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Preface

This book aims to summarize recent information on non-proteinogenic amino acids and es‐
pecially homocysteine.

The chapters contain scientific works from different leading researcher groups in the field of
non-proteinogenic amino acids.

The sulfur-containing amino acids and their derivatives in biological samples are quantified
sensitively using high-performance liquid chromatography methods coupled with various
detection methods such as UV/Vis, fluorescence, chemiluminescence, electrochemical mass
spectrometry, and tandem mass spectrometry. The book includes recent advances in these
analytical methods and their applications.

The book also presents information on the homocysteine metabolism and its involvement in
human pathology.

In recent years, numerous studies have shown a positive correlation between serum levels
and various diseases, especially vascular pathology. Vitamins  B6, B12, and folic acid play a
major role in controlling homocysteine levels. Homocysteine levels can be taken as an early
indicator for the detection of cardiovascular diseases because Hcy levels increase after a my‐
ocardial infarction or stroke.

Over the years, numerous mechanisms have been identified through which homocysteine
affects osteoblast functioning. These include alterations in collagen structure, epigenetic
modifications, and changes in RANKL-OPG production by osteoblasts. These mechanisms
are reviewed in this book.

This book is a significant resource for experts in basic science, biochemical pharmacologists,
healthcare professionals and also other scientists who are interested in exploring the role of
homocysteine in human life. We would like to express our gratitude to all the authors who
had chosen to join this project by submitting their work. We would also like to thank Ms. Maja
Bozicevic, Author Service Manager at InTechOpen, for her help and guidance with this work.

Nina Filip and Cristina Elena Iancu
Grigore T. Popa University of Medicine and Pharmacy

Iasi, Romania
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Introductory Chapter: General Aspects Regarding 
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Additional information is available at the end of the chapter

1. Historical aspect

The first description of homocysteine (Hcy), a non-proteinogenic amino acid, was introduced 
within a case study in 1932. The first patient was an 8-year-old child with a mental retardation 
disorder who died of a myocardial infarction. Meanwhile, research continued; in 1969, Dr. 
Kilmer McCully was the first to describe the vascular pathology in patients with homocystin-
uria associated with hemodynamic changes, progressive arterial stenosis, and proliferation of 
smooth muscle cells. He also noted that homocysteine may have a causal role in any metabolic 
abnormality. This idea is the basis of his theory that a moderately elevated level of homocys-
teine is an important risk factor for cardiovascular disease. His theory was sustained only in 
1976 through a clinical trial demonstrating an increase in coronary artery disease in people 
with hyperhomocysteinemia. Since then, a particular interest has been given to studying this 
relationship.

2. Homocysteine metabolism

Homocysteine metabolism is at the crossroads of several pathways and is itself a product of the 
de novo pathway of the methionine metabolic reactions catalyzed by S-adenosylmethionine 
(SAM) and S-adenosylhomocysteine (SAH).

Homocysteine can be remethylated to methionine via the cobalamin-dependent and cobalamin-
independent pathways or can be metabolized to cysteine and other metabolites via transsulfuration 
pathway [1]. The following enzymes are involved in the homocysteine metabolism: methionine 
synthase (MS), methylenetetrahydrofolate reductase (MTHFR), cystathionine β-synthase (CBS), 
methionine synthase reductase (MTRR), and betaine-homocysteine S-methyltransferase (BHMT).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In remethylation, homocysteine (Hcy) can be converted back to methionine in the remethyl-
ation pathway via 5-methylenetetrahydrofolate reductase (MTHFR) and methionine synthase 
(MS). In the transsulfuration pathway, Hcy is condensed with serine to form cystathionine via 
vitamin B6-dependent cystathionine β-synthase (CBS).

For proper function MS requires methylcobalamin (vitamin B12) and methionine synthase 
reductase (MTRR) [2]. Without MTRR, MS does not convert homocysteine into methionine.

MTHFR regulates the partitioning of folate-activated one-carbon units between the folate-
dependent de novo thymidylate and homocysteine remethylation pathways. MTHFR con-
verts 5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate (5-MTHF) required 
for the reaction of remethylation of homocysteine and away from thymidine synthesis. 
5-Methyltetrahydrofolate acts as a substrate with vitamin B12 and S-adenosylmethionine serv-
ing as cofactors for methionine synthase. The functionality of methionine synthase is main-
tained by methionine synthase reductase, which catalyzes the reductive reactivation of inactive 
MS bound to oxidized cobalamin to maintain its active form using S-adenosylmethionine 
(SAM). Polymorphisms in MS and MTHFR were suggested to act independently to elevate 
Hcy concentrations by compromising different parts of the pathway that might not interact 
directly with one another [3].

The genetic variations of MTHFR have been reported to be associated with the gene defi-
ciency and associated with susceptibility to occlusive vascular disease, neural tube defects, 
Alzheimer’s disease, and other forms of dementia [4, 5]. In a study, C677T polymorphism in 
MTHFR was shown to associate with higher plasma homocysteine and the risk of brain atro-
phy and brain volume deficit [6]. The mutation of MTHFR results in reduced enzymatic activ-
ity and consequently accumulation of homocysteine. Plasma concentrations of folate, B12, and 
5-MTHF were reduced in elderly (over 65 years old) patients with dementia [7]. There was 
no difference found in DNA methylation between demented patients and age-corresponding 
controls. However, changes in DNA methylation correlated with the folate status. Two single 
nucleotide polymorphisms (C677T and A1298C) in the methylenetetrahydrofolate (MTHFR) 
gene are important genetic predictors of Hcy level [8].

It was reported that deficit of B12, B6, and folate can lead to cognitive deficit. High level of 
homocysteine was observed in B12 deficiency even when the level of folate was sufficient. 
Only concurrent supplementation of B vitamins and folic acid has been efficient in diminish-
ing the level of Hcy [9].

Methionine is first converted to S-adenosylmethionine, which can lose its methyl group to 
form S-adenosylhomocysteine (adoHcy). This demethylated product is hydrolyzed to free 
homocysteine which undergoes a reaction with serine, catalyzed by cystathionine β-synthase, 
to yield cystathionine. CBS catalyzes the pyridoxal phosphate-dependent conversion of homo-
cysteine to cystathionine. In the animal model, it was shown that during aging the expression 
of CBS was not changed, whereas activity significantly decreased [10]. Subsequently, the 
decline in CBS activity due to nitration was attributed to observed elevated level of Hcy. High 
Hcy levels results from diet with an excess of methionine. In mice models it was shown that 
high methionine diet brings up the level of homocysteine in Cbs (+/+) and Cbs (+/−) [11].

Non-Proteinogenic Amino Acids4

3. Hyperhomocysteinemia and diseases

The following forms of homocysteine can be found in the plasma:

1. Free Hcy

2. Protein-bound Hcy (S-linked and N-linked)

3. Oxidized forms of Hcy

4. Hcy-thiolactone [1]

Hyperhomocysteinemia (HHcy) may arise from genetic defects of enzymes involved in 
homocysteine metabolism. There are numerous factors that influence Hcy level like age, 
gender, cigarette smoking, coffee and alcohol intake, and polymorphisms in genes encoding 
enzymes acting in one-carbon metabolism.

Hyperhomocysteinemia is defined when plasma level is more than 15 μmol/L [1]. Total con-
centration of homocysteine in plasma of healthy humans is low, and its level is between 5.0 
and 15.0 μmol/L. Several types of HHcy are classified in relation to the total Hcy concentra-
tion: moderate (16–30 μM), intermediate (31–100 μM), and severe (higher than 100 μM) [12].

Hcy level associates with all-cause mortality risk in a linear fashion, and the risk of mortal-
ity increases for each 5 μmol/L Hcy by 33.6% [13]. In patients with heart failure, the level 
of Hcy reached 17.8 ± 0.7 μmol/L; Hcy reached the highest level of 20.2 ± 1.5 μmol/L in 
patients with cognitive impairment. Hcy exerts multiple neurotoxic mechanisms that are 
relevant in the development of neurodegenerative diseases such as Alzheimer’s disease [14]. 
Hcy at the concentration over 30 μM associates with cognitive dysfunction [15]. The preva-
lence of hyperhomocysteinemia was significant in patients with hypertension and ischemic 
heart disease. Chronic hyperhomocysteinemia causes vascular remodeling by instigating 
vein phenotype in the artery, thus leading to cerebrovascular and vascular dysfunctions. 
Interestingly, a large proportion of vegetarians develop hyperhomocysteinemia and serum 
vitamin B12 deficiency [16]. Positive association was reported between Hcy level and physi-
cal inactivity.

A high Hcy level associates with an increased reactive oxygen species (ROS) production in 
the elderly [17–19]. Hcy exerts neurotoxicity by suppressing activities of Na+/K+ ATPase, 
superoxide dismutase (SOD), and glutathione peroxidase (GPx) and diminishing glutathi-
one content. Redox balance disruptions and excessively generated ROS promote neuronal 
death in the cerebral cortex. Homocysteine (Hcy) toxicity is mediated by the posttranslational 
modification of proteins by its metabolite, homocysteine thiolactone (HTL). It was shown 
that HTL-modified cytochrome c causes conversion of the hexa-coordinate cytochrome c to 
a penta-coordinate species and conformational alterations affecting the packing of the apolar 
groups. Such changes lead to the reduction of the heme moiety and activation of peroxidase-
like function of cytochrome c [20].

Clinically the measurement of homocysteine is considered important to diagnose homocys-
tinuria to identify individuals with the risk of developing cobalamin or folate deficiency states 
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and to assess the risk factor for young cardiovascular disease (CVD) patients (<4 years). In 
known cases of CVD, high homocysteine levels should be used as a prognostic marker for 
CVD events and mortality. Increased homocysteine levels with low vitamin concentrations 
should be handled as potential vitamin deficiency state. Supplementation of diets with folic 
acid, cobalamin, and pyridoxine appears to provide protection by lowering homocysteine 
levels in the blood.

The homocysteine level increases with an increasing age and is generally higher in males as 
compared to females. Homocysteine has been suggested to be a risk factor for fracture, but the 
causal relationship is not yet clear [21]. Homocysteine levels can be taken as an early indica-
tor for the detection of cardiovascular diseases as the Hcy level increases after a myocardial 
infarction or stroke. No clear cut data is available that rules out homocysteine as a marker for 
heart disease.
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and to assess the risk factor for young cardiovascular disease (CVD) patients (<4 years). In 
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causal relationship is not yet clear [21]. Homocysteine levels can be taken as an early indica-
tor for the detection of cardiovascular diseases as the Hcy level increases after a myocardial 
infarction or stroke. No clear cut data is available that rules out homocysteine as a marker for 
heart disease.
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Abstract

Homocysteine (Hcy), a sulfur-containing amino acid, is a representative intermediate 
metabolite of methionine (Met) to cysteine (Cys) via several intermediates. An elevated 
level of Hcy in plasma plays an important role in diseases such as neural tube defects and 
Down syndrome. Homocystinuria is the most common inborn error of sulfur metabolism 
and is caused by mutations in the metabolic enzymes of Hcy. These errors can be caused 
by abnormal levels of Met metabolites and classified on the basis of plasma Met levels. 
Additionally, Hcy and related compounds such as glutathione play an important role 
in maintaining homeostasis. Therefore, the simultaneous determination of Hcy and/or 
related compounds is required for appropriate clinical management of several diseases. 
The sulfur-containing amino acids and their derivatives in biological samples are quanti-
fied sensitively using high-performance liquid chromatography methods coupled with 
various detection methods such as UV/Vis, fluorescence, chemiluminescence, electro-
chemical, mass spectrometry, and tandem mass spectrometry. In this chapter, we review 
recent advances in these analytical methods and their applications.

Keywords: homocysteine, homocysteine-related compounds, sulfur-containing amino 
acids, HPLC, determination, derivatization

1. Introduction

Homocysteine (Hcy), one of the sulfur-containing amino acids, is a representative intermediate 
metabolite of methionine (Met) in the cysteine (Cys) biosynthetic pathway, as shown in Figure 1.  
Hcy is remethylated to Met by Met synthase or betaine-Hcy methyltransferase (transmethyl-
ation), and Met is transmethylated to Hcy via several steps. The first step in the transmethylation 
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of Met to Hcy is the activation of Met to S-adenosylmethionine (SAM) by Met adenosyltrans-
ferase. SAM is converted to S-adenosylhomocysteine (SAH); then, SAH is hydrolyzed to Hcy 
by SAH hydrolase. Hcy is converted to cystathionine (Cysta) by cystathionine β-synthase (CBS) 
(transsulfuration); then, Cysta is hydrolyzed to Cys by cystathionine-γ-liase [1]. Cys is a funda-
mental substrate for glutathione (GSH) biosynthesis. In the first step of this biosynthesis, Cys 
and glutamate generate the dipeptide γ-glutamylcysteine (GluCys). This step is believed to be 
rate limiting, and enzyme activity is regulated by feedback inhibition with GSH. Next, the addi-
tion of glycine to GluCys results in the formation of GSH, catalyzed by glutathione synthase, 
and finally, the degradation of GSH generates cysteinylglycine (CysGly) [2, 3].

