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blocks, structures, functions and interactions. Much of biochemistry is devoted 
to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
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soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g., 
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Preface

The study of amino acids is a vast and exciting field that can explore the molecular and 
cellular processes that underlie the functioning of living organisms. The amino acids 
cysteine and homocysteine contain the sulfur atom and are particularly important 
because they play a crucial role in various physiological processes.

Cysteine is involved in cellular redox homeostasis, being a key component of glu-
tathione, an important antioxidant. Homocysteine is recognized as an important 
biomarker for several health conditions, and maintaining its levels within a normal 
range is considered beneficial for overall health.

The chapters in this volume will guide you step by step in discovering and under-
standing the fundamental concepts related to cysteine. Each chapter is dedicated 
to a specific aspect to provide a comprehensive summary of the latest insights into 
cysteine metabolism and its significance in different pathological conditions.

The structural similarity between homocysteine and cysteine makes the latter 
interesting to investigate for possible involvement in thrombophilia and deep vein 
thrombosis.

Throughout this book, you will discover a variety of information regarding cysteine 
and homocysteine metabolism, techniques, and methods of determination, as well as 
the implications of these amino acids in pathology. This information is essential for 
understanding the concepts and processes involving these amino acids.

In closing, we hope that this book will inspire and guide you on your journey to 
fascinating discoveries in the study of amino acids. Use your curiosity and passion 
to explore and understand the complex world of molecules and cellular processes 
that underpin life.

Nina Filip
Biochemistry,

Faculty of Medicine,
Grigore T. Popa University of Medicine and Pharmacy,

Iasi, Romania
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Chapter 1

Introductory Chapter: General 
Aspects Regarding Cysteine and 
Homocysteine
Nina Filip

1.  Introduction

Amino acids are fundamental building blocks of life, playing pivotal roles in various 
metabolic processes. These two amino acids, cysteine and homocysteine, contain the 
sulfur atom and are particularly important because they play a crucial role in vari-
ous physiological processes [1, 2]. Cysteine was first isolated by Eugen Baumann, a 
German chemist, in 1884. Baumann was investigating the components of animal horn 
material when he identified cystine, the oxidized dimer form of cysteine [3]. Cysteine 
is involved in the synthesis of proteins, antioxidants, and important molecules such 
as glutathione, which help protect cells against oxidative stress. Modern techniques 
in protein engineering utilize cysteine residues to create more stable and functional 
proteins for therapeutic and industrial applications [4].

Homocysteine was first discovered by Vincent du Vigneaud, an American bio-
chemist, during his research on the metabolic pathways of sulfur-containing amino 
acids. Du Vigneaud was awarded the Nobel Prize in Chemistry for his work on the 
synthesis of essential biological substances, including his research on methionine 
and homocysteine [5]. Kilmer McCully, an American pathologist, proposed the 
“homocysteine hypothesis” of arteriosclerosis. McCully’s research showed that 
elevated levels of homocysteine could damage blood vessels, leading to cardiovascular 
diseases, such as heart attacks and strokes [6]. His work was initially controversial but 
later gained acceptance and led to a broader understanding of homocysteine’s role in 
vascular health.

Homocysteine is a metabolite of methionine and is involved in methylation 
reactions and the synthesis of important molecules, such as DNA and neurotrans-
mitters. However, elevated levels of homocysteine have been associated with 
several pathological processes, such as cardiovascular disease, neurodegenerative 
disorders, and impaired cognitive function. Additionally, research has shown 
that elevated homocysteine levels can contribute to the development of insulin 
resistance and diabetes. Furthermore, it has been suggested that the imbalance 
between cysteine and homocysteine levels can disrupt the redox balance in cells, 
leading to increased oxidative stress and cellular damage [7]. Advances in genetic 
research have identified mutations in genes involved in homocysteine metabolism 
(such as MTHFR) that can affect homocysteine levels and influence disease risk 
[8]. Personalized medicine approaches are being explored to address these genetic 
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variations and optimize treatment strategies. These new insights highlight the 
intricate roles of cysteine and homocysteine in various pathological processes, 
shedding light on potential therapeutic targets for diseases associated with the 
dysregulation of these amino acids. New insights into the roles of cysteine and 
homocysteine in pathological processes have revealed their importance in various 
physiological functions, as well as their potential contribution to the development 
and progression of several diseases [9, 10].

2.  Cysteine metabolism

Cysteine metabolism is a biochemical process that involves both synthesis and 
degradation of cysteine. Cysteine is an important amino acid for protein synthesis, 
detoxification, and various metabolic functions.

Cysteine synthesis occurs through the methionine transsulfuration pathway.
Methionine, an essential amino acid, is first converted to S-adenosylmethionine 

(SAM) by an ATP-dependent reaction.
SAM subsequently donates a methyl group in various methylation reactions, 

becoming S-adenosylhomocysteine (SAH), which is then hydrolyzed to homocysteine 
by S-adenosylhomocysteine hydrolase.

Homocysteine is converted to cystathionine by a reaction catalyzed by cysta-
thionine β-synthase (CBS) with the help of serine. Cystathionine is then cleaved by 
cystathionine γ-lyase (CGL) to produce cysteine, α-ketobutyrate, and ammonia.

The activity of key enzymes like CBS and CGL is regulated by feedback mecha-
nisms and can be influenced by the cellular levels of substrates and products.

Degradation of cysteine involves several pathways (Figure 1):

a. Cysteine dioxygenase (CDO) pathway: CDO converts cysteine to cysteine sulfinic 
acid, which can be further metabolized to taurine or undergo desulfurization 
to form pyruvate and sulfate. Taurine, an important molecule derived from 
cysteine sulfinic acid, plays significant roles in bile salt formation and cellular 
osmoregulation.

b. Desulfhydration pathway: cysteine can be directly converted to pyruvate by 
desulfurization, with the release of ammonia and hydrogen sulfide (H2S) [11].

Figure 1. 
Cysteine degradation.
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c. Mercaptopyruvate pathway: cysteine aminotransferase catalyzes the transamination 
of cysteine with α-ketoglutarate to form 3-mercaptopyruvate which can be further 
converted by 3-mercaptopyruvate sulfurtransferase (MPST) to pyruvate and H2S.

d. Glutathione pathway: cysteine is a precursor for glutathione (GSH), an important 
cellular antioxidant.

Cysteine degradation is a multifaceted process that integrates various metabolic 
pathways to maintain amino acid balance, detoxify sulfur compounds, produce 
important signaling molecules like hydrogen sulfide and contribute to the synthesis of 
biomolecules, such as taurine and glutathione.

3.  Physiological roles and clinical significance

Cysteine plays several crucial roles in the body (Figure 2) [12]:

• Cysteine is a key component of many proteins, contributing to their structural 
stability through disulfide bonds [13].

• It is a precursor of glutathione, a major intracellular antioxidant that protects 
cells from oxidative stress [14].

• Cysteine participates in the detoxification of harmful substances through conju-
gation reactions in the liver [15].

Clinical relevance of cysteine [16].
Homocystinuria: a disorder caused by deficiencies in cystathionine-β-synthase, 

leading to the accumulation of homocysteine and associated complications, such as 
cardiovascular disease.

Figure 2. 
The importance of cysteine in human health.
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Cystinosis: a condition characterized by the accumulation of cystine (the oxidized 
dimer form of cysteine) in lysosomes, leading to kidney damage and other systemic 
problems.

Glutathione deficiency: can result from impaired cysteine metabolism, leading to 
increased oxidative stress and susceptibility to various diseases.

Homocysteine has significant clinical relevance:

• Cardiovascular health: elevated levels of homocysteine, known as hyperhomo-
cysteinemia, are associated with an increased risk of cardiovascular diseases, 
including atherosclerosis and thrombosis [17].

• Neurological function: homocysteine levels are linked to cognitive function and 
neurological disorders, with high levels potentially contributing to neurodegen-
erative diseases [18].

• Gastrointestinal disorders: the association between hyperhomocysteinemia and 
inflammatory bowel disease, along with other autoimmune diseases, is sup-
ported by the role of homocysteine in promoting inflammation, oxidative stress, 
endothelial dysfunction, and immune dysregulation [19].

• Chronic renal diseases: elevated homocysteine (Hcy) levels have been observed 
in patients with chronic renal failure (CRF), those on dialysis, and even after a 
kidney transplant [19].

Today, homocysteine is recognized as an important biomarker for several health 
conditions, and maintaining its levels within a normal range is considered beneficial 
for overall health. The ongoing research aims to better understand the complex 
interactions between genetics, nutrition, and lifestyle factors in the regulation of 
homocysteine levels and their impact on health. Further studies are also focused on 
the potential therapeutic benefits of lowering homocysteine levels in various diseases.
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Chapter 2

High Resolution Mass Spectrometry 
of Cystine-Containing 
Neuropeptides in Histological 
Sections of Human FFPE Tissue 
Banks
Peter Verhaert, Gilles Frache, Dhaka Bhandari,  
Luuk Van Oosten, Remco Crefcoeur, Bernhard Spengler, 
Marthe Verhaert, Aletta Millen, Sooraj Baijnath,  
Ann-Christin Niehoff and Raf Sciot

Abstract

Using our earlier developed protocol, mass spectrometry imaging of small 
endogenous peptides (and a selection of small metabolites) can be successfully 
performed directly in tissue sections of formaldehyde-fixed paraffin-embedded 
(FFPE) samples, such as those available in Homo sapiens biobanks. In analogy with 
immunohistochemistry (IHC) which employs antibodies as detection probes, this 
method was designated mass spectrometry histochemistry (MSHC) as it solely 
relies on (top-down) mass spectrometry for analyte detection. We demonstrate that 
MSHC enables the localization of cystine-containing neuropeptides in histological 
sections of human FFPE biobanked tissue and illustrate this on pituitary adenomas 
and non-diseased pituitary tissues archived for several years in an academic hos-
pital pathology biobank. The instrumental setup consists of high-resolution mass 
spectrometers (several orbitrap systems and one dedicated hybrid TOF instrument) 
fitted with atmospheric pressure (AP) scanning matrix-assisted laser desorption/
ionization MALDI. Currently, the best spatial resolution routinely achievable with 
such (MALDI) apparatus is 5 μm. The high mass spectrometric resolution obtained 
allows revealing the full isotope envelopes of the peptides. As such both reduced and 
oxidized cysteine-containing ‘proteoforms’ of e.g., the neurosecretory nonapeptides 
vasopressin and oxytocin can be visualized in biobanked FFPE tissue, demonstrating 
yet a novel application of MSHC.

Keywords: high-resolution mass spectrometry imaging, formaldehyde-
fixed paraffin-embedded samples, Homo sapiens, biobanks, cystine-containing 
neuropeptides
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1.  Introduction

In a chapter of a book dedicated to the amino acid cysteine (Cys), it is probably 
redundant to emphasize the importance of this amino acid residue in protein/peptide 
biology. Yet, we would like to highlight one of the main reasons for our long-term 
interest in (endogenous) Cys-containing peptides. These peptides, often encoded by 
polypeptide precursor genes, are representatives of an extremely important class of 
secretory biomolecules, which fulfill crucial roles in intercellular communication. 
As such their functions in the organism belong to the (if not the) most essential and 
fundamental characteristics of ‘life’ [1, 2]. More than 40 years back, when the senior 
author of this chapter (P.V.) engaged in secretory peptide research, the most elegant 
way of demonstrating (and localizing) secretory biomolecules in tissues was by 
conducting immunohistochemistry-based experiments (see e.g. [3, 4]). Molecular 
characterization of newly discovered secretory peptides initially required laborious 
(if not heroic) extractions and chromatographic separations followed by tedious 
amino acid sequencing by automated Edman degradation (e.g. [5, 6]). With the 
advent of protein/peptide (tandem) mass spectrometry (MS), the identification and 
molecular characterization of secretory peptides became much more efficient (e.g. 
[7]), especially when it became evident that direct tissue matrix-assisted laser desorp-
tion/ionization (MALDI) MS enabled the immediate identification of secretory 
(neuro)peptides (e.g. [8, 9]). Several years later, the technology had developed thus 
far that scanning MALDI MS today allows in situ, i.e., on-tissue, analysis of secretory 
peptides, directly on histological sections of biological tissues, including samples 
that have been archived in tissue banks for a number of decades [10]. In this chapter, 
we illustrate the type of data that can be obtained from two different Cys-containing 
neuropeptides by modern high-resolution (HR) MS coupled to the latest atmospheric 
pressure scanning microprobe MALDI sources on well-documented samples from a 
hospital tissue bank.

We like to underline at this point that the sample histological sections we 
employed in this study all originated from formaldehyde-fixed paraffin-embedded 
tissue blocks that had been stored at ambient temperature in a hospital tissue bank 
for more than a few years. This remarkably contradicts several reports on MSI stud-
ies claiming that, without specific antigen retrieval steps (with their inherent risk of 
analyte delocalization and signal intensity reduction) and/or the use of special ‘reac-
tive’ matrices for on-tissue chemical derivatization, top-down MS analysis of FFPE 
is destined to fail [11, 12]. Indeed, it has been suggested that formaldehyde fixation 
should preferably be avoided for MSI analyses [13].

2.  Materials and methods

2.1  Samples

2.1.1  Sample origin and conservation

Homo sapiens pituitary-derived tissues were carefully selected from the large 
pathological collection at Leuven University Hospital FFPE biobank. The tissues 
were surgical specimens from patients who had undergone (anterior) pituitary 
tumor resection. All tissues had been fixed in formaldehyde and embedded in paraf-
fin according to the hospital’s standard operating procedure. Special attention was 



11

High Resolution Mass Spectrometry of Cystine-Containing Neuropeptides in Histological Sections…
DOI: http://dx.doi.org/10.5772/intechopen.1004948

made to select tissue blocks that partly contained posterior pituitary nerve terminals, 
known to store the nonapeptides vasopressin and oxytocin, as validated by histo-
chemical stains, including hematoxylin/eosin (H&E) and immunohistochemical 
(IHC) staining with nonapeptide antibodies (see below).

2.1.2  Sample processing

2.1.2.1  Sectioning

Paraffin blocks containing the tissue samples were trimmed and microtome 
sectioned at 5 μm thickness. For use in the orbitrap MS systems, the tissue sections 
were collected on regular [2.5 (or 2.6) × 7.5 cm] glass microscope slides and stored at 
room temperature until deparaffinization. For use in the TOF system, sections were 
mounted on conductive (indium tin oxide coated) slides.

2.1.2.2  Deparaffinization

Deparaffinization was performed essentially as described [1], the glass slides were 
sequentially immersed in a brief series of solvents, i.e., 2 times in xylene (100%) for 
2 and 1 min respectively and two times in ethanol (absolute) for 1 min each. They 
were left to dry at room temperature for a minimum of 30 min before MALDI matrix 
application.

2.1.2.3  MALDