methylation they enter blood in the form of 5-methyltetrahydrofolate (5-CH3-THF), the resource of which is food, the enterohepatic cycle: pterylmonoglutamate is absorbed from the intestine, enters the liver, is methylated here to 5- methyltetrahydrofolate, which then is released with bile into the intestine, is absorbed there and is distributed with blood flow. 5-methyltetrahydrofolate is a donor of methyl groups and the main resource of tetrahydrofolate. Tetrahydrofolate acts as a acceptor of a great number of monocarbon fragments, and is converted to various types of folate (5, 10-methylentetrahydrofolate – 5, 10-CH2 – THF; 5,10-methylentetrahydrofolate - 5,10-СН – THF; 10-formyltetrahydrofolate – 10-CHO – THF).

Methionine production from homocysteine, its remethylation occur with participation of 5,10-methylentetrahydrofolate and 5-methylentetrahydrofolate. The catalyzer of homocysteine remethylation into methionine is cytoplasmic enzyme methionine synthase (MTR), work of which is performed with participation methylcobalamin, vitamin B12 derivative (fig.2).

Methylcobalamin acts as an intermediate transfer of methyl group in homocysteine remethylation into methionine, which is provided by methionine synthase. In the process of this conversion, cobalamin oxidation takes place and enzyme MTR changes its condition into inactive. But enzyme function is restored in the process of methylation with participation of enzyme of methionine synthase reductase (MTRR). As cobalamin serves as an acceptor of the methyl group 5-MTHF, vitamin B12 deficiency leads to “trap for folate”. The inability to regenerate methionine leads to the attenuation of its stores and homocysteine release into blood. 

Methyl group donor is an activated form of methionine – S- adenosyl methionine. It also used for methylation of DNA, RNA, protein and phospholipids. 

A key role in the synthesis of methionine from homocysteine is played by 5, 10-methylentetrahydrofolate reductase (MTHFR), which restores 5, 10-methylentetrahydrofolate to 5-methylentetrahydrofolate, which includes the methyl group for remethylation of methionine from homocysteine (fig.2).

Except this remethylation pathway from homocysteine, there are two alternative pathways. The second pathway is performed in the liver – remethylation occurs with participation of betaine – metyl group donor and enzyme homocysteine methyltransferase. The third pathway is a conversion into cysteine through cystathionine with participation of CBS, cofactor of which is vitamin B6.          
             POLYMORPHISMS OF FOLATE CYCLE GENES
Several millions of single nucleotide polymorphisms (SNP) are revealed in the process of genome sequencing. SNP is used for analysis of group coupling to reveal genome regions potentially containing genes involved in severe diseases.

Methylentetrahydrofolate reductase (MTHFR) plays the key role in remethylation of methionine and folic acid metabolism. The enzyme catalyzes the restoration of 5, 10-methylentetrahydrofolate into 5-methylentetrahydrofolate. The last one is an active form of folic acid necessary for production of methionine from homocysteine and further - S-adenosylmethionine, which plays a key role in the process of DNA methylation.  MTHFR deficiency contributes not only to the teratogenic (an affected fetus), but also mutagenic (an affected DNA) effect. The inactivation of many genes occurs, including oncogenes. This is the one of the causes of such a great interest of oncologists to the genetic variants of MTHFR.

The MTHFR gene is localized on the short arm of the first chromosome (1p36.3). The length of the encoding region is 1900 bps. The gene consists of 11 exons with the length of 102-432 bps and introns with the length of 250-1500 bps (one intron has the length of 4200 bps).

The MTHFR gene polymorphisms have two types: C677T and A1298C.In the case of the MTHFR gene mutation C677T, nucleotide C (cytosine) in the position of 677 referring to 4-th exon, is substituted for T (thymidine), that leads to the substitution of amino-acid residue of alanine for valine residue at the folate binding site In the MTHFR homozygotes, this factor is termolabile, and enzyme activity is 35%. N. Blau et al. (1996) reported that the disorder of folate distribution in erythrocytes, which is manifested by the accumulation of formyltetrahydrofolate polyglutamates and methylated derivatives of tetrahydrofolate and by the increased level of homocysteine in blood, presents in the carriers of homozygous mutation. 

Another polymorphic variant of the MTHFR gene is the substitution of adenine (A) for cytosine (C) in the position of 1298. Such substitution leads to the appearance of alanine residue in the regulatory domain of the enzyme (instead of glutamine residue), that is followed by the decrease of the MTHFR activity (60% of its normal values).

It is suggested that the decrease of enzyme activity is connected with the change of enzyme regulation of its inhibitor S-adenosylmethionine. Unlike C677T polymorphism, A1298C polymorphism isn’t associated with the increase of homocysteine level, nor with the decrease of folate level. At the same time, the genetic heterozygous compound C677T and A1298C is associated with the

decrease of enzyme activity, with the increase of homocysteine level in plasma and the decrease of folate level.

MTHFR deficiency is associated with the increase of circulating homocysteine levels and with low levels of homocysteine in plasma.

The variety of clinical forms of disorders hasn’t allowed us to find reliable strategic correction yet, but the use of folate, betaine, methionine, vitamins B12 and riboflavin is considered to be a basic therapy.  The presence of trombophilias, which are specific for the forms, which are associated with homozygosity for MTHFR and 677 C>T polymorphism, needs the individual correction and basic therapy. 

Enzyme methionine synthase, which catalyzes the restoration (remethylation) homocysteine into methionine, also takes part in the work of the folate cycle. Methylcobalamin (vitamin B12 derivative) is necessary for the functioning of this enzyme. MTR provides the conversion of homocysteine into methionine by means of the reaction, where methylcobalamin serves as an intermediate transfer of methyl group. In this case, cobalamin oxidation occurs and enzyme MTR is transferred to an inactive condition. Its function restoration is possible in the process of methylation reaction with participation of the MTRR enzyme.
Structure and MTRR gene polymorphisms. The MTRR gene is mapped on the chromosome 5 in the locus 5p15.3-p.15.2. Various types of mutations and the number of polymorphic variants are described in the gene. 

MTRR enzyme [MIM 602568] participates in the restoration of MTR activity [MIM 156570] – an enzyme, which indirectly provides methylation of homocysteine. MTRR refers to the group of flavoproteins, has the molecular 77.7 kDa. It consists from 698 amino acids. 

The MTRR gene polymorphism is A66G – a point substitution of adenine (A) for guanine (G) in the position 66, leading to the substitution of amino acid residue of isoleucine for methionine (Ile22Met). This polymorphism 4 times decreases MTRR enzyme activity

MTRR polymorphic variants of the MTRR and MTHFR genes contributing to various functional significance of protein products, influence on a wide range of biochemical reactions in the folate cycle, and from some authors’ point of view, can be considered as a risk factor of some disease development. However, their role in the etiopathogenesis of different pathology isn’t unclear.

At the present time, the association of polymorphisms with cardiovascular diseases is shown. Some authors consider С667T an independent risk factor of coronary atherosclerosis. The interconnection of the C667T polymorphism with venous and arterial thrombosis, risk of their development increases especially in homozygotous carriers for the mutant allele, has been described.

There is data that the MTHFR 677 Т/Т genotype combined with a low level of folate can be a potential risk factor of the development of such conditions, which are connected with DNA methylation decrease, including neoplastic processes. The reliable association of the 677 Т/Т и 1298 С/С polymorphisms with the risk of acute lymphoblastic leukosis development has been revealed. At the same time, the MTHFR1298 С/С genotype depends on methylation processes in spite of the decrease of folate level. The decrease of methylation in the cell leads chromosome disjunction disorder in the oogenesis and poly- and aneuploidy development in the fetus, increases the risk of birth child with Down syndrome. A significant number of studies describes the interconnection of folate cycle gene polymorphisms with developmental defects of the fetus, Down syndrome including neural tube defects (anencephaly, spina bifida). The question about the involvement of folate cycle gene alleles to the reproductive pathology (agenesis, miscarriage, fetoplacental deficiency and gestosis formation, developmental delay and developmental fetal defect formation) presents a special interest. 
        EPIDEMIOLOGY OF THE FREQUENCY OF THE MTHFR AND MTRR GENES
Among world population, 677t mutation of the MTHFR gene is rather widely distributed in the presenters of European (Caucasian) race. The frequencies of two main mutations (C677T and A1298C) were studied among the presenters of USA population. It is shown the presence of the T/T homozygotes in 10% of Spanish individuals, and heterozygous carriers of this gene were, respectively, 56 and 52 % of examined persons, i.e. the presence of the 677T variant (genotypes C/T and T/T) was in 62-72 % of cases. Analogical results were obtained for European population. In Kharkiv region, homozygotes for the A 1298c mutation were revealed in 7.42%, and heterozygotes – in 40.70%. Homozygotes for the A 1298c mutation were revealed in 39.50%, that confirms a high frequency of polymorphic genes by two mutations of the MTHFR enzyme.

The distribution of gene polymorphisms of folate cycle system and their pathogenetic role in genesis of various pathological conditions mainly depends on the geographic and ethnic involvement of individuals. 

The C667T allele frequency varies in different populations of the world. Its highest frequency is observed in the populations of Mexico (58.6%), Columbia (48.7%). In Europeans, it varies from 20.3% (in Germans), till 35.7% (in citizens of Great Britain) and 36.1% (in citizens of France), and this allele occurs with the highest frequency of 52.8% in Italians, especially its central part (Toskania). In Asian populations, the C66T allele is distributed with the frequency from 8.8 % (in Indonesians) till 40.3 (in Koreans). On the African continent – from 5.2 % (Zaire and Kamerun) till 10.3% (South Africa). The allele occurs with almost the same frequency – 36.5% and 35.8% in Canada and Australia, respectively. The frequency of the allele is 17% in Afro-Americans, 41.7% in Spanish speaking citizens.  The frequency of the C677T allele is 41.2%. In the population of Eastern Europe its frequency is 40.7 % that is practically coincides with the value in Russian population and with early mentioned frequencies in European populations. 

The distribution of the homozygous allele 677T/T has a similar picture. In Europe, it varies with the frequency from 7.2% (in Germans) till 12.1% (in citizens of Great Britain). Its highest frequency is observed in Italians (22.7% - Northern Italy, 30.2% - Central. 17.1% - South). This allele occurs with the frequency of 4.8% in citizens of Netherlands, and 10.2% and 10.3% in Norway and Sweden. In Asia, 677T/T allele occurs with a low frequency of 3.5%, and it isn’t found in Africans. In Latin America, the homozygous allele with the highest frequency (34.8%) is found in the population of Mexico. Its frequency in Australia is 10.7%, in Canada – 15.7%. Allele frequency is 1.2% in Afro-Americans, in Spanish speaking citizens – 20.7%. The frequency of the 677T/T allele is 7.04% in the population of Eastern Ukraine. This value is lower than corresponding allele frequencies in Russian population (9.0%), and also in European populations. The frequency of this allele in Eastern Ukraine is similar to that in Germany. 

The frequency of polymorphisms, associated with folate and homocysteine metabolism, significantly varies among different ethnic groups. However, population screening and genotyping can provide data about the frequency of certain diseases in population. It is interesting, that Ukraine population reflects the incidence of NTD (neural tube defects), which is four times higher than an expected frequency. Besides, it suggests, that the distribution of folate deficiency in Ukraine exceeds the value in UK, where it was noted that 5-8% of young adults and 21% adults of elderly age have signs of folate deficiency. The analysis, which would estimate polymorphic frequencies of gene involved in the frequencies of false positive results in conducting screening program, which are based on the definition of amino acids, as we know, hasn’t been performed yet. The molecular screening of 500 newborns has been performed in Dania, which has shown that 1.4% from them is heterozygous for Ile278Thr mutation. This information has determined homozygote frequency as 1:25 500 or 3-4 children a year.

The genetic polymorphism C667T is combined at least with 4 groups of multifactorial distributed diseases: cardiovascular diseases, defects of fetal development, colorectal adenoma and breast cancer and ovarian carcinoma. 
                 CLINICAL SIGNIFICANCE OF HOMOCYSTEINEMIA
Homocysteine is always presented in plasma of healthy people, and its concentration constantly increases with age. It is almost the same in boys and girls before the maturity (5µmol/l), and it increases in pubertal period up to 6-7µmol/l, in adults - up to 10-12 µmol/l, and homocysteine level is usually higher in men than in women. Homocysteine concentration decreases during the pregnancy that, possibly, contributes to placental blood supply.

It is now known that the number of factors leads to the increase of homocysteine level. Hyperhomocysteinemia can be caused by:

1.Genetic defects of enzymes, which provide processes of homocysteine metabolism:

a) A mutation in the cystationine-ß-synthase gene;

b) A mutation in the 5,10-methyltetrahydrofolate reductase (MTHFR) gene.

2. Vitamin deficiency

2. Some diseases

3. Some toxins

4. Drug use (anticonvulsive, metotrexate, methylprednisolone, theophylline, estrogen-containing contraceptives, diuretics)

5. In vegetarians

6. Smoking, excessive consumption of coffee and alcohol

7. Combination of  hyperhomocysteinemia and hyperthyreosis

8. Kidney function disorder

9. A rapid progression of atherosclerosis in patients with severe kidney disease

10. Psoriasis
11. Systemic lupus erythematosus
12. Lymphoblastic leucosis

1. Breast cancer, ovarian carcinoma and pancreas cancer. 

The connection between the increase of homocysteine concentration in human blood plasma and the possibility of pathological condition development was already shown in 1962 year by Carson and Neil, who described homocysteinuria syndrome, which is caused by cystationine synthase deficiency in children. In 1969, McCully in details described characteristical for these patients proliferation of smooth muscles, progressive arterial stenosis, the increased thrombotic tendency. 

Studies of the last decade of the last century have allowed us to reveal a certain connection between a high level of homocysteine in blood plasma and risk increase of risk of arterial and venous blood flow disorder. Homocysteine in plasma is exposed to oxidation, and in the process of which free radicals are formed, which are toxic for endothelium cells. Endothelial lining of vessels is smooth muscle proliferation, and also the stimulation of thrombocytes and leukocytes. The process of homocysteine oxidation contributes to the oxidation of lipoproteins of a low density that stimulates atherogenesis processes.

In the presence of homocysteine, vessels loose their elasticity, there is a decrease of their ability to dilatation that mainly caused by endothelial dysfunction. W. Fu and co-authors (2002) proved that homocysteine influences on the formation and sensitivity of tissues to nitrogen oxide. In experiment, homocysteine infusion led not only to the inhibition of nitrogen oxide effects, which was produced by endothelium under acetylcholine effect, but also decreased exogenic NO activity. By data of A. Tawakol (2002), acute hyperhomocysteinemia caused coronary arteries dilatation disorder, which is associated with bioavailability of nitrogen oxide. This effect, possibly, is caused by oxidative distress, and hyperhomocysteinemia contributes to its development. These data can explain the fact that the decrease of vasodilator effect of NO-containing drugs, which are widely used in cardiology, is observed against the background of hyperhomocysteinemia.

There is evidence that hyperhomocysteinemia, in some cases, combines with insulin resistance however the character of interconnection of these conditions remains unclear. It is suggested that the high concentrations of homocysteine affect the structure and disturb mitochondrial function and also influence on expression of mitochondrial genes in patients with insulin resistance.Thus, hyperhomocysteinemia has adverse effects on the mechanisms involved in the regulation of vascular tonus, lipid metabolism and coagulation cascade. These pathogenetic changes are likely to cause the high frequency of cardiovascular diseases at the background of the high level of homocysteine in blood plasma. Nowadays, hyperhomocysteinemia is observed as a risk factor of cardiac pathology.

The results of some studies, which have been carried out recently, including those based on the principles of evidentiary medicine, allow us to assert that the decrease of homocysteine concentration in blood plasma reduces the risk of developing cardiovascular diseases. Thus, the results of meta-analysis of 72 studies of genetically caused hyperhomocysteinemia and 20 studies of high levels of homocysteine in blood serum were published in November, 2002 in «British Medical Journal». The scientists from St. Bartholomew’s Hospital and Southamptom General Hospital (England) have established that the decrease of homocysteine concentration by 3µmol/l reduces the risk of developing ischemic diseases of heart by 16%, insults – by 24% and venous thrombosis – by 25%. 

Hyperhomocysteinemia (HH) is an independent risk factor of atherosclerosis and atherothrombosis (independently from hyperlipidemia, hypertension, diabetes mellitus). It is established that 10% of the risk of developing coronary atherosclerosis are caused by the increase of homocysteine level in blood plasma. During studying the group of patients with HH and controls, homozygotic form 677T was found in 73% of patients with HH and only 10% of controls. The presence of homozygotic form leads to almost 10-fold increase of HH risk. The patients also had the decreased levels of folic acid and vitamin B12, drank more coffee and smoked frequently than controls (healthy donors).

 Normal homocysteine level is 5-15µmol/l, moderately increased level is 15-30µmol/l. 40-fold increase of homocysteine level is possible in severe form of HH. 
                                           HOMOCYSTINURIA
The high level of methionine, the increase of cystine level and the appearance of homocysteine are determined in blood serum in HCU (Homocystinuria). There isn’t normal homocysteine level in tissues and biological liquids of human. Enzyme level is 25-30% in heterozygotes of normal range, but enzyme level doesn’t influence on homocysteine levels because methabolic pathway across homocysteine isn’t the main direction of metabolism for homocysteine use. Three types of cystathionine synthetase deficiency are found: without the residual activity, with the decreased activity, the normal affinity to pyridoxal phosphate and with the decreased activity and decreased affinity to cofactor. 

Adding pyridoxyphosphate or pyridoxine increases cystathionine synthetase activity. However, there are two forms of HCU – HCU-B6-dependent and HCU-B6-resistant. The positive reaction on pyridoxyphosphate is considered to be explained by that vitamin B6 increase stable concentration of the active enzyme and decrease the speed of apoenzyme degradation. 

Cohran and coauthors described unusual HCU-B6-resistant form in 1990. The adolescent has asthma since early childhood and was hospitalized because of recurrent left sided pneumotorax. Following pneumotorax, he developed thrombosis of anterior sagittal sinus with edema and inflammation of nipple, optic nerve and proceeding right hemiparesis. The low level of cystathioine beta synthase was found in blood. The use of pyridoxine didn’t give the positive effect, meanwhile methionine restriction and betaine addition led to improvement.

Mudd and coauthors summed data about 629 patients with HCU in 1985. It is found, that mental abilities were higher in patients responsible to B6 (IQ 79), than in patients not responsible to B6 (IQ 57). The possibility of ectopia lentis before 10 years is 55% for HCU-B6-dependent form, for HCU-B6-resistant – 82%.

The possibility presence of thromboembolic complications before 15 years – 12 and 27% respectively; the possibility of osteoporosis before 15 years – 36 and 64%; the possibility of fatal outcome before 30 years – 4 and 23%. 

Methionine restriction, which began in the neonatal period, prevented mental retardation, decreased the degree of ectopia lentis, the degree of primary thromboembolism manifestations. The high concentrations of methionine and homocysteine manifest their pathological action in the vital organs and systems. 

Thus, the increase of homocysteine in blood serum leads to the appearance necrotic degenerative regions in the kidneys, spleen, mucous coat of stomach, skeletal system, vessels. Adverse effect of homocysteine appears during its influence on the intima of arteries of middle and large size with the following aggregation of thrombocytes on it. The use of anticoagulants prevents the appearance of thrombosis, but doesn’t renovate the intima of vessels.

Homocysteine also activates Hageman factor and, thus, contributes to thrombosis; as it has the low solubility, it can be accumulated in pathologically changed vascular wall and creates conditions for thrombosis. Histological analysis of brain tissue of patients with HCU, who died from thrombosis of cerebral vessels, reveals necrotic degenerative lesions of brain tissue. The structural changes of bones (if there is HCU) are characterized by osteoporosis. Adipose degeneration and protein dystrophy of the liver are noticed. The analysis of morphologic changes of bioptates of the liver with the help of light microscopy finds the disorder beam-type building of liver tissue “balloon dystrophy of hepatocytes”, pyknosis of their nuclei, filling cells with glycogen, extension of biliary ducts and the deficiency of Kupffer cells. 

The pathology of the eyes in HCU is characterized by degenerative affection in circular fibers of lens and ciliary bodies. The changes of connective tissue metabolism, which have secondary character, are noticed in HCU, and homocysteine combines with aldehydes – derivatives of lysine and prevent the appearance of transverse connections of collagen. It is manifested by the enlargement of collagen extra activity of patient’s skin, in enlargement of renal excretion of oxyproline and glycosaminoglycan (GAG).

The fraction analysis of glycosaminoglycan in patients with HCU has revealed predominance of those, which contain iduronic acid (dermatan sulphate, chondroitin 4 and 6 sulphate). The predominance of dermatan-like fractions of GAG in HCU represents the compensatory reaction of the body, because dermatan sulphate has anticoagulant activity, contributes to the enlargement of fiber thickness and trophologen organization in higher order fibers.

HCU is characterized by the decrease of repair ability of DNA lesions, induced by mutagenes. There are short and long types of disorders of DNA repair pathway. The listed changes show that the primary disorders of SCAA (methionine) metabolism involve other sites of metabolism in the pathological process. This circumstance is a cause of the variety of clinical signs of HCU.

                                                                                                                                                  Table 1
HCU classification (N. Blau et al., 1996)
	№
	Disorder —
affected component
	Tissue distribution
	Chromosome localization
	№ MIM

	10.1
	Methionine adenosyl- transferase-

(МАТ) of the liver
	Liver
	
	250850

	10.2
	Cystathionine beta synthase (CBS)
	Liver; brain; lymphoblasts; cultured fibroblasts, amniocytes and chorionic fibers 
	21q22.3
	236200

	10.3
	Gamma-cystathionase (СТН)
	 Liver; lymphoblasts
	16
	219500

	10.4

10.4.1

10.4.2
	Sulphite oxidase, isolated or molybdenum cofactor

Type А
Type В
	Liver; kidneys; lungs; heart; lymphoblasts; chorionic fibers; cultured fibroblasts, amniocytes
	
	272300

252150

252160

	10.5
	5,10-methylentetrahydropholate reductase (MTHFR)
	Liver;lymphocyte; lymphoblasts; chorionic fibers; cultured fibroblasts
	1р36.3
	236250

	10.6
	Methionine synthase (methylcobalamin) 

cblE

cblG
	Liver; cultured fibroblasts, amniocytes
	
	236270

250940

	10.7
	Methylmalonyl-CoA-mutase (adenosylcobalamin) and methionine synthase (methylcobalamin)

cblC

cblD

cblF
	Liver; cultured fibroblasts, amniocytes
	
	277400

277410

277380


Methionine adenonosyl transferase deficiency (I/III) is a rare form of HCU. There are mild forms, as well as those forms, which are followed by demyelination.

The high levels of methionine and S-adenosylmethionine deficiency are marked in this form. Sertis and coauthors (1991) received the high effect from the treatment with the significant decrease of methionine level in this disorder.
Adenosylhomocysteine hydrolase deficiency is characterized by the increased level of methionine and S- adenosylmethionine (Mudd with coauthors, 2003). There is no clearly described phenotype. 

The danger of the high level (more than 1500 µmol/l) is in the possibility of brain edema (Yagmay with coauthors, 2002), that’s why treatment indication is reasonable. N-methyltransferase deficiency leads to the increase of methionine and S-adenosylmethionine and also N-methylglycine (Mudd with coauthors, 2001).

Cystathionine beta-synthase (CBS) deficiency is a classical form of HCU, is followed by the increase of level of homocysteine, methionine, S-adenosylmethionine, S-adenosylhomocysteine and cysteine (Mudd with coauthors, 2001).

CBS deficiency is associated with expressed phenotypic changes; lower subluxation of the lens, mental retardation, skeletal disorders, the high risk of thrombophylia.

The treatment is directed to the decrease of homocysteine level in plasma, the normalization of methionine and cysteine level.  Treatment results show the possibility of the successful correction, but sometimes they have contradictory character. 

In our one patient, the treatment was began at the age of 15 years at the first visit and didn’t significantly influenced on phenotypic manifestation (the correction was began at the age of 1 month, dietary and vitamin therapy was until 21 years, when she delivered a healthy child under control of geneticist). The diagnosis of the boy was established at the age of 13 years, started correction in the following 2 years not only stopped manifestation of biochemical disorders, but also changed phenotype: not motivated smile disappeared, academic performance increased, scoliosis progression stopped in the patient. 
Gamma-cysthionase deficiency is considered to be a mild form, which doesn’t need any correction.
Sulphite oxidase deficiency can be isolated disorder or can be included in cofactor disorder of molybdenum combined with xanthine oxydase deficiency.

The severe forms of the disease with the early fatal outcome were described. In the case of the late manifestation, Tuati and coauthors (2000) marked the positive effect from the use of low-protein diet and AA mixture without methionine and cysteine. 

Thus, the presence of some symptomotology is characteristic for HCU: mental retardation with the formation of focal neurological symptoms, ectopia lentis, skeletal deformations, thromboembolia and cardiovascular disease. Patients with HCU are tall,  have ectomorhy, they are characterized by long and thin limbs, arachnodactyly of hands and feet, valgus knee, funnel or pigeon chest deformity, kyphoscoliosis, repeated fractures related to osteoporosis of bones. However, the latter feature is not constant. Osteoporosis (in the presence of HCU) is associated with that the excess of homocysteine ​​prevents the normal synthesis of collagen cross-links.

The diagnosis of HCU is made first of all on the basis of clinical and genealogical data, which are characterized by similar symptoms in siblings of probands and no signs of the disease in the parents. The set of previously listed clinical symptoms is a convincing motivation for suspicion of HCU. The diagnosis is confirmed using paraclinical methods - biochemical, enzymatic, functional and radiological. In patients with HCU A positive test for nitro cyanide (urine staining in an intensive beet color) appears in patients with HCU. TLC of amino acids determines the increase of methionine level, the decrease of cysteine level, the appearance of homocysteine and mixed disulfides of homocysteine-cysteine.

An abrupt decrease of enzyme activity is revealed in determining the activity of the enzyme cystathionine beta-syntase in liver biopsies or cultured skin fibroblasts of patients. In this case, a direct impact of pyridoxal phosphate on the studied enzyme reveals a complete absence of stimulating effect of the cofactor on the activity of cystathionine synthase in some patients. This allows you to distinguish B6-resistant forms of HCU. In some cases, we find that the findings of enzymatic activity of cystathionine synthase don't correlate with the features of the clinical and biochemical course of the disease. In addition, the increased amount of glicosaminoglicans and oxyproline is revealed in urine of the patients with HCU. In glicosaminoglicans, the fractions containing iduronic acid and chondroitin sulfates A and C are predominant. Diffuse osteoporosis is revealed by X-ray.

HCU caused by cystathionine deficiency, has to be differentiated from other forms of the disease, which occur due to methionine remethylation disorders. During metabolism of sulfur-containing amino acid, homocysteine may be converted into two types. The first: cystathione is formed after condensation with serine. This condensation is catalyzed by cystathionine syntase and its cofactor is pyridoxal phosphate. Another way of metabolism is remethylation with the formation of initial methionine. This transformation occurs with 5-methyltetra hydropholate. The coenzyme in this reaction is the derivative of vitamin B12 - methylcobalamin. Another coenzyme of vitamin B12 – desoxyadenosyl of B12 is necessary for the catabolism of methylmalonic acid. Reduction, which is catalyzed by cobalamin reductase, precedes the formation of two coenzyme from vitamin B12 - desoxyadenosyl of B12 and methylcobalamin. Cobalamine reductase deficiency leads to another type of HCU. The disorder of the formation of two coenzymes of B12 leads to a simultaneous change in metabolism of methylmalonic acid and methionine (the decrease of homocysteine remethylation with the formation of methionine). The result of such disorder is following: the increase of renal excretion of methylmalonic acid, homocysteine, the reduction of methionine content in blood serum, urine and tissues of the patient. This variant of the disease is extremely rare and is characterized by a variety of clinical manifestations: some patients have growth delay, while others have disproportionately elongated limbs and other phenotypic features of Marfan's syndrome. Some patients have episodes of megaloblastic anemia, despite the high concentration of vitamin B12 and folic acid in the blood serum. In these patients, the content of methylcobalamin is abruptly decreased in the liver, brain and blood serum. The degree of mental retardation varies from person to person. Multiple foci of demyelination, vascular affection of the white matter of the brain, such as those observed in B12 deficiency, are determined by pathomorphological examination of the brain.There is another form of HCU associated with homocysteine remethylation disorder, which is due to the decrease of N-5-methyltetrahydrofolic acid. This defect occurs due to the low activity of N-5.10-tetrahydrofolate reductase, which reproduces N-5.10-methylenetetrahydrofolic acid to N-5-methyltetrahydrofolic acid. This form of HCU is also rare and is characterized by the low level of methionine in urine and blood serum, accumulation of cystathionine and its high renal excretion. Clinical manifestations are variable: seizures, muscular hypotonia, schizophrenia, PTMR. The forms with a complete absence of clinical symptoms, as well as a malignant course of the disease and its manifestation in the neonatal period have been described.

Expressed complications, associated with homocystinuria:

- Mental retardation

- Psychic disturbances

- Convulsions

- Skeletal disorders (dolichostenomelia)

- Vascular disorders, including arterial thrombosis (arterial occlusion of coronary, cerebral and peripheral vessels) and venous thrombosis (including embolia of the pulmonary artery)
- Osteoporosis

- Lens dislocation, myopathy, iridodonesis

Rare complications associated with homocystinuria:

- Fatal cerebrovascular occlusion

- Chronic (subacute) pancreatitis

- Extrapyramidal symptoms (dystonia, myoclonus, oromandibular dystonia)

Clinical signs of HCU are distinguished dependently on the character of genetic disorders and can be generalized in several forms:
Mild hyperhomocysteinemia (by data of G. F. Hoffmann et. al., 2002) 

	Clinical signs:  
	The presence of risk factor ( especially in connection with folate deficiency) in:

- early vascular disease in 3-rd and 4-th decade (infarcts, thrombosis, embolia – not corresponded to children age);

- the presence of neural tube defects in maternal hyperhomocysteinemia

	Causes:
	MTHFR—polymorphism A222V (677С>Т), thermolabile variant, homozygosity in 5 % of Europeans), because of the relative deficiency of folate

- heterozygosity for cystathionine-P-Syntase deficiency;

- endogenic  and exogenic disorders of metabolism of folic acid;

- vitamin B12 deficiency

	Diagnosis
	↑homocysteine in plasma (specific analysis) up to 30-40 µmol/l, take into account methionine load

	Therapy
	Intake of  folic acid (5 mg/a day), vitamin B6  (100  mg/a day)


Classical homocystinuria (by data of G. F. Hoffmann et. al., 2002) 

	Clinical signs: 
	Epilepsy, mental retardation, progressive myopia (early symptom), dislocation of the lens, osteoporosis, thromboembolia

	Manifestation:
	Progressive disease, it usually begins at school age

	Enzyme:
	Cystathionine beta-syntase

	Biochemistry:
	Changed loading (enzyme deficiency), homocysteine accumulation→collagen disorder

	Diagnosis:
	AA in plasma:↑ Met, ↑homocysteine (specific analysis: > 150 µmol/l),

↓Cys;

	DD:
	Methionine synthesis disorder; cobalamin defects

	Therapy:
	Intake of pyridoxine (50-100 mg/a day) and 10 mg/ a day of folic acid; if it doesn't show any effect: diet keeping, 100mg/kg/a day (if it is necessary up to 3x3 g/a day).  The aim: homocysteine in plasma < 30 µmol/l


                                                                                                                                                      Table 2
Cystathione beta-synthase deficiency (CBS) (by data of N. Blau, 1996)
	System
	Symptoms/
markers
	Child

age
	Adults

	Specific clinical symptoms
	Ectopia lentis 

Mental retardation

Thromboembolic complications
	±

±

±


	±

±

±



	Specific clinical symptoms
	Osteoporosis
	±


	±



	Specialized laboratory
	Methionine in blood plasma

Homocysteine, free/

total in blood plasma

Cystine in plasma
Homocysteine-cysteine in blood plasma

Cystine in plasma
Homocystine in urine

Homocysteine-cysteine in urine

Test for nitro cyanide in urine
	↑

↑

↑

↓
↑

↑

+
	↑

↑

↑

↓
↑

↑

+

	CNS
	Mental retardation

Psychiatric symptoms

Seizures

Infarcts
	±

±

±

±
	±

±

±

±

	Eyes
	Myopia

Ectopia lentis
	±

±
	±

±

	Skeletal
	Scoliosis

Arachnodactylia

Chest deformation

Valgus knee deformity

Osteoporosis
	±

±

±

±

±
	±

±

±

±

±

	Vascular
	Occlusions
	±
	±

	Dermatologic
	Blushing
	±
	±


MTHFR 677 С→Т, А222V

The mutation in MTHFR 677 C → T gene, A222V is characterized by a wide range of manifestations, and patients, as a rule, are examined in therapeutics, psychiatrist, neuropathologists, vascular surgeons, oncologists. This is connected with that C677T polymorphism is associated with multifactorial diseases – cardiovascular, fetal development defects, colorectal adenoma and breast carcinoma, ovarian cancer, mental and physical development retardation, prenatal fetal death.

N. Blau and coauthors systematized clinical and laboratory symptoms of MTHFR deficiency (5,10 methylenetetrahydrofolate reductase) (table 3).
                                                                                                                                              Table 3
5,10-methylentetrahydrofolate reductase  (MTHFR)

(by data N. Blau et al., 1996)

	Symptom
	Symptoms/
markers
	Child age
	Adults

	Specific clinical symptoms
	Mental retardation
	±
	±

	Specialized laboratory
	Methionine in blood plasma

Homocysteine, free/

total in blood plasma

Homocysteine-cysteine in blood plasma

Test for nitro cyanide in urine

Homocystine in urine

Cystathionine in urine

5-Methyl-THF в SCF

Abnormal EEG
	n or ↓
↑

↑

+
↑

n or ↑
↓

±
	n or ↓
↑

↑

+
↑

n or ↑
↓

±

	CNS
	Mental retardation
Gait abnormalities

Psychiatric disturbances
Microcephaly
Convulsions
	±

±

±

±
	±

±

±

±

±

	Vascular system
	Occlusions
	±
	±

	Muscular system
	Weakness in limbs
	±
	±


 Methionine synthase deficiency, disorder of methylcobalamin synthesis
	Clinical signs:
	megaloblastic anemia, progressive mental retardation, neurologic disease

	Diagnosis:
	AA in plasma: ↑homocysteine (specific analysis: >150 µmol/l), n-↓ Met; OA in urine: ↑methylmalonic acid (cobalamin defects); the positive result of test for nitro cyanide

	Therapy:
	Cobalamin (1 mg/a day –  intramuscularly during a week, a dose depends on a defect); take into account betaine


                                                                                                                                    Table 4

Functional deficiency of methionine synthase (cblE, cblG)

(by data of N. Blau et al., 1996)
	System
	Symptoms/
markers
	Children age
	Adults

	Specific clinical symptoms
	Developmental retardation

Megaloblastic anemia
	+

+
	+

+

	Specialized laboratory
	Homocystine in urine

Methionine in blood plasma

Homocysteine, free/

total in blood plasma
	↑
↓- n

↑


	↑
↓- n

↑



	General laboratory
	Macrocytic anemia 

Abnormal EEG
	+

±
	+

±

	CNS
	CT: atrophy of the brain
Mental retardation

Hypotonia

Convulsions
Gait abnormalities
Peripheral neuropathy
	±

±

±

±

±

±
	±

±

±

±

±

±

	Eyes
	Nistagmus

Abnormal electroretinogram 

Decreased vision
	±

±

±
	±

±

±


 Deficiency of sulphitoxidase and molybdenum cofactor
	Clinical signs:
	infantile epileptic encephalopathy; progressive mental retardation, later: ectopia lentis

	Biochemistry:
	molybdenum is also xantine oxidase cofactor 

	Diagnosis:
	the positive result of test for nitro cyanide (fresh urine); AA in plasma: ↑taurine, ↑sulphocysteine; purines in urine: ↑↑ xantine, hypoxantine ( in the case of the increased deficiency of molybdenum cofactor, the normal deficiency sulfite oxidase)


Table 5

Sulphite oxidase deficiency (by data of N. Blau et al., 1996)
	System
	Symptoms/
markers
	Children age
	Adults

	Specific clinical symptoms
	Not curable seizures

Ectopia lentis

Psychomotor development delay
	+
	+

+

+

	General laboratory
	In the case of molybdenum cofactor deficiency:

      urinary acid in plasma

      urinary acid in urine
	↓

↓
	↓

↓

	Specialized laboratory
	Test for nitro cyanide in urine

S-sulfito cysteine in plasma

S- sulfito cysteine in urine

Taurine in plasma

Taurine in urine

Sulphate in urine

Cystine in plasma

Thiosulphate in urine

In the case of molybdenum cofactor deficiency:

     xantine in urine

     hypoxantine in urine

MRT/CT: atrophy of the brain, dilated ventricles
	+

↑

↑

↑

↑
↓

↓
↑

↑

↑


	+

↑

↑

↑

↑
↓

↓
↑

↑

↑
±

	CNS
	Axial hypotonia/ peripheral hepertonia

The main motor seizures

Developmental delay

Hemiplegia, ataxia, choreoid movements 
	+

+
	+

+

+

	Eyes
	Ectopia lentis
	
	+

	Gastrointestinal tract
	Feeding difficulties
	+
	+


Table 6
Functional deficiency of methylmalonyl-CoA-mutase and methionine synthase (cblC, cblD, cblF) (by data of N. Blau et al., 1996)
	System 
	Symptoms/
markers
	Children age
	Adults

	Specific clinical symptoms
	Developmental delay

Megaloblastic anemia
	±

±
	±

±

±

	Specialized laboratory
	Homocysteine in urine  

Methylmalonic acid in urine

Homocysteine, free/

total in blood plasma
	↑

↑

↑
	↑

↑

↑


	General laboratory
	Macrocytic anemia

Thrombocytopenia
	
	±

±

	CNS
	Mental retardation

Hypotonia

Seizures

Muscular spasticity

Gait abnormality

Disturbed speech

Dementia

Acute psychosis
	±

±
	±

±

±

±

±

±

±

	Eyes
	Degeneration of the retina
	
	±


Table 7

Gamma-cystathionase deficiency (by data of N. Blau et al., 1996)
	System
	Symptoms/
markers
	Children age
	Adults

	Specific symptoms
	Absent
	
	

	Specialized laboratory
	Cystathionine in urine plasma 

Cystathionine in urine
	↑

↑
	↑

↑



             Fig.3.The algorithm of diagnosis of various forms of HCU

Developed methods of biochemical, molecular and enzymatic diagnosis give the possibility in the second trimester to conduct prenatal diagnosis and to begin the treatment of the fetus with the help of special drugs, vitamins, dietary therapy under the careful control of findings, first of all, visual US-diagnosis (table 8). Our experience of prenatal recognition of HCU has been received on the basis of the latest method of study.

                                                                                                                   Table 8
Prenatal diagnosis (by data of N. Blau et al., 1996)
	Disorder
	Material
	Trimesters of pregnancy

	CBS deficiency
	Chorial fibers, cultured amniotic cells 
	I, II

	Sulphite oxidase deficiency
	Chorial fibers, amniotic fluid, cultured amniotic cells
	I, II

	MTHFR deficiency
	Chorial fibers, cultured amniotic cells
	I, II

	cblE disease
	Cultured amniotic cells
	II

	cblС and cblF disease
	Cultured amniotic cells
	II


THE TREATMENT OF DISORDERS OF SULPHUR-CONTAINING AMINO ACIDS 
Fig.4. – CBS-deficit: treatment and monitoring scheme
The of thromboembolic complications such as thrombosis of superficial veins in patients with HCU decreases during the pregnancy, but the treatment remains undeveloped. Our experience shows the necessity of the complex therapy, including drugs directed on the normalization of some pathogenetic parts in HCU. Treatment scheme is presented in table 9.

Table 9
The treatment of pregnant women with HCU (by data of N. Blau et al., 1996)
	Trimesters of pregnant women
	Studies
	Treatment

	1 and 2 Trimesters
	Weekly
Homocysteine, free/
total in plasma
	Daily
Protein-restricted diet (10 g/kg) Mixtures of amino acids without methionine (180 mg/kg)

Cysteine powder (1,5-2mg/kg)

Aspirin75мг
Vitamin В12 – 1mg intramuscularly 

Betaine 100-150 mg/kg

Pyridoxine 100mg

Low-molecular heparin (daily injections)

Selenium and zinc (if their level is decreased)


                                     DIFFERENTIAL DIAGNOSIS
HCU is needed to differentiate first of all with Marfan syndrome: unlike Marfan syndrome, HCU is inherited in an autosomal recessive pattern, is followed by more severe affection of the eyes because of glaucoma, less dissociation of weight and height parameters, the absence of aorta aneurism, mitral valve, joint laxity, flatfoot, the presence of osteoporosis. The patients with HCU are frequently blondes or light blondes with soft, slightly curly hair, have blushing cheeks and a blue color of the iris. The changes of amino acid composition of blood, absent in Marfan syndrome, the decrease of cystathionine synthase activity, disorder of both pathways of the repair of damaged DNA are characteristic for HCU. In HCU, there is no clear dependence of the level of DNA repair activity on the severity of clinical symptomology and proband’s age, meanwhile there is such consistency in the patients with Marfan syndrome (table 10).

Table10
The main differential diagnostic criteria of various forms of homocystinuria and monogenic forms of connective tissue dysplasias (by data of N.P. Bochkov, Y.Е.Velpishev, 1994)
	Disease signs
	Beals syndrome
	Stickler

syndrome
	Weill-Marchesani

syndrome
	HCU
	Marfan syndrome

	Inheritance type:
А/D
А/R
	+

-
	+

-
	+

-
	-

+
	-

+

	The changes of locomotor apparatus:

· arachnodactyly

· long thin fingers

· brachydactyly
	+

+

-
	+

+

-
	-

-

+
	+

+

-
	+

+

-

	Body build:
· asthenic

· hyperasthenic
	+

-
	+

-
	-

+
	+

-
	+

-

	Chest deformation
	+/-
	-
	-
	+/-
	+

	Kyphoscoliosis
	+
	+
	-
	+
	+

	Joint laxity
	-
	+/-
	-
	-
	+

	Inborn contractures of large and small joints
	+
	-
	-
	-
	-

	Osteoporosis
	-
	-
	-
	+
	-

	Pathology of cardiovascular system:
· congenital heart defects

· mitral vulve prolapse

· aorta aneurism
	-

-

-

-
	-

-

-

-
	+

-

-

-
	-

-

-

+
	+/-

+

+

-

	Eye pathology:
· ectopia lentis
· microspherophakia

· recurrent glaucoma

·  inborn myopathy
	-

-

-

-
	
	
	
	

	CNS affection:
· decrease in intellect

· palsies

· convulsions
	-

-

-
	+/-

-

-
	+/-

-

-
	+

+

+/-
	+/-

-

-

	Increased rate of renal excretion of metabolites of connective tissue: oxyproline

· GSG
	+

+
	+

+
	+/-

+/-
	+

+
	+

+


We have been examined 652 patients to reveal the main pheno- and genotypic correlations in disorders of SCAA metabolism. Polymorphisms haven’t been revealed in 71 (10.9%) patients. Polymorphisms have been revealed in 581 (89.1%) patients, these polymorphisms are characterized by the following clinical manifestations (table 11).
Table 11
The main clinical manifestations in patients with folate cycle deficiency 
	MTHFR

(C677T)

Hmzg-47
Htrg –261
	Cardiovascular diseases (including, CHD, myocardial infarction), atherosclerosis, atherothrombosis

	
	Pregnancy complications: neural tube nonclosure, anencephaly, antenatal death of the fetus, placental abruption, growth delay in the fetus, facial deformations (harelip, cleft palate)

	
	Oncological deseases

	
	Chromosome non-disjunction in meiosis

	
	Psychiatric disorders (schizophrenia, severe depressive disorders and other psychoses)

	MTRR

(A66G)

Hmzg-210
Htrg - 230
	Venous thromboembolisms

	
	Unexplained intrauterine death of the fetus in II or III trimesters of pregnancy 

	
	Birth of children with Down syndrome


CONCLUSIONS: 
Thus, in the examined number of patients, the most frequent compound 677 С/Т MTHFR in homozygous condition and 66 A /G MTRR in heterozygous condition with characteristic phenotype, which differs from classical HCU. Biochemically this form corresponded to mild HCU. 

Figure 5 schematically shows the phenotypic portrait of such patients, combined characteristic clinical signs: asthenic body build, dark hair, “sharp” facial features, vision disorder, long fingers, scoliosis, “marble skin” – especially of palms, normal intellect, the presence of creative abilities. 

                                                            
Fig.5. The phenotype of the patients with mild HCU. 677 С/Т MTHFR compound in homozygous condition and 66 A /G MTRR compound in heterozygous condition

In the case of revealing deficiency of folate cycle enzymes, the following correction was indicated for patients:

1. protein-restriction diet with the increased content of methionine;

2. cofactor therapy (folic acid 1-4 mg/a day, vitamin B6 50 mg/a day, vitamin B12 1 mg/a day, betaine 3 mg/a day) – by the control of blood level of homocysteine and amino acid.

The suggested therapy allows you to significantly improve patient condition and to prevent the development of dangerous for life cardiovascular complications of disorders of SCAA metabolism.
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