Figure 1. Relationship of Hcy and its related compounds in Met metabolism. The compounds underlined are target 
compounds in the references.
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Most Hcy in human plasma is present as the bound form of Hcy, in which Hcy binds with 
plasma proteins through an ─S─S─ bond, while free Hcy is present in the oxidized or reduced 
form. Oxidized forms of Hcy include homocysteine (HcyHcy) and Hcy-Cys disulfide. The 
bound form of Hcy and the oxidized form are called S-linked Hcy. The bound form of Hcy 
constitutes 70–90% of the total Hcy (~10–15 μmol/L) in the body, 10–30% is present as oxi-
dized Hcy, and less than 1% is present as reduced Hcy [4]. The ratio of Cys to Hcy in human 
plasma may be similar.

Hcy is metabolized to Hcy-thiolactone by methionyl-tRNA synthetase in an error-edit-
ing reaction during protein biosynthesis when Hcy is mistakenly replaced with Met. An 
increase in the Hcy level leads to elevated thiolactone levels in human cells and serum. Hcy-
thiolactone reacts with proteins by N-linking to the ε-amino group of protein lysine residues 
(homocysteinylation), resulting in protein damage [5]. The measurement of Nε-Hcy-Lys 
generated by the proteolytic degradation of N-Hcy-protein provides an indicator of homo-
cysteinylation [6].

Hcy is important for the clinical diagnosis of a variety of metabolic disorders related to human 
diseases. For example, an elevated Hcy plasma concentration is believed to be related to cardio-
vascular disease [7]. Consequently, the determination of Hcy in plasma has been used to diag-
nose this disease and to evaluate new diagnostic tools for atherosclerosis [8, 9]. Additionally, 
high plasma levels of Hcy play an important role in neural tube defects [10] and Down syn-
drome [11]. Homocystinuria is the most common inborn error of sulfur metabolism and is 
caused by homozygous mutations in the methylenetetrahydrofolate reductase (MTHFR) gene 
and heterozygous mutations in CBS [12]. These errors can be classified on the basis of plasma 
Met levels, which tend to be elevated in the case of CBS deficiency and lowered in the case of 
MTHFR deficiency.

DNA methylation is regulated by the Met cycle using SAM as a methyl group donor in the 
presence of methyltransferase. Under normal physiological conditions, SAM is hydrolyzed 
to adenosine and Hcy by SAH hydrolase. However, this reaction is readily reversible due to 
equilibrium dynamics that strongly favors SAH synthesis over hydrolysis. SAM and SAH 
therefore regulate the normal level of methylation in DNA, and deregulation of the methio-
nine cycle has serious cellular consequences, resulting in disease. The ratio of SAM/SAH, 
called the “methylation index,” may be a useful indicator of the methylation capacity of the 
cell [13].

Hcy toxicity appears to be the auto-oxidation of Hcy, which reduces the disulfide to a free 
thiol, followed by metal-independent oxidation of the free thiol to generate reactive oxy-
gen species such as superoxide and hydrogen peroxide [14]. Therewith, other thiol com-
pounds like Cys having a chemical structure similar to Hcy are also recognized to be risk 
factors of cardiovascular disease [15, 16]. In contrast, GSH is a major antioxidant and detoxi-
fier and has many essential metabolic functions in human. GSH exists in both reduced and 
oxidized (GSSG) forms. CysGly is a prooxidant that reduces ferric iron to ferrous iron [17]. 
N-Acetylcysteine (NAC) is an endogenous product of Cys metabolism [18], and cysteamine 
(CA) augments intracellular Cys levels via a disulfide interchange reaction in which CA con-
verts Cys to CA-Cys to generate Cys [19]. Homocysteine is involved in current topics, and the 
determination methods are useful for the researchers.
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High-performance liquid chromatography (HPLC) is the most commonly used chromato-
graphic technique for quantifying Hcy and related compounds. In contrast to gas chroma-
tography, HPLC enables the analysis of polar and thermally labile compounds. Furthermore, 
HPLC can be coupled with a variety of detection methods, including ultraviolet/visible (UV/
Vis), fluorescence (FL), chemiluminescence (CL), mass (or tandem mass/mass) spectrometry 
(MS or MS/MS), and electrochemical detection (ECD). The researcher selects the most suitable 
detection tools according to the aims of the analysis [20].

Several eminent reviews have been published over the past decade regarding these detec-
tion tools, e.g., HPLC-UV/Vis detection [21], HPLC-FL detection [22], HPLC-luminescence 
detection [23], HPLC and/or capillary electrophoresis [2, 3], electrochemical assays [24], and 
chromatographic methods in the study of autism [20], together with their application to the 
quantification of Hcy and/or related compounds and descriptions of the importance of mea-
suring these compounds. In this chapter, we review HPLC methods and their applications in 
recent publications (from 2008 to 2017).

2. HPLC analysis of homocysteine and related compounds

As described above, Hcy and related compounds are found in the form of free thiols, disul-
fides, and protein-bound complexes and participate in metabolism, antioxidant defense, and 
drug detoxification. Alterations in the concentrations and ratios of free thiols and disulfides 
provide biomarkers of metabolism and of the redox status in biochemical, physiological, 
pharmacological, and toxicological studies. Therefore, analytical methods for the determina-
tion of Hcy and/or these other compounds in biological samples are extremely important. In 
this section we describe HPLC methods combined with various detection methods.

Pretreatment of the sample is often required for successful chromatographic analysis of Hcy 
and related compounds. Biological fluids such as blood (plasma or serum) and urine must be 
processed prior to HPLC analysis in order to (1) liberate Hcy (including the reduced disulfide), 
(2) provide desirable characteristics for detection, and (3) remove any interfering compounds. 
Sample pretreatment consists of reduction, derivatization, and/or cleanup steps. (1) The total 
Hcy concentration in a biological sample is important in clinical practice. Hcy can be in the 
reduced and in S-linked forms, such as a disulfide and Hcy bound with plasma proteins. These 
S-linked forms are converted to the reduced form and analyzed as the total Hcy. The disulfide 
can be reduced using sodium borohydride [25, 26], tributylphosphine (TBP) [27, 28], tris(2-car-
boxyethyl)phosphine (TCEP) [6, 29–40], dithiothreitol (DTT) [41–44], 1,4-dithioerythritol (DTE) 
[45–47], and mercaptoethanol [48]. Bai et al. developed a unique online reduction quartz column 
packed with a Zn(II)-TCEP complex [33, 49]. The column efficiently converted disulfides (except 
GSSH) to the reduced form as effectively as a TCEP solution. N-linked Hcy can be liberated from 
protein and converted to Hcy-thiolactone using harsh conditions (6 mol/L HCl at 120°C for 1 h) 
after removing Hcy and S-linked Hcy by reduction with DTT [36, 44]. (2) The structures of Hcy 
and related compounds have low absorbance and are non-fluorescent. Derivatization is therefore 
essential for the UV/Vis and fluorescence detection of small amounts of these compounds in 
biological samples. Many derivatization reagents have been developed and applied to various 
biological samples. Furthermore, derivatization reagents have been recently developed allowing 
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sensitive MS or MS/MS detection for Hcy and related compounds, as described in detail below. 
(3) Following their reduction, Hcy and related compounds are deproteinized, then derivatized, 
and chromatographically separated. Cleanup is achieved using ultrafiltration [31], acid precipi-
tation with trichloroacetic acid [28, 37, 41, 50] or perchloric acid [29, 34, 45], and organic solvent 
precipitation with methanol [48, 51, 52] or acetonitrile [31, 53]. Further cleanup following the 
derivatization of Hcy and related compounds may be required, such as a liquid-liquid extraction 
[45] or a solid-phase extraction [54].

2.1. UV/Vis detection

HPLC-UV/Vis is the most commonly used detection method due to the simple and relatively 
inexpensive instrumentation required. However, Hcy and related compounds have low absor-
bance and are present in biological samples in low amounts, which precludes their direct analy-
sis by HPLC-UV/Vis. As mentioned above, this is addressed by derivatization using reagents 
such as those shown in Figure 2. The halopyridine-type derivatization reagents 2-chloro-1-meth-
ylquinolium tetrafluoroborate (CMQT) [27, 39, 40], 2-chloro-1-methyllepidinium tetrafluorobo-
rate (CMLT) [6, 30], and 1-benzyl-2-chloropyridinium bromide (BCPB) [26] react with Hcy and 
related compounds to form stable S-quinolinium or S-pyridinium derivatives with intense UV 

Figure 2. Chemical structures of derivatizing reagents for UV/Vis detection.
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tography, HPLC enables the analysis of polar and thermally labile compounds. Furthermore, 
HPLC can be coupled with a variety of detection methods, including ultraviolet/visible (UV/
Vis), fluorescence (FL), chemiluminescence (CL), mass (or tandem mass/mass) spectrometry 
(MS or MS/MS), and electrochemical detection (ECD). The researcher selects the most suitable 
detection tools according to the aims of the analysis [20].

Several eminent reviews have been published over the past decade regarding these detec-
tion tools, e.g., HPLC-UV/Vis detection [21], HPLC-FL detection [22], HPLC-luminescence 
detection [23], HPLC and/or capillary electrophoresis [2, 3], electrochemical assays [24], and 
chromatographic methods in the study of autism [20], together with their application to the 
quantification of Hcy and/or related compounds and descriptions of the importance of mea-
suring these compounds. In this chapter, we review HPLC methods and their applications in 
recent publications (from 2008 to 2017).

2. HPLC analysis of homocysteine and related compounds

As described above, Hcy and related compounds are found in the form of free thiols, disul-
fides, and protein-bound complexes and participate in metabolism, antioxidant defense, and 
drug detoxification. Alterations in the concentrations and ratios of free thiols and disulfides 
provide biomarkers of metabolism and of the redox status in biochemical, physiological, 
pharmacological, and toxicological studies. Therefore, analytical methods for the determina-
tion of Hcy and/or these other compounds in biological samples are extremely important. In 
this section we describe HPLC methods combined with various detection methods.

Pretreatment of the sample is often required for successful chromatographic analysis of Hcy 
and related compounds. Biological fluids such as blood (plasma or serum) and urine must be 
processed prior to HPLC analysis in order to (1) liberate Hcy (including the reduced disulfide), 
(2) provide desirable characteristics for detection, and (3) remove any interfering compounds. 
Sample pretreatment consists of reduction, derivatization, and/or cleanup steps. (1) The total 
Hcy concentration in a biological sample is important in clinical practice. Hcy can be in the 
reduced and in S-linked forms, such as a disulfide and Hcy bound with plasma proteins. These 
S-linked forms are converted to the reduced form and analyzed as the total Hcy. The disulfide 
can be reduced using sodium borohydride [25, 26], tributylphosphine (TBP) [27, 28], tris(2-car-
boxyethyl)phosphine (TCEP) [6, 29–40], dithiothreitol (DTT) [41–44], 1,4-dithioerythritol (DTE) 
[45–47], and mercaptoethanol [48]. Bai et al. developed a unique online reduction quartz column 
packed with a Zn(II)-TCEP complex [33, 49]. The column efficiently converted disulfides (except 
GSSH) to the reduced form as effectively as a TCEP solution. N-linked Hcy can be liberated from 
protein and converted to Hcy-thiolactone using harsh conditions (6 mol/L HCl at 120°C for 1 h) 
after removing Hcy and S-linked Hcy by reduction with DTT [36, 44]. (2) The structures of Hcy 
and related compounds have low absorbance and are non-fluorescent. Derivatization is therefore 
essential for the UV/Vis and fluorescence detection of small amounts of these compounds in 
biological samples. Many derivatization reagents have been developed and applied to various 
biological samples. Furthermore, derivatization reagents have been recently developed allowing 
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sensitive MS or MS/MS detection for Hcy and related compounds, as described in detail below. 
(3) Following their reduction, Hcy and related compounds are deproteinized, then derivatized, 
and chromatographically separated. Cleanup is achieved using ultrafiltration [31], acid precipi-
tation with trichloroacetic acid [28, 37, 41, 50] or perchloric acid [29, 34, 45], and organic solvent 
precipitation with methanol [48, 51, 52] or acetonitrile [31, 53]. Further cleanup following the 
derivatization of Hcy and related compounds may be required, such as a liquid-liquid extraction 
[45] or a solid-phase extraction [54].

2.1. UV/Vis detection

HPLC-UV/Vis is the most commonly used detection method due to the simple and relatively 
inexpensive instrumentation required. However, Hcy and related compounds have low absor-
bance and are present in biological samples in low amounts, which precludes their direct analy-
sis by HPLC-UV/Vis. As mentioned above, this is addressed by derivatization using reagents 
such as those shown in Figure 2. The halopyridine-type derivatization reagents 2-chloro-1-meth-
ylquinolium tetrafluoroborate (CMQT) [27, 39, 40], 2-chloro-1-methyllepidinium tetrafluorobo-
rate (CMLT) [6, 30], and 1-benzyl-2-chloropyridinium bromide (BCPB) [26] react with Hcy and 
related compounds to form stable S-quinolinium or S-pyridinium derivatives with intense UV 
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absorption. Stachniuk et al. developed an HPLC-UV/Vis method using CMLT derivatization 
for the determination of Hcy, Cys, GSH, GluCys, CysGly, and NAC in human saliva, plasma, 
and urine [30]. The analytes were separated within 7 min and monitored by absorbance at 
355 nm. The limits of detection (LODs) at a signal-to-noise (S/N) ratio of 3 ranged from 0.05 to 
0.12 μmol/L. The authors showed a good positive correlation between the concentrations of the 
analytes in plasma and saliva and suggested that saliva is an alternative to plasma for the quan-
tification of Hcy and related compounds.

Several unique types of derivatization reagents have been reported. 4-Chloro-3,5-dinitrobenzo-
trifluoride (CNBF) has an activated halide leaving group that can be easily replaced by a thiol 
group, leading to the formation of a stable thioether with increased absorbance at 230 nm 
[32]. Using this approach allowed the quantification of Hcy, Cys, CysGly, and GSH in human 
plasma, urine, and saliva, with LODs of 0.04–0.08 μmol/L. 5,5′-Dithiobis-2-nitrobenzoic acid 
(DNTP), which utilizes the sulfhydryl-disulfide exchange reaction, has been used for quanti-
fying Hcy, Cys, CysGly, and GSH [43, 47]. Ebselen, a Se-containing derivatization reagent that 
reacts with the sulfhydryl group, was used for the determination of Hcy and Cys in human 
serum [55]. The absorbance at 254 nm of the derivatives was monitored, and separation was 
complete within 11 min. The derivatives could also be determined sensitively by inductively 
coupled plasma mass spectrometry, with an LOD of 9.6 nmol/L.

2.2. Fluorescence detection

Derivatization allows the sensitive determination of Hcy and related compounds in biological 
samples by FL detection. Many appropriate derivatization reagents have been developed, and 
representative compounds cited in this section are shown in Figure 3.

Halogenobenzofurazans are often used for the determination of Hcy and related compounds, 
with ammonium 7-fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F) being most commonly 
used. SBD derivatives are detected by FL using 385 and 515 nm for λex and λem, respectively. 
Hcy, Cys, CysGly, and GSH are isocratically separated within 6 min [28]. The use of HPLC-FL 
under hydrophilic interaction chromatography (HILIC) conditions allows the separation of 
Hcy, NAC, CA, Cys, CysGly, GSH, and GluCys within 10 min. The LODs were 0.02–3.4 nmol/L 
at an S/N ratio of 3 [56]. The SBD-F is the standard against which newly developed methods 
are compared. The HPLC-FL method with SBD-F showed a good correlation with the results 
obtained using a bodipy-based fluorescence sensor for the determination of Hcy, Cys, and GSH 
in human serum [53]. In a clinical study, Hcy levels in patients with pulmonary hypertension 
[57], type 2 diabetes [58], and ulcerative colitis [59] were determined by HPLC-FL with SBD-
F. A validated HPLC method for the routine determination of Hcy, Cys, and CA was devel-
oped [25] and applied to several hundred plasma samples. The results were used to examine 
the utility of carotid intima-media thickness [9] and cardio-ankle vascular index [8] as screen-
ing tools for atherosclerosis in the Japanese population. Recently, Cevasco et al. developed 
ammonium 5-bromo-7-fluorobenzo-2-oxa-1,3-diazol-4-sulphonate (SBD-BF) as a reagent with 
improved reactivity to Hcy and related compounds [37]. The reaction of SBD-BF with these 
substrates at room temperature is about three times faster than with SBD-F at 60°C, and Hcy, 
Cys, GSH, and CysGly in plasma were determined, with LODs of 0.05–20 μmol/L. 4-Fluoro-7-
aminosulfonylbenzofurazan (ABD-F), another halogenobenzofurazan, was used for the deter-
mination of Hcy, Cys, GSH, and CysGly in cell culture medium [35] and plasma, urine, saliva, 
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and cerebrospinal fluid [60]. The derivatization of these substrates was complete after 10 min at 
35 or 50°C under alkaline conditions. FL of the ABD derivatives at around 390 and 510 nm for 
λex and λem allowed sensitive determination, with LOQs of 0.1–0.5 μmol/L. Another halogeno-
benzofurazan, 4-(N,N-dimethylaminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (DBD-F), reacts 
with the thiol and amino groups in Hcy and related compounds, allowing the simultaneous 
determination of Hcy, Cys, and Met by HPLC-FL detection and thus may be suitable for screen-
ing for homocystinuria, an inborn error of sulfur metabolism. The DBD-derivatives were sepa-
rated within 15 min and quantified sensitively (0.04–0.14 μmol/L). The method was applied to 
maternal plasma after delivery [46] and dried blood spots from newborns [45].

o-Phthalaldehyde (OPA) is another representative derivatization reagent for Hcy and related 
compounds and can be used for pre- or post-column derivatization methods. Recently, 
Jakubowski and coresearchers developed several HPLC-FL detection methods combined 
with on-column derivatization for Hcy in urine [38], Hcy and Met in plasma and urine [29], 
and Hcy-thiolactone, S-linked Hcy, and N-linked Hcy in urine [61], plasma [36], and milk [44]. 
Hcy and related compounds spiked with NAC were injected and separated on a reversed-
phase column, using OPA in a NaOH aqueous solution/CH3CN mixture as the mobile phase. 
The fluorescence of the OPA-Hcy or OPA-Hcy-thiolactone derivatives generated during sepa-
ration was monitored using 370 and 480 nm for λex and λem, respectively. The LOQs for Hcy 
and Hcy-thiolactone were 25 [38] and 20 nmol/L [36], respectively.

Figure 3. Chemical structures of derivatizing reagents for FL detection.
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absorption. Stachniuk et al. developed an HPLC-UV/Vis method using CMLT derivatization 
for the determination of Hcy, Cys, GSH, GluCys, CysGly, and NAC in human saliva, plasma, 
and urine [30]. The analytes were separated within 7 min and monitored by absorbance at 
355 nm. The limits of detection (LODs) at a signal-to-noise (S/N) ratio of 3 ranged from 0.05 to 
0.12 μmol/L. The authors showed a good positive correlation between the concentrations of the 
analytes in plasma and saliva and suggested that saliva is an alternative to plasma for the quan-
tification of Hcy and related compounds.

Several unique types of derivatization reagents have been reported. 4-Chloro-3,5-dinitrobenzo-
trifluoride (CNBF) has an activated halide leaving group that can be easily replaced by a thiol 
group, leading to the formation of a stable thioether with increased absorbance at 230 nm 
[32]. Using this approach allowed the quantification of Hcy, Cys, CysGly, and GSH in human 
plasma, urine, and saliva, with LODs of 0.04–0.08 μmol/L. 5,5′-Dithiobis-2-nitrobenzoic acid 
(DNTP), which utilizes the sulfhydryl-disulfide exchange reaction, has been used for quanti-
fying Hcy, Cys, CysGly, and GSH [43, 47]. Ebselen, a Se-containing derivatization reagent that 
reacts with the sulfhydryl group, was used for the determination of Hcy and Cys in human 
serum [55]. The absorbance at 254 nm of the derivatives was monitored, and separation was 
complete within 11 min. The derivatives could also be determined sensitively by inductively 
coupled plasma mass spectrometry, with an LOD of 9.6 nmol/L.

2.2. Fluorescence detection

Derivatization allows the sensitive determination of Hcy and related compounds in biological 
samples by FL detection. Many appropriate derivatization reagents have been developed, and 
representative compounds cited in this section are shown in Figure 3.

Halogenobenzofurazans are often used for the determination of Hcy and related compounds, 
with ammonium 7-fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F) being most commonly 
used. SBD derivatives are detected by FL using 385 and 515 nm for λex and λem, respectively. 
Hcy, Cys, CysGly, and GSH are isocratically separated within 6 min [28]. The use of HPLC-FL 
under hydrophilic interaction chromatography (HILIC) conditions allows the separation of 
Hcy, NAC, CA, Cys, CysGly, GSH, and GluCys within 10 min. The LODs were 0.02–3.4 nmol/L 
at an S/N ratio of 3 [56]. The SBD-F is the standard against which newly developed methods 
are compared. The HPLC-FL method with SBD-F showed a good correlation with the results 
obtained using a bodipy-based fluorescence sensor for the determination of Hcy, Cys, and GSH 
in human serum [53]. In a clinical study, Hcy levels in patients with pulmonary hypertension 
[57], type 2 diabetes [58], and ulcerative colitis [59] were determined by HPLC-FL with SBD-
F. A validated HPLC method for the routine determination of Hcy, Cys, and CA was devel-
oped [25] and applied to several hundred plasma samples. The results were used to examine 
the utility of carotid intima-media thickness [9] and cardio-ankle vascular index [8] as screen-
ing tools for atherosclerosis in the Japanese population. Recently, Cevasco et al. developed 
ammonium 5-bromo-7-fluorobenzo-2-oxa-1,3-diazol-4-sulphonate (SBD-BF) as a reagent with 
improved reactivity to Hcy and related compounds [37]. The reaction of SBD-BF with these 
substrates at room temperature is about three times faster than with SBD-F at 60°C, and Hcy, 
Cys, GSH, and CysGly in plasma were determined, with LODs of 0.05–20 μmol/L. 4-Fluoro-7-
aminosulfonylbenzofurazan (ABD-F), another halogenobenzofurazan, was used for the deter-
mination of Hcy, Cys, GSH, and CysGly in cell culture medium [35] and plasma, urine, saliva, 
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and cerebrospinal fluid [60]. The derivatization of these substrates was complete after 10 min at 
35 or 50°C under alkaline conditions. FL of the ABD derivatives at around 390 and 510 nm for 
λex and λem allowed sensitive determination, with LOQs of 0.1–0.5 μmol/L. Another halogeno-
benzofurazan, 4-(N,N-dimethylaminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (DBD-F), reacts 
with the thiol and amino groups in Hcy and related compounds, allowing the simultaneous 
determination of Hcy, Cys, and Met by HPLC-FL detection and thus may be suitable for screen-
ing for homocystinuria, an inborn error of sulfur metabolism. The DBD-derivatives were sepa-
rated within 15 min and quantified sensitively (0.04–0.14 μmol/L). The method was applied to 
maternal plasma after delivery [46] and dried blood spots from newborns [45].

o-Phthalaldehyde (OPA) is another representative derivatization reagent for Hcy and related 
compounds and can be used for pre- or post-column derivatization methods. Recently, 
Jakubowski and coresearchers developed several HPLC-FL detection methods combined 
with on-column derivatization for Hcy in urine [38], Hcy and Met in plasma and urine [29], 
and Hcy-thiolactone, S-linked Hcy, and N-linked Hcy in urine [61], plasma [36], and milk [44]. 
Hcy and related compounds spiked with NAC were injected and separated on a reversed-
phase column, using OPA in a NaOH aqueous solution/CH3CN mixture as the mobile phase. 
The fluorescence of the OPA-Hcy or OPA-Hcy-thiolactone derivatives generated during sepa-
ration was monitored using 370 and 480 nm for λex and λem, respectively. The LOQs for Hcy 
and Hcy-thiolactone were 25 [38] and 20 nmol/L [36], respectively.

Figure 3. Chemical structures of derivatizing reagents for FL detection.
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Difluoroboraindacene (BODIPY) is an intense fluorogenic and stable compound, and several 
derivatives were recently synthesized as useful fluorescence derivatizing reagents for Hcy 
and related compounds. 1,3,5,7-Tetramethyl-8-bromomethyl-difluoroboradiaza-s-indacene 
(TMMB-Br) was used for the determination of Hcy, Cys, NAC, and GSH in human plasma 
[41]. The LODs ranged from 0.2 to 0.8 nmol/L by monitoring FL using 505 and 525 nm for λex 
and λem. Furthermore, 1,3,5,7-tetramethyl-8-phenyl-(4-iodoacetamido)difluoroboradiaza-s- 
indacene (TMPAB-I) was developed for quantifying Hcy, Cys, NAC, GSH, coenzyme A 
[62], and 6-mercaptopurine, and 1,7-dimethyl-3,5-distyryl-8-phenyl-(4′-iodoacetamido) 
difluoroboradiaza-s-indacene (DMDSPAB-I) was developed for quantifying Hcy, Cys, NAC, 
GSH, CysGly, and penicillamine [63]. The excitation and emission wavelengths of DMDSPAB-I 
are very long (620 and 630 nm, respectively), which is useful for FL detection, allowing a high 
quantum yield of 0.557 and LODs ranging from 0.24 to 0.72 nmol/L for the substrates.

The N-substituted maleimide-type FL derivatization reagents N-(1-pyrenyl)maleimide (NPM) 
[31] and N-(2-acridonyl)-maleimide (MIAC) [50] were used. Among them, NPM has been 
applied to quantifying Hcy, Cys, CysGly, and GSH in plasma from healthy controls and ure-
mic patients. The concentrations of the total, free, and reduced forms of Hcy, Cys, and CysGly 
in patients were higher than those in healthy controls, while the concentrations of the three 
forms of GSH were lower in the healthy controls.

A novel post-column resonance light scattering (RLS) detection method combined with 
HPLC was developed for quantifying Hcy and Cys in human urine [34]. Fluorosurfactant-
capped gold nanoparticles (AuNPs) were used as a post-column RLS reagent. The detection 
principle was based on the enhanced RLS intensity of AuNPs upon the addition of Hcy or 
Cys (at λex = λem = 560 nm).

2.3. Chemiluminescence detection

Recently, MeDermott et al. reported an HPLC-CL detection method using manganese (IV) as 
a post-column reagent [64]. Thiols or disulfides reacted with manganese (IV) emit red light 
with a maximum of 735 nm. Hcy-related compounds, including Cys, NAC, GSH, GSSG, 
CysCys, and HcyHcy, were determined with a single chromatographic separation. The LODs 
for the compounds ranged from 5 × 10−8 M to 1 × 10−7 M. This method, with simple sample 
pretreatment involving deproteinization, was applied to the determination of GSH and GSSG 
in the whole blood.

An HPLC-CL detection method using fluorosurfactant-prepared triangular gold nanopar-
ticles (AuNPs) as a post-column CL reagent was developed for the determination of amino-
thiols [65]. The triangular AuNPs were generated by trisodium citrate reduction of HAuCl4 in 
the presence of nonionic fluorosurfactant (such as zonyl FSN-100) and act as a catalyst for the 
luminol-H2O2 CL system. The reduced aminothiols decrease the CL intensity of the triangu-
lar AuNPs-luminol-H2O2 system. After the reduction of thiols by TCEP and deproteinization 
with HClO4, Hcy, Cys, GSH, CysGly, and GluCys in human plasma and urine were separated 
by HPLC and then mixed with the AuNPs-luminol-H2O2 system. The LODs ranged from 
0.016 to 0.1 pmol at S/N = 3. Furthermore, an automated system involving online reduction 
using a quartz column packed with the Zn(II)-TCEP complex was developed for quantifying 
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Hcy, HcyHcy, Cys, CysCys, CysGly, GSH, and GluCys [49]. The seven compounds in human 
plasma and urine could be determined, with LODs in the range of 8.3–25.4 nmol/L.

2.4. Electrochemical detection

ECD methods are suitable for the detection of Hcy and related compounds due to the elec-
trochemical activity of these compounds, allowing thiols to be directly detected without 
derivatization. This detection method is frequently used because of the simplicity, inexpen-
siveness, and sensitivity of the instruments and the approach. Furthermore, the disulfide 
compound can be detected without cleavage of the disulfide bond.

Khan et al. reported an HPLC-ECD method for the simultaneous determination of Hcy, Met, 
Cys, CysCys, GSH, GSSH, NAC, and ascorbic acid (ASA) in human plasma and erythrocytes 
using dopamine as an internal standard (IS) [66]. The analytes were extracted from the biolog-
ical fluids by simple liquid-liquid extraction. The nine compounds and the IS were separated 
within 25 min, and their LODs ranged from 0.6 to 25 ng/mL at an S/N ratio of 3. Furthermore, 
an ion-pairing reversed-phase-HPLC-ECD method was reported [67] in which total Cys, Hcy, 
and GSH were reduced by TCEP, and Met and ASA in human plasma and blood cell were 
determined with LODs of 60–80 pg/mL in a total analysis time of 20 min. More recently, 
Hannan et al. reported an HPLC-ECD method for nine compounds and malondialdehyde in 
rabbit serum [68], allowing the endogenous antioxidant capacity and lipid peroxidation level 
to be monitored simultaneously.

Lehotay’s research group reported a two-dimensional HPLC-ECD method for determination 
of the enantiomers of Hcy, Cys, and Met using a combination of ODS and teicoplanin aglycone 
columns [69, 70]. The chiral separation of Hcy, Cys, and Met enantiomers was realized in a 
single 130 min analytical run. The d-enantiomers were more strongly retained by the chiral 
selector than the l-enantiomers, and the LODs of the method ranged from 0.05 to 0.5 μg/mL. As 
a clinical application, the amino acid enantiomers in the serum of healthy volunteers and multi-
ple sclerosis patients were determined. The d-enantiomers of the amino acids were not detected 
in all samples, but the total l-Met levels in the patients were significantly higher than those in 
the healthy subjects. An improved method using a teicoplanin aglycone column separated the 
enantiomers using an ion-pairing reversed-phase mode and a low column temperature [71].

2.5. Mass spectrometry or tandem mass spectrometry detection

HPLC-MS and HPLC-MS/MS are characterized by high sensitivity and rapid separation which 
enables the efficient and accurate analysis of biological samples. Recently, several methods for 
the direct or indirect (with derivatization) determination of Hcy and related compounds have 
been developed.

2.5.1. Direct analysis

Several HPLC-ESI-MS or HPLC-MS/MS methods for determination of the total Hcy concen-
tration in a blood sample (plasma or serum) have been developed. Hcy was reduced with 
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Difluoroboraindacene (BODIPY) is an intense fluorogenic and stable compound, and several 
derivatives were recently synthesized as useful fluorescence derivatizing reagents for Hcy 
and related compounds. 1,3,5,7-Tetramethyl-8-bromomethyl-difluoroboradiaza-s-indacene 
(TMMB-Br) was used for the determination of Hcy, Cys, NAC, and GSH in human plasma 
[41]. The LODs ranged from 0.2 to 0.8 nmol/L by monitoring FL using 505 and 525 nm for λex 
and λem. Furthermore, 1,3,5,7-tetramethyl-8-phenyl-(4-iodoacetamido)difluoroboradiaza-s- 
indacene (TMPAB-I) was developed for quantifying Hcy, Cys, NAC, GSH, coenzyme A 
[62], and 6-mercaptopurine, and 1,7-dimethyl-3,5-distyryl-8-phenyl-(4′-iodoacetamido) 
difluoroboradiaza-s-indacene (DMDSPAB-I) was developed for quantifying Hcy, Cys, NAC, 
GSH, CysGly, and penicillamine [63]. The excitation and emission wavelengths of DMDSPAB-I 
are very long (620 and 630 nm, respectively), which is useful for FL detection, allowing a high 
quantum yield of 0.557 and LODs ranging from 0.24 to 0.72 nmol/L for the substrates.

The N-substituted maleimide-type FL derivatization reagents N-(1-pyrenyl)maleimide (NPM) 
[31] and N-(2-acridonyl)-maleimide (MIAC) [50] were used. Among them, NPM has been 
applied to quantifying Hcy, Cys, CysGly, and GSH in plasma from healthy controls and ure-
mic patients. The concentrations of the total, free, and reduced forms of Hcy, Cys, and CysGly 
in patients were higher than those in healthy controls, while the concentrations of the three 
forms of GSH were lower in the healthy controls.

A novel post-column resonance light scattering (RLS) detection method combined with 
HPLC was developed for quantifying Hcy and Cys in human urine [34]. Fluorosurfactant-
capped gold nanoparticles (AuNPs) were used as a post-column RLS reagent. The detection 
principle was based on the enhanced RLS intensity of AuNPs upon the addition of Hcy or 
Cys (at λex = λem = 560 nm).

2.3. Chemiluminescence detection

Recently, MeDermott et al. reported an HPLC-CL detection method using manganese (IV) as 
a post-column reagent [64]. Thiols or disulfides reacted with manganese (IV) emit red light 
with a maximum of 735 nm. Hcy-related compounds, including Cys, NAC, GSH, GSSG, 
CysCys, and HcyHcy, were determined with a single chromatographic separation. The LODs 
for the compounds ranged from 5 × 10−8 M to 1 × 10−7 M. This method, with simple sample 
pretreatment involving deproteinization, was applied to the determination of GSH and GSSG 
in the whole blood.

An HPLC-CL detection method using fluorosurfactant-prepared triangular gold nanopar-
ticles (AuNPs) as a post-column CL reagent was developed for the determination of amino-
thiols [65]. The triangular AuNPs were generated by trisodium citrate reduction of HAuCl4 in 
the presence of nonionic fluorosurfactant (such as zonyl FSN-100) and act as a catalyst for the 
luminol-H2O2 CL system. The reduced aminothiols decrease the CL intensity of the triangu-
lar AuNPs-luminol-H2O2 system. After the reduction of thiols by TCEP and deproteinization 
with HClO4, Hcy, Cys, GSH, CysGly, and GluCys in human plasma and urine were separated 
by HPLC and then mixed with the AuNPs-luminol-H2O2 system. The LODs ranged from 
0.016 to 0.1 pmol at S/N = 3. Furthermore, an automated system involving online reduction 
using a quartz column packed with the Zn(II)-TCEP complex was developed for quantifying 
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Hcy, HcyHcy, Cys, CysCys, CysGly, GSH, and GluCys [49]. The seven compounds in human 
plasma and urine could be determined, with LODs in the range of 8.3–25.4 nmol/L.

2.4. Electrochemical detection

ECD methods are suitable for the detection of Hcy and related compounds due to the elec-
trochemical activity of these compounds, allowing thiols to be directly detected without 
derivatization. This detection method is frequently used because of the simplicity, inexpen-
siveness, and sensitivity of the instruments and the approach. Furthermore, the disulfide 
compound can be detected without cleavage of the disulfide bond.

Khan et al. reported an HPLC-ECD method for the simultaneous determination of Hcy, Met, 
Cys, CysCys, GSH, GSSH, NAC, and ascorbic acid (ASA) in human plasma and erythrocytes 
using dopamine as an internal standard (IS) [66]. The analytes were extracted from the biolog-
ical fluids by simple liquid-liquid extraction. The nine compounds and the IS were separated 
within 25 min, and their LODs ranged from 0.6 to 25 ng/mL at an S/N ratio of 3. Furthermore, 
an ion-pairing reversed-phase-HPLC-ECD method was reported [67] in which total Cys, Hcy, 
and GSH were reduced by TCEP, and Met and ASA in human plasma and blood cell were 
determined with LODs of 60–80 pg/mL in a total analysis time of 20 min. More recently, 
Hannan et al. reported an HPLC-ECD method for nine compounds and malondialdehyde in 
rabbit serum [68], allowing the endogenous antioxidant capacity and lipid peroxidation level 
to be monitored simultaneously.

Lehotay’s research group reported a two-dimensional HPLC-ECD method for determination 
of the enantiomers of Hcy, Cys, and Met using a combination of ODS and teicoplanin aglycone 
columns [69, 70]. The chiral separation of Hcy, Cys, and Met enantiomers was realized in a 
single 130 min analytical run. The d-enantiomers were more strongly retained by the chiral 
selector than the l-enantiomers, and the LODs of the method ranged from 0.05 to 0.5 μg/mL. As 
a clinical application, the amino acid enantiomers in the serum of healthy volunteers and multi-
ple sclerosis patients were determined. The d-enantiomers of the amino acids were not detected 
in all samples, but the total l-Met levels in the patients were significantly higher than those in 
the healthy subjects. An improved method using a teicoplanin aglycone column separated the 
enantiomers using an ion-pairing reversed-phase mode and a low column temperature [71].

2.5. Mass spectrometry or tandem mass spectrometry detection

HPLC-MS and HPLC-MS/MS are characterized by high sensitivity and rapid separation which 
enables the efficient and accurate analysis of biological samples. Recently, several methods for 
the direct or indirect (with derivatization) determination of Hcy and related compounds have 
been developed.
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Several HPLC-ESI-MS or HPLC-MS/MS methods for determination of the total Hcy concen-
tration in a blood sample (plasma or serum) have been developed. Hcy was reduced with 
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suitable reagents; then sample preparation was completed with a simple deproteinization 
step [48, 52]. Wang et al. reported a method for the sensitive determination of compounds 
related to Hcy metabolism, such as Hcy, Met, SAM, SAH, Cysta, FA, THF, 5-MT, 5-FT, ser-
ine, and histidine in human serum [72], with LODs of 0.05–1 ng/mL. Using this method, 96 
serum samples comprising 46 neural tube defect cases and 50 controls were analyzed. The 
results showed that SAH is a risk factor for neural tube defects. Another HPLC-ESI-MS/
MS method for quantifying Hcy, Cys, SAM, SAH, Cysta, Met, GSH, and CysGly in plasma 
using N-(2-mercaptopropionyl)-glycine as an IS was used to identify biomarkers for diabetic 
nephropathy [51].

An HPLC-ESI-MS/MS method for the determination of SAM and SAH in cultures of ovarian 
cancer cells was developed [13]. LODs of approximately 0.5 ng/mL for both targeted analytes 
allowed the designed strategy to evaluate the effect of cisplatin on changes in the methylation 
index between epithelial ovarian cell lines sensitive to (A2780) and resistant to (A2780CIS) 
to this drug after exposure to cisplatin. In addition, a stable-isotope dilution UPLC-MS/MS 
method for both compounds has been reported [54]. This method showed high sensitivity 
(0.5 for SAM and 0.7 nmol/L for SAH) and selectivity, low RSD (less than 3.3 RSD% for intra-
assays and less than 10.1 RSD% for inter-assays), fast sample preparation (40 samples in 
60 min), and a short analysis run time (3 min).

Urinary Hcy sulfonic acid is a biomarker candidate for diseases used in metabolomics 
approaches and was quantified by HPLC coupled with time-of-flight mass spectrometric 
detection (-Q-TOF/MS). An increase in Hcy sulfonic acid concentration in the urine of patients 
with nephrolithiasis was caused by melamine [73], and a decrease was observed in pregnant 
patients with intrahepatic cholestasis [74] compared with healthy volunteers.

2.5.2. Derivatization methods

HPLC-MS (or HPLC-MS/MS) detection is often used for the determination of compounds 
in biological samples, but the sensitivity of this method can be inadequate due to low 
ionization efficiency of the analyzed specimen. Hcy and related compounds ionize poorly 
in comparison with other amino acids, and thus the introduction of nucleophilic groups 
and/or hydrophobic residues into these compounds might be useful. Derivatization 
reagents used to make the thiol group resistant to oxidation are shown in Figure 4. 
N-Ethylmaleimide (NEM) was used for the determination of Hcy in human plasma using 
an HPLC-MS system. The total and reduced (using DTT) concentrations of Hcy were deter-
mined with an LOD of 10 nM. Furthermore, HPLC-Orbitrap MS methods combined with 
p-(hydroxymercuri)benzoate (PHMB) as an organic mercury derivatization reagent were 
developed. The levels in yeast of Hcy, Cys, GSH, CysGLy, GluCys, and SAH, reduced 
using TCEP, were determined [75]. The derivatives could be detected by HPLC-ICP-MS, 
but the LODs (12–128 fmol/injection) and precision for the Orbitrap MS method are higher 
than those of the HPLC-ICP-MS method (440–1100 fmol/injection) [17]. Thirty-six amino 
acids, including Hcy, Met, Hcy-Cys disulfide, Cys, Met-sulfone, Met-sulfoxide, HcyHcy, 
and CysCys, were determined after post-column derivatization with ninhydrin [76]. The 
derivatized amino acids were separated on a hydrophilic interaction liquid chromatogra-
phy column with an analysis time of 18 min and LODs of 0.1 μmol/L. As a clinical appli-
cation, 97 plasma samples were analyzed for inborn errors of amino acid metabolism. An 
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increase or decrease in metabolites was identified in 95 of the samples, providing a clinical 
sensitivity of 97.9%.

3. Conclusions

HPLC methods coupled with various detection methods reported over the past decade were 
reviewed, focusing on their application for the determination of Hcy and related compounds. 
FL detection methods combined with novel or traditional derivatization reagents remain 
important for clinical studies. Also, UV/Vis and ECD are powerful, highly sensitive methods 
for analyzing biological samples. MS and MS/MS detection are powerful tools for identifying 
biomarkers of disease using a metabolomics approach. Further development of methods in 
the next decade by analytical researchers is anticipated.

Figure 4. Chemical structures of derivatizing reagents for MS or MS/MS detection.
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Abstract

Homocysteine, a non-proteinogenic sulfur-containing amino acid, was discovered in 
1932, and 30 years passed until, in 1969, for the first time, its involvement in pathology 
was reported. It was only in the last two decades that homocysteine has become a subject 
of scientific interest and has begun to be intensively studied. A large number of scien-
tists consider homocysteine as an independent risk factor particularly for cardiovascular 
disease, while others indicate homocysteine as a marker of this disease. Both sides bring 
scientific arguments for their opinions, yet the dilemma of homocysteine characterization 
still persists. Although the reported studies do not lead to a unique answer, it is generally 
accepted that homocysteine is associated with vascular dysfunction. Numerous scien-
tific data show that the link between homocysteine and inflammation is achieved via the 
reactive oxygen species (ROS) pathway. The latest data indicate hydrogen peroxide as a 
possible messenger in cellular signaling in physiological or pathological processes and 
present the consequences of disturbing the oxidation-reducing balance. In this chapter, 
we present the latest scientific evidences gathered from the literature for both hypotheses 
regarding homocysteine involvement in pathology, and we propose a possible mecha-
nism of action for homocysteine, based on our preliminary (yet unpublished) work.
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1. Introduction

Homocysteine (Hcy) is a non-proteinogenic amino acid that is formed in the human body 
in methionine metabolism. Although not forming proteins, homocysteine participates in 
major processes such as transmethylation, cysteine (Cys) formation, transsulfuration, etc. In 
the transmethylation process, homocysteine is an intermediate that allows the formation of 
compounds with a major metabolic role such as adrenaline, lecithin, creatine, etc. Cysteine 
formation, via homocysteine, is a very important process because Cys is a vital amino acid to 
stabilize the spatial conformations of proteins, to form the most important antioxidant agent 
in the body named glutathione, or to detoxify harmful compounds.

Over the past 40 years, homocysteine has come to the clinicians’ attention because its high lev-
els in blood have been associated with high risk of mortality and morbidity in many illnesses, 
particularly cardiovascular diseases. Patients with high levels of Hcy, also called hyperhomo-
cysteinemia (HHcy), develop thromboembolism, premature atherosclerosis, mental retarda-
tion, bone fragility, eyes disease, and even miscarriage.

It is obvious that Hcy is related to the pathological phenomenon but the way it intervenes has 
not yet been elucidated. Moreover, there are researchers who believe that homocysteine indi-
cates an already altered state [1] while others consider it a factor triggering the alteration of 
some functions [2]. Both opinions are based on scientific arguments, and although the debate 
continues, most researchers agree that there is an unquestionable link between homocysteine 
and vascular endothelial dysfunction [3–5]. Endothelial dysfunction may have several causes, 
but the major cause is inflammation. Inflammation is the vital process by which organisms 
respond to aggression. In the inflammatory process, a large number of pathways are activated 
to remove aggression and restore homeostasis [6–8]. Complex structures such as cells, pro-
teins, but also small molecules such as reactive species, that are capable of rapidly signaling 
changes in homeostasis, are involved in this process. The activities of these structures need 
to be coordinated, and the latest data indicates that the inflammasome is responsible for this 
task. Recent data have found links between Hcy activity and inflammation [9]. In this chapter 
we present these new data that connect Hcy, inflammation, cell signaling, and reactive species.

As a conclusion, current data indicates Hcy as an amino acid that certainly plays a role in 
pathology, a role that needs to be elucidated.

2. Homocysteine metabolism

A short presentation of the homocysteine metabolism indicates two major pathways of trans-
formation: the transmethylation pathway and the transsulfuration pathway (Figure 1).

Transmethylation pathway converts Hcy to methionine through a chain of reaction that 
involve the participation of methylenetetrahydrofolate reductase (MTHFR), folic acid, vita-
min B12, and methionine synthase (MS).

Non-Proteinogenic Amino Acids34

Transsulfuration pathway converts Hcy to cystathionine in the presence of the cystathionine 
beta-synthase (CBS) and vitamin B6. Figure 1 highlights the role of tetrahydrofolate (FH4), 
the active form of folic acid, B12, and pyridoxal phosphate (PLP), the active form of vitamin 
B6 in the Hcy metabolism. A minor pathway, not shown in this figure, uses betaine to convert 
homocysteine to methionine.

The general methionine/homocysteine metabolism highlights the two major causes that gen-
erate HHcy: first, the enzymatic deficiencies of the enzymes acting in Hcy metabolization and, 
second, the nutritional deficiencies in vitamin cofactors. This last observation is the base of 
the therapeutic approaches that uses vitamin administration in order to decrease the homo-
cysteine levels.

The normal concentration of homocysteine in human blood is 5–15 μM. HHcy is classified 
according to clinical consequences as being moderate at 16–30 μM, intermediary at 31–100 μM, 
and severe above 100 μM [10]. HHcy caused by the lack of vitamins is not commonly found 
in medical practice and it is easy to cure. The most common cause of HHcy is the enzymatic 
defect of different enzymes acting in this metabolism.

Figure 1. Main pathways of homocysteine transformation.
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3. Homocysteine in pathology

3.1. Cardiovascular diseases

Currently, it is widely accepted that levels of Hcy, even at concentrations slightly higher than nor-
mal, are related to the risk of cardiovascular disease. Clinical studies indicate that a 5 μM increase 
in Hcy levels is equivalent to a 20 mg/dL increase in blood cholesterol [11, 12], which virtually 
doubles the cardiovascular risk. This suggests that between levels of Hcy and atherosclerosis there 
is a better correlation than between the cholesterol levels and atherosclerosis [13, 14]. However 
recent data [2, 15] show that a surprising 30% of cardiovascular mortality occurs in patients who 
do not present conventional risk factors as high LDL, hypertension, smoking, or obesity. This 
raises the question whether Hcy is an independent risk factor or it is a marker of a lesion process.

3.2. Diabetes

Hyperhomocysteinemia is considered a higher risk for patients with diabetes than nondia-
betic patients. An exponential increase in vital risk has been demonstrated in patients pre-
senting HHcy associated to diabetes [16–18]. The increase in Hcy levels noticed in diabetes is 
believed to be due to the degree of diabetes-induced nephropathy [19–21]. Thus, high levels 
of Hcy are found in kidney failure. This data suggest more for a marker role of homocysteine 
rather than a risk factor.

3.3. Neurological diseases

Seshadri [22] has shown that HHcy is associated with Alzheimer’s disease and that it doubles 
the risk of developing the disease in patients with elevated levels of homocysteine as com-
pared to those with normal levels. Although the mechanism that links Hcy to Alzheimer’s is 
unknown, it is supposed that HHcy toxicity to neuronal cells is caused by possible neuronal 
damage following excessive stimulation caused as result of chronic central nervous system 
ischemia [23–25].

3.4. Bone fragility

Increased levels of homocysteine were correlated with increased risk of bone fractures in the 
elderly [26–31]. It seems that Hcy does not affect bone density but rather affects the structure 
of collagen by interfering in the transversal linkages between the collagen fibers. Thus, Hcy 
intervenes in tissue fortification showing more a risk factor role.

3.5. Miscarriage

Research studies notify that HHcy can be generated by the specific mutation in MTHFR. This 
inherited deficiency lead to a 3.3-fold increase in the risk of miscarriage in a sample group 
of 185 Caucasian women [32, 33]. Literature also specifies that associations between MTHFR 
C667T mutations to factor V Leiden and prothrombin gene mutations were identified in 
patients having recurrent miscarriages [34].
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4. Homocysteine involvement in the endothelial function

The presented data show that in high concentration Hcy certainly plays a role in pathology. 
A large number of recent studies indicate that Hcy is an independent risk factor in cardio-
vascular disease [2, 35]. However, other studies indicate Hcy as a marker of this disease [1]. 
Although the reported studies do not lead to a unique answer regarding homocysteine role, 
it is generally agreed that homocysteine is connected to the vascular dysfunction. As a con-
sequence, the investigation of HHcy leads to the investigation of endothelial dysfunction. 
Normal endothelial function consists in maintaining the vascular relaxation and the antico-
agulant status. Any aggression on the endothelial homeostasis leads to changes in vascular 
morphology, tonicity, coagulability, etc. The intensity and time span of aggression determine 
the transition from a normal to a pathogenic transformation.

4.1. Endothelial dysfunction

Vascular endothelium modulates vascular tonicity by secreting a large group of vasoactive 
molecules such as vasodilators (e.g., NO, prostacyclin) and vasoconstrictors (e.g., endothelin, 
thromboxane). The ratio of these compounds showing antagonist action dictates the final vas-
cular tonicity, and under pathological conditions, additional stimulants (mediators of inflam-
mation) cause severe changes in vascular behavior.

Nitric oxide (NO) a natural free radical is synthesized by nitric oxide synthases (NOS) from 
L-arginine by many types of cells including the endothelial cells. Nitric oxide that is synthe-
sized by endothelial nitric oxide synthase (eNOS) promotes vasodilatation; inhibits platelet 
activation, adhesion, and aggregation; prevents smooth muscle proliferation; and modulates 
endothelial-leucocytes interaction [36]. Homocysteine diminishes NO bioavailability through 
various processes that are, at least partially, based on oxidative mechanisms. The current 
literature presents three mechanisms proposed to explain the decrease in NO bioavailabil-
ity in the presence of elevated levels of Hcy. The first mechanism indicates that Hcy reacts 
with nitric oxide to form S-nitroso-homocysteine [36, 37]. The second one considers that NO 
bioavailability is blocked by sequestration following reactions with other radical species. 
NO is trapped by superoxide to form peroxynitrite, thus being inactivated [38, 39]. The third 
mechanism assumes that NO synthesis is decreased by NO-synthase inhibition by asymmet-
ric dimethylarginine (ADMA), a potent inhibitor of the enzyme produced by the degradation 
of methylated proteins [40]. Increased ADMA concentration was identified in an HHcy status 
[41]. These mechanisms are found widely presented in our previous work [42].

Eicosanoids represent a group of compounds directly involved in vascular function. They act 
as paracrine hormones and mediate the inflammatory response. This group includes prosta-
cyclin (PGI2), a compound with vasodilating activity, and thromboxane TXA2, a compound 
with vasoconstrictive activity. Prostacyclin or prostaglandin PGI2, produced by epithelial 
cells, prevents platelet aggregation, decreases proliferation of smooth muscle cells, decreases 
pro-inflammatory cytokines (↓IL-1 and IL6), and exerts antimitogenic activity (↓VEGF and 
TGF-β). On contrary TXA2 promote the thrombosis and vascular constriction. In the chain of 
reactions that generates eicosanoids, some are of the oxidative type so they generate reactive 
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species. Thus, the balance between these paracrine hormones is very important for the vas-
cular homeostasis. Research data show that HHcy is considered as a factor that prevents 
vasodilation, promotes vasoconstriction, and increases the risk of thrombosis, thus inducing 
vascular injuries [43]. In vitro studies have demonstrated that HHcy induces the release of 
arachidonic acid, precursor of eicosanoids, including TXA2 [44].

Endothelins are vasoconstricting peptides mainly produced by the endothelium. They constrict 
blood vessel promoting high blood pressure. In addition to its vasoconstrictor effects, isoform 
endothelin-1 (ET-1) influences cell growth, thus being involved in atherosclerosis. Epithelial 
cells regulate ET-1 levels in response to hypoxia, oxidized species of LDL, or pro-inflammatory 
cytokines. Endothelins (ET-1, ET-2, ET-3) act on two receptors that have different locations 
and whose activation triggers different effects: vasoconstrictive effect through ETA receptors 
located in smooth muscle cells [45] and vasodilation and NO release through ETB receptors 
located on endothelial cells. Recent data show that HHcy results in the upregulation of ETA 
receptor expression and high blood pressure in rats [46] while decreasing ET-1 production 
in endothelial cells, thus impairing NO and prostacyclin production and consequently the 
vasodilatation [47]. Thus, HHcy disturbs the ratio between vasodilators and vasoconstrictors 
promoting endothelial dysfunction [48].

5. Homocysteine mechanism of action

In the endothelial dysfunction, the inflammation process is a key step, and the reactive species 
are present at the site of inflammation, playing multiple roles, including defense, annihilation, 
or cellular signaling. In this chain of events, HHcy interferes somewhere with the endothe-
lial normal function. There are several generally accepted mechanisms for Hcy-dependent 
endothelial dysfunction: reactive oxygen species [49], inflammatory response [50], or thrombotic 
phenomenon [51]. These mechanisms will be presented below along with scientific evidence 
for each of them.

5.1. Hyperhomocysteinemia involvement in oxidative stress

Numerous researches point ROS as the potential mediators for the effects of HHcy. 
Generation of reactive species is considered to trigger a cascade of events leading to release 
of pro-inflammatory cytokines, activation of adhesion molecules, generation of intracel-
lular messengers that activate intracellular enzymes, and cellular responses including gene 
activation/repression [52–54]. Many studies demonstrate that HHcy generates reactive 
species directly or through autoxidation [55, 56]. ROS species found in HHcy was indi-
rectly assessed through the measurement of antioxidative enzyme activity [57–59]. In our 
previous work, we have found that HHcy triggers the generation of hydrogen peroxide 
and that high levels of homocysteine experimentally induced (by methionine loading in 
rat) diminish more the total antioxidant capacity inside the erythrocytes rather than in 
plasma [60, 61].
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5.2. Hyperhomocysteinemia involvement in inflammation

Recent studies [7, 8] had advanced the idea that Hcy triggers vascular damage by promoting an 
inflammatory response followed by immediate effects on the vascular wall or by delayed effects 
on proteins and DNA structures. The inflammatory phenomenon represents the vascular tis-
sue response to lesion agents (chemical/physical or biological) [6]. The inflammatory response 
consists in two actions: removal of the lesion agent and initiation of the healing process. The 
acute inflammation predominates the local vascular response characterized by the presence of 
fast-acting and low half-life components (leucocytes). In the chronic inflammation, there is a 
progressive change in the types of cells present at the lesion site, characterized by the dominant 
presence of macrophages. The crucial phase is the destruction of pathogens. This phase takes 
place in monocytes/macrophages and neutrophils in the respiratory burst where the reactive 
oxygen species are generated. ROS are as damaging to pathogens as they are to the host’s tis-
sue. Consequently, chronic inflammation is accompanied by tissue destruction. Macrophages/
neutrophils are not the site for respiratory burst only, but they also secret and/or trigger the 
secretion of specific compounds such as cytokines. The discovery of interleukins had intro-
duced the concept of systemic inflammation. This type of inflammation is characterized by the 
fact that tissue destruction is not limited to a certain tissue but involves endothelium and other 
organs also. In systemic inflammation, elevated levels of chemical mediators such as interleu-
kins (IL-6, IL-8, and TNFα) are associated with atherosclerosis and diabetes [62–64]. Recently, 
it has been found that HHcy is associated to inflammatory markers IL-6 and TNFα [65–68].

The cells of the innate immune system continually survey the extracellular environment in 
order to detect the “danger” signal. To achieve this function, immune cells develop receptors 
that act as sensors for the “invaders.” Following the foreign detection, a group of actions must 
be initiated and coordinated, task being undertaken by the inflammasome. Inflammasomes 
are key signaling platforms that act as a checkpoint that controls and regulates the inflam-
matory response. It consists of multi-protein complexes that assemble by pattern-recognition 
receptors after the detection of a “danger “signal in the cytosol of the host cell. The protein 
association represents the activation stage of the inflammasome that triggers the signal of 
inflammation which is the caspase 1 and caspase 11 activation. Activated caspases initiate the 
highly pro-inflammatory cytokines’ interleukin-1β (IL-1β) and IL-18 production, and finally 
an inflammatory form of cell death termed pyroptosis is triggered. The intracellular control of 
the inflammasome assembly is exerted via ion fluxes, free radicals, and autophagy. Latest data 
indicate the inflammasome activation as a possible mechanism for homocysteine involvement 
in inflammation and in programmed cell death in endothelial cells [69]. Current literature also 
demonstrates that the activation of inflammasomes (NLRP3 complex) represent a key step in 
HHcy-aggravated atherosclerosis [9].

5.3. Hyperhomocysteinemia involvement in thrombogenesis

HHcy promotes thrombosis by a mechanism that integrates the already presented processes 
of oxidation and decreases the NO bioavailability with the modification of some specific pro-
teins acting in the coagulation and fibrinolysis pathway. Literatures show that homocysteine 
initiates structural modifications of these proteins, modifications that will impair their normal 
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functions. Such proteins include the tissue plasminogen activator (tPA), atherogenic factor 
lipoprotein(a) (Lp(a)), the complex thrombomodulin-thrombin, and DNA proteins.

The tPA is a serine protease that converts plasminogen to fibrinolytic protein plasmin. Hcy 
forms disulfide bridge with annexin II (an important receptor for tissue plasminogen activa-
tor in endothelium), thus blocking tPA binding to this protein. As a result, tPA activity is 
impaired, plasmin generation is diminished, and fibrinolysis activity is decreased [70].

Activation of plasminogen depends on the binding of fibrin as a cofactor. Lipoprotein (a) is 
an atherogenic lipoprotein which competitively binds to fibrin, thus preventing activation of 
plasminogen. Hcy favors lipoprotein-a binding to fibrin, which ultimately leads to decreased 
fibrinolysis [71]. HHcy added to a dyslipidemia profile results in increased risk of thrombosis.

Protein C is another serine protease present in blood as zymogen. Upon activation it exerts 
important role in anticoagulation, inflammation, and also cell death. The complex thrombo-
modulin-thrombin activates protein C, thus inhibiting the thrombotic process. Hcy impairs 
the complex thrombomodulin-thrombin activity by forming disulfide bridges with both 
thrombomodulin and protein C. As a consequence, the thrombotic process is promoted [72]. 
These mechanisms are found widely presented in our previous work [42].

5.4. Hyperhomocysteinemia involvement in cellular signaling

The survival of the cell is by default linked to its ability to remove any type of aggression/lesion 
and to restore the initial healthy structure. In this process, cells develop a network of systems that 
is capable to communicate, to mobilize defense/healing structures, or to memorize information 
about the type of aggression. In this process, complex structures and small molecules are equally 
involved, together being able to signal any changes in homeostasis. Reactive species of oxygen and 
nitrogen as well as active peptides (cytokines) produced at the site of inflammation by neutrophils 
or monocytes/macrophages are small molecules capable of rapid signaling. They promote vascu-
lar changes and open the inter-endothelial junctions thus allowing the migration of inflammatory 
cells across the endothelial barrier. All the activities related to inflammatory response are coor-
dinated by chemical signaling through reactive species signals or active peptides (cytokine) [73].

The link between reactive species and inflammation is now well documented. On the other 
hand, current data associate Hcy with both inflammation and reactive species. The factor that 
puts together all these components is not fully elucidated. Over the past two decades, many 
scientific evidences show that ROS serve in physiological as well as pathological processes 
[74, 75]. Normal levels of reactive species act as signaling molecules to regulate biological 
and physiological processes, while their accumulation is strongly associated with oxidative 
stress [76]. Current scientific data indicate that among reactive oxygen species hydrogen per-
oxide is the most likely secondary messenger [77]. Early data had signaled that exogenously 
added H2O2 could mimic growth factor activity and that the growth factors could stimulate 
the endogenous production of H2O2 within cells. [78–80]. A major role in cell signaling that 
promotes cell proliferation, nutrient uptake, and cell survival is realized by the activation of 
the protein-tyrosine kinases class which includes both tyrosine kinases (Src, Ras, JAK2, Pyk2, 
PI3K) and mitogen-activated protein kinases (MAPK) (Figure 2).

Non-Proteinogenic Amino Acids40

These signal transduction pathways use receptors with intrinsic tyrosine kinase activity 
(RTK) which leads to the phosphorylation of specific tyrosine residues located on tyrosine 
kinase proteins. Literatures show that hydrogen peroxide is required for optimal activation 
of protein-tyrosine kinases [85]. In the same time, hydrogen peroxide transiently inhibit 
protein-tyrosine phosphatases (PTPs) through the reversible oxidization of their catalytic 
cysteine [86], thus suppressing protein-tyrosine kinases dephosphorylation [87]. Thus, 
the activity of MAPK kinases is negatively regulated by protein-tyrosine phosphatases as 
depicted in Figure 3.

Protein-tyrosine phosphatases are specific proteins that contain cysteine residues at their 
active site. These enzymes remove a phosphate group attached to a tyrosine residue (such in 
MAP kinases), using a cysteinyl-phosphate enzyme intermediate. Latest literature data [88, 89]  
show that the activity of protein-tyrosine phosphatases is regulated by the reversible oxida-
tion of cysteine residues. In the reversible oxidation, the PTPs activity results in temporar-
ily dampening of mitogenic signaling [84, 90]. Protein-tyrosine phosphatases can suffer 
an irreversible oxidation to their thiol groups, in the presence of high H2O2 levels, [91]. As 
a result, their function is blocked and the mitogen signal remains continuously activated 
(Figure 3).

Cysteine is unique among the amino acids because it is the only proteinogenic amino acid 
containing a free SH group. The mechanism of redox signaling involves reversible H2O2-
mediated oxidation of cysteine residues within proteins [92]. During redox signaling low/
normal concentration of H2O2 (nM range) oxidizes the thiol group of cysteine residues to 
sulfenic form (Cys-SOH). As the concentration of H2O2 gradually increases, the sulfenic form 

Figure 2. General signal pathway activated by ROS (modified from [81]), PKC = protein kinase, MAPK = mitogen-
activated protein, JNK = c-Jun N-terminal kinases, ERK = extracellular signal-regulated kinases, NFκB = nuclear factor 
κB, AP-1 = activator protein-1, HIF-1 = hypoxia-inducible factor-1 C [42]. More details about the cellular response in ROS 
and other radical and nonradical species attack on oxidative events can be found in [82–84].
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functions. Such proteins include the tissue plasminogen activator (tPA), atherogenic factor 
lipoprotein(a) (Lp(a)), the complex thrombomodulin-thrombin, and DNA proteins.
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dinated by chemical signaling through reactive species signals or active peptides (cytokine) [73].
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puts together all these components is not fully elucidated. Over the past two decades, many 
scientific evidences show that ROS serve in physiological as well as pathological processes 
[74, 75]. Normal levels of reactive species act as signaling molecules to regulate biological 
and physiological processes, while their accumulation is strongly associated with oxidative 
stress [76]. Current scientific data indicate that among reactive oxygen species hydrogen per-
oxide is the most likely secondary messenger [77]. Early data had signaled that exogenously 
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PI3K) and mitogen-activated protein kinases (MAPK) (Figure 2).
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protein-tyrosine phosphatases (PTPs) through the reversible oxidization of their catalytic 
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Protein-tyrosine phosphatases are specific proteins that contain cysteine residues at their 
active site. These enzymes remove a phosphate group attached to a tyrosine residue (such in 
MAP kinases), using a cysteinyl-phosphate enzyme intermediate. Latest literature data [88, 89]  
show that the activity of protein-tyrosine phosphatases is regulated by the reversible oxida-
tion of cysteine residues. In the reversible oxidation, the PTPs activity results in temporar-
ily dampening of mitogenic signaling [84, 90]. Protein-tyrosine phosphatases can suffer 
an irreversible oxidation to their thiol groups, in the presence of high H2O2 levels, [91]. As 
a result, their function is blocked and the mitogen signal remains continuously activated 
(Figure 3).

Cysteine is unique among the amino acids because it is the only proteinogenic amino acid 
containing a free SH group. The mechanism of redox signaling involves reversible H2O2-
mediated oxidation of cysteine residues within proteins [92]. During redox signaling low/
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transforms to sulfinic (SO2H) and sulfonic (SO3H) forms, respectively. Unlike sulfenic modi-
fications, sulfinic and sulfonic are irreversible transformations. As a consequence, high levels 
of H2O2 can trigger the irreversible oxidation of cysteine group.

Considering the above data, it is possible that Hcy, a H2O2 generator according to scientific 
data, may interfere in this signaling process promoting mitogenic activity.

Moreover, Hcy is very similar in structure to cysteine. Like cysteine, Hcy is an amino acid 
containing a free SH group. This makes possible the occurrence of disulfide bridges between 
the two amino acids similar to those existing between cysteine residues in some particular 
concentration of hydrogen peroxide. In our opinion (preliminary work, unpublished data), 
this may be a possible mechanism of homocysteine involvement in cell signaling that must be 
investigated (Figure 4).

All the scientific evidence presented above suggest Hcy as a risk factor for the vascular/endo-
thelial dysfunction.

Instead some scientists investigate Hcy from the opposite point of view [93] and consider 
HHcy as a marker of an already altered vascular state rather than a risk factor. These authors 

Figure 3. Hydrogen peroxide role in protein-tyrosine kinases regulation. In normal/low concentration, H2O2 regulates 
PTPs activity by promoting the reversible oxidation of the Cys residues. At high concentration of H2O2, PTPs becomes 
irreversibly inactive and, as a consequence, tyrosine kinase proteins involved in cell proliferation (MAPK) remain 
blocked on active form. TRK = receptors with intrinsic tyrosine kinase activity; and PTP = proteon-tyrosine phosphatases.
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consider that hypertension and atherosclerosis reach the stage where kidney function is sev-
erally impaired and Hcy removal is diminished and, consequently, its concentration rises in 
the blood. Atherosclerosis and hypertension are silent diseases that develop years before a 
vascular event occurs. The disease is accompanied by a silent decline in renal function and, 
as a consequence, total clearance including that of homocysteine diminishes. Thus, vascular 
disease contributes to the elevation of circulating Hcy as result of the progressive decline in 
renal function, and HHcy in fact reflects the severity of atherosclerosis. Thus, HHcy becomes 
a signal that the atherosclerotic disease reaches an irreversible stage.

Regardless of the classification of homocysteine as a risk factor or marker, its involvement in 
pathology is certain, and its role needs to be elucidated.

6. Conclusion

The study of homocysteine began when its association with cardiovascular disease was dis-
covered. Further studies revealed its association with vascular dysfunction, and then Hcy was 
linked to the inflammatory phenomenon. Recently, as studies advanced, the homocysteine 
involvement in inflammation has been identified. The inflammatory process in turn is related 

Figure 4. Possible mechanism for hyperhomocysteinemia to intercept the protein-tyrosine phosphatase regulation 
through disulfide bridge formation. TRK = receptors with intrinsic tyrosine kinase activity; PTP = proteon-tyrosine 
phosphatases; and HHcy = hyperhomocysteinemia.
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to the activity of reactive species, and recent data indicate protein-tyrosine phosphatases as key 
factors in regulating intracellular signaling pathways. These proteins allow regulation because 
they can undergo reversible oxidation phenomena due to the presence in their structure of 
cysteine residues bearing SH groups. The structural similarity of Cys with homocysteine 
draws attention to the possibility that Hcy may interfere with cysteine functions. In conclu-
sion, the recent association of Hcy with both inflammation and the reactive species involved 
in cellular signaling indicates that homocysteine remains a topic of interest and attention in 
current research. It is obvious that HHcy is an issue of interest in contemporary medicine.
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to the activity of reactive species, and recent data indicate protein-tyrosine phosphatases as key 
factors in regulating intracellular signaling pathways. These proteins allow regulation because 
they can undergo reversible oxidation phenomena due to the presence in their structure of 
cysteine residues bearing SH groups. The structural similarity of Cys with homocysteine 
draws attention to the possibility that Hcy may interfere with cysteine functions. In conclu-
sion, the recent association of Hcy with both inflammation and the reactive species involved 
in cellular signaling indicates that homocysteine remains a topic of interest and attention in 
current research. It is obvious that HHcy is an issue of interest in contemporary medicine.
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Abstract

Over the years, numerous mechanisms have been identified through which homocys-
teine affects osteoblast functioning. These include alterations in collagen structure, epi-
genetic modifications and changes in RANKL-OPG production by osteoblasts. These 
mechanisms are reviewed in this chapter. We have also herein discussed how homocys-
teine affects osteocyte behavior. With onset of hyperhomocysteinemia induction of osteo-
cyte specific genes particularly the mineralization genes like Dmp1 and Sost is facilitated 
producing untoward mineralization, osteocyte apoptosis, deviations from regular bone 
remodeling process and onset of targeted remodeling in bone. These modifications have 
immense effect on the overall mechanical stability of bone. Homocysteine thus represents 
an independent risk factor for bone fragility.

Keywords: homocysteine, osteoblast, osteocyte, sclerostin, dentine matrix protein1

1. Introduction

Bone remodelling is a process that occurs throughout life. This process occurs to replace old 
mineralized bone with new bone, preserve bone mass, mineral homeostasis, pH balance, repair 
microdamage, maintain glucose homeostasis and preserve male fertility. Bone remodeling is a 
highly co-ordinated process that requires the controlled activities of many systemic and local 
factors like calcitriol, parathyroid hormone, growth hormone, thyroid hormones, glucocorti-
coids, bone morphogenetic proteins, prostaglandins, sex hormones, various cytokines and the 
molecular triad comprising of OPG (osteoprotegerin), receptor activator of nuclear factor-κB 
ligand (RANKL) and receptor activator of nuclear factor-κB (RANK). The cells involved in the 
process are osteoblasts, osteoclasts, osteocytes, immune cells, megakaryocytes and osteomacs. 
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With senescence, decreased production of sex hormones like estrogen and testosterone, sus-
ceptibility to genetic and environmental factors and life style modifications; the process of bone 
remodeling process gets hampered increasing the rate of bone resorption as compared to that 
of bone formation. Such deviations from normal bone remodeling process deplete the bone of 
its minerals like calcium and proteins like collagen affecting the overall mass and mechanical 
property of the bone, escalating the risk of bone fractures [1, 2].

Many metabolic substances also affect bone. One such factor is homocysteine. Since its dis-
covery in 1932, homocysteine has remained an important aspect for research. Homocysteine 
is basically a metabolite of methionine metabolism that exists at a critical biochemical point in 
the methionine cycle from where it is used to synthesize cysteine and glutathione. When re-
methylation and transsulfuration cycles in methionine cycle collapse owing to an enzyme or 
co-factor deficiency, homocysteine accumulate in blood resulting in a clinical condition called 
hyperhomocysteinemia (>15 micromol/L). The prevalence of hyperhomocysteinemia varies 
with geography, age, sex and ethnicity. Till date high level of methionine, deficiency of enzymes 
in methionine metabolism like cystathionine synthase (a pyridoxal phosphate dependent 
enzyme), methionine synthase (a folate and vitamin B12 dependent enzyme) and methylene-
tetrahydrofolate reducatase, deficiency of vitamins like folate and vitamin B12 in diet (caused 
by losses of these sensitive vitamins by methods of food processing such as milling of grains, 
canning, extraction of sugars and oils, radiation and chemical additives), environmental ele-
ments, life-style habits, hormonal changes, drugs and diseases like cardiovascular, cancer and 
type 2 diabetes have been found to be causes for hyperhomocysteinemia.

The negative effect of homocysteine on the bone is well supported by the demonstrations 
of loss of bone physiology in experimental animals of hyperhomocysteinemia generated 
by administering a methionine-enriched diet (with low folate) as well in genetic models of 
enzyme deficiency [3]. This chapter will present the current findings on how hyperhomo-
cysteinemia alters the functions of two types of bone cells—the osteoblast and the osteocyte.

1.1. How homocysteine affects osteoblast function?

Studies on the effect of homocysteine on bone forming osteoblasts have shown that homo-
cysteine is different from a conventional oxidant and exerts its effects on cells via multiple 
modes. Over the years diverse mechanisms were identified by which homocysteine affects 
osteoblast functioning. These include alterations in collagen structure, epigenetic modifica-
tions and changes in RANKL-OPG production by osteoblasts. The first example to cite how 
homocysteine alters osteoblast machinery was a clinical study by Hermann et al. in 2005 [4]. 
The results of this study showed that a positive correlation occurs between hyperhomocyste-
inemia and circulating concentrations of osteocalcin, an osteoblast activity marker. In contrast 
to this finding was a report by Sakamoto et al. in the same year 2005 [5], which demonstrated 
that homocysteine, stimulates only osteopontin and has an attenuating effect on osteocalcin. 
The paper also revealed that homocysteine represents an independent risk factor for osteopo-
rosis. In the subsequent years 2007–2008, clinical studies by Hermann et al. [6, 7] published 
the following: Accumulation of homocysteine caused by “reduction in co-factors of methionine 
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metabolism like folate, vitamin B12 and vitamin B6” do not cause any change in the activities 
of alkaline phosphatase, osteocalcin and pro-collagen type I N-terminal peptide (PINP) in 
serum. However such low concentrations of folate, vitamin B12 and vitamin B6 are enough to 
produce a stimulatory effect on osteoclast activity. This study also rationalized the mechanis-
tic role of low B-vitamin concentrations for bone degradation. The same research group also 
demonstrated how direct exposure of primary human osteoblasts to increasing concentra-
tions of homocysteine stimulates cellular activity. This report brought about the awareness 
that homocysteine “not inhibits but alters” osteoblast function, one of the reasons why some 
of results of clinical and experimental studies were in disagreement with each other. In the 
subsequent years Thaler et al. [8–10] reported noteworthy mechanisms regarding how homo-
cysteine affected the bone matrix. The authors showed that homocysteine altered collagen 
cross linking by inhibiting the expression of lysyl hydroxylase and lysyl oxidase, enzymes 
required for formation of stable bone matrix. Collagen cross linking in the bone is a post trans-
lational modification of collagen molecules that play integral role in tissue differentiation and 
render mechanical support to the bone. The authors revealed that homocysteine uncovers 
RGD motif (a tripeptide of Arg-Gly-Asp) in collagen by RelA protein activation. Collagens 
are important structural proteins that form the extracellular matrix and play important role in 
shaping and organizing a tissue and the major collagen found in the bone is type 1 collagen. 
When denatured, type 1 collagen unwinds its triple helical structure causing the exposure 
of RGD motifs in it. Such exposure is basically a mechanism by which signals are presented 
to cells for regulating cell behavior, promoting tissue repair and regeneration. But when 
exposed to homocysteine such RGD exposure elicits serum amyloid A3 expression and over-
expression of matrix degrading enzymes and cytokines like MMP-13 (metalloproteinase-13), 
Ccl5, Ccl2, Cxcl10 and interleukin-6, substances otherwise known to hamper the proper col-
lagen cross linking of bone matrix [10]. This group also reported that homocysteine increased 
the expression of genes for epigenetic DNA methylation like cytosine-5-methyl transferases1 
(Dnmt1) and lymphoid specific helicase. The mechanism was found to be by increasing the 
expression of Fli1 (Friend leukemia virus integration 1), a transcription factor important for 
Dnmt1 stimulation. The authors also discovered that homocysteine caused hypermethylation 
of Lox (lysyl oxidase) proximal promoter that caused Lox repression. Lox is an extracellular 
copper dependent enzyme that catalyzes the formation of aldehydes from lysine residues in 
collagen precursors. In 2011, Lv et al. [11] reported a similar hypermethylation effect of homo-
cysteine on promoter A region of estrogen receptor-alpha that cause repression of estrogen 
receptor alpha expression. The authors concluded that such inhibitory mechanisms can elicit 
postmenopausal osteoporosis in women, a bone disorder encountered by most females upon 
menopause. It was in the same year that Kriebitzsc et al. [12] established a link between homo-
cysteine and vitamin D3. A microarray experiment by these authors on MC3T3-E1 murine 
pre-osteoblasts treated with 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) revealed the induction 
of a cluster of genes including the cbs (cystathionine β-synthase gene). Since CBS is an enzyme 
that converts homocysteine to cystathionine, thereby committing transsulfuration pathway to 
cysteine synthesis, the authors were intrigued to find out how vitamin D3 regulated the level 
of homocysteine in the osteoblast. They then discovered that Cbs mRNA levels were very 
much higher when osteoblasts obtained sufficient exposure to vitamin D3. Importantly, the 
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chromatin immunoprecipitation on chip and transfection studies demonstrated a functional 
vitamin D response element in the second intron of cbs. The possible clinical relevance of 
these findings were investigated by these authors, and the human data from the Longitudinal 
Aging Study Amsterdam suggested a correlation between vitamin D status (25(OH)D3 levels) 
and homocysteine levels. The authors drew conclusions that cbs is a primary 1,25(OH)2D3 
target gene which renders homocysteine metabolism responsive to 1,25(OH)2D3.

In 2012, the role of homocysteine mediated endoplasmic reticulum (ER) stress in inducing 
apoptosis was reported revealing that osteoblast death can also occur during hyperhomo-
cysteinemia. Homocysteine increases the expression of glucose-regulated protein 78, inosi-
tol-requiring transmembrane kinase and endonuclease 1α (IRE-1α), spliced X-box binding 
protein, activating transcription factor 4, and C/EBP homologous protein to carry out cell 
death [13].

Our group in 2013 reported how homocysteine altered the production of proteins in osteo-
blasts [14]. We were mainly interested in evaluating how homocysteine affected the synthe-
sis of ligands like RANKL and OPG by osteoblasts. Proteins like RANKL, OPG and RANK 
(receptor on osteoclast) form a molecular trio which is one of the important regulators of 
bone remodeling. RANKL is required for RANK activation, development of multi-nucle-
ated osteoclasts and induction of bone resorption. To regulate the osteoclast activity, the 
osteoblast also synthesizes OPG that serves as a decoy receptor for RANKL that binds it 
and prevents it from activating RANK. Our studies on how homocysteine affected the syn-
thesis of OPG also threw light that this ligand production in osteoblast is coupled to the 
insulin-MAPK (mitogen activated protein kinase) signaling cascade and antioxidant defense 
machinery. The dephosphorylations of insulin receptor and associated downstream targets 
caused by homocysteine induce phosphorylation of PP2A (protein phosphatase 2A), a nega-
tive modulator of the insulin signaling. This increase in phosphatase activity also inhibited 
phosphorylation of p38 mitogen activated protein kinase, a pathway important for OPG 
synthesis by osteoblast cells. We were intrigued to find that dephosphorylations of insulin 
receptor signaling also produced increased nuclear translocation of ForkheadO1 transcrip-
tion factor and activation of MnSod (manganese superoxide dismutase), an antioxidant. The 
RANKL synthesis however occurred independently and involved activation of c-Jun/JNK 
MAP kinase (JNK) signaling pathway. Thus the oxidative stress imparted by homocyste-
ine altered the osteoblast behavior shifting the balance between bone formation and bone 
resorption.

1.2. Does homocysteine affect osteocytogenesis?

Osteocyte represents the third major cell type in the bone, which regulates the functions of 
osteoblasts and osteoclasts. These cells originate from mesenchymal stem cells via osteo-
blast lineage differentiation, and only 10–20% of such osteoblasts develop into osteocytes. 
Osteocytes also have an extraordinary long-life of 10–20 years and consequently constitute 
95% of the cellular component of adult living bone. Mature osteocytes inhabit in cavities 
called “osteocyte lacunae” measuring some hundreds of μm3 in volume that shape into an 
interconnected network via tiny canals or canaliculi to form the lacunar-canalicular pore 
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system (LCS). LCS buried within the mineralized matrix positions osteocytes to derive nutri-
ents from the blood supply, feel external mechanical signals, connect among themselves 
and with other cells on bone surfaces and control structural reorganization following bone 
remodeling [15, 16]. It was formerly thought that osteocytes are inert cells, however these 
are now contemplated to be superior cell type with endocrine functions. Upon stimulation, 
osteocytes secrete substances like RANK ligand, OPG, fibroblast growth factor23 (FGF23), 
prostanoids, nitric oxide, nucleotides, cytokines and growth factors that regulate bone 
remodeling. FGF23 produced by osteocytes regulate serum phosphate level by increasing 
renal phosphate excretion. Sclerostin and DKK1 specifically inhibit Wnt-B-catenin pathway 
that regulate bone formation [17, 18].

The process of “osteocytogenesis” is the evolution of a bone forming osteoblast to an osteocyte 
when it gets deeply buried in the bone matrix. The process involves three different phases: 
(i) type I osteoblastic-osteocyte, (ii) type II osteoid-osteocyte and (iii) type III preosteocyte 
(surrounded by matrix) [19]. Some of the noteworthy proteins involved in the process are: (a) 
Pdpn (E11), a trans-membrane glycoprotein that is required for the formation of dendrites, (b) 
osteocalcin, a non-collagenous protein for proper mineralization of marix, (c) dentine matrix 
protein or Dmp1 for regulation of crystal mineral size and osteocyte maturation [17, 20], (d) 
Phex, a metalloproteinase that binds to the inhibitor of Dmp1 viz. MEPE and regulates Dmp1 
activity, (e) AHSG or FetuinA which regulates mineralization around developing osteocytes 
[21, 22] and (f) Sclerostin, a regulator of bone remodeling which can inhibit bone formation 
via downregulation of Wnt Lrp5/6 signaling, the major anabolic pathway in bone, which can 
activate osteoclasts and regulate mineralization [18, 23].

Till date there are only few reports that substantiate that osteocytes affected during hyperho-
mocysteinemia. One of the reasons for this is the difficulty in isolating osteocytes from min-
eralized tissues for obtaining these in sufficient numbers and purity. Over the years a cell line 
MLO-Y4 was developed by Lynda F Bonewald and many methods to isolate osteocytes from 
bone tissue were developed but none gave a complete picture as to how osteocytes responded 
to external stimuli. This is mainly because both the osteocytes and its extensive connections 
are not possible to be replicated in concert in vitro. Yet, investigations have been done on 
using the MLO-Y4 cell line to evaluate how osteocyte responds homocysteine. The results 
showed that homocysteine induced apoptosis in osteocyte culture via Nox and AMPK activa-
tion [24]. Nox or NADPH oxidase family of superoxide and hydrogen peroxide producing 
proteins represent an important source of reactive oxygen species whilst AMPK or adenosine 
monophosphate activated protein kinase is an energy sensor that regulates oxidative stress. 
The study by Takeno et al. did not render a complete picture as osteocytes are embedded 
deep inside the bone where it is not exposed to high concentrations of homocysteine. Thus 
we investigated how homocysteine affected osteocytes in vivo by administering mice with 
homocysteine i.p. and then evaluating how homocysteine in circulation modulated osteocytes 
employing microCT50, immunohistochemistry and Real Time PCR [25]. These techniques 
enabled us to identify time dependent changes in osteocyte lacunar numbers and osteocyte 
markers with onset of hyperhomocysteinemia. It was interesting to find that with induc-
tion of hyperhomocysteinemia, there was initially an increase in osteocyte lacunar numbers 
coupled to an increase in transcription and protein expression of many osteocyte markers. 
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But with time we observed that homocysteine mainly increased the protein expressions of 
Dmp1 and sclerostin that were otherwise involved in mineralization of osteocyte lacunae. 
This is in fact a pathogenic mechanism since increased mineralization is also a cause for bone 
instability. Another trait seen in these bone was osteocyte apoptosis. Erstwhile studies have 
previously demonstrated that apoptotic osteocytes are not “debris” but necessary regulators 
of a process called “targeted remodeling” wherein apoptotic osteocytes signal nearby cells to 
release factors like RANKL, VEGF, ATP, sphingosine-1-phosphate and chemokines for endo-
thelial cell activation and recruitment of bone cell precursors, including osteoclasts and osteo-
blasts, to the site of injury to enable repair via BMU-mediated remodeling process [26, 27]. It 
has already been shown that homocysteine induces RANKL synthesis. Thus, homocysteine 
mediated induction of RANKL production by both osteoblasts and osteocytes is therefore 
an important determinant that drives bone to rapid bone resorption and thereby increased 
bone remodeling during hyperhomocysteinemia. Our findings thus provide an interesting 
avenue for future research into the role of osteocytes in disease-mediated changes in bone 
mineralization.

2. Conclusions

The effect homocysteine has on bone remodeling is dynamic. Unlike any other oxidant that 
generates free radicals, homocysteine exerts effects at multiple ways to induce cellular dam-
age. We have seen that in some cases homocysteine induces gene methylations to render cer-
tain genes like Lox inactive so that collagen architecture is altered whereas in other cases 
homocysteine over expresses genes like Dmp and Sost to promote mineralization, a process 
that can produce adverse effects on long run. Understanding the complexities involved in 
hyperhomocysteinemia is therefore vital for designing therapeutics for treatment of bone 
disorders.
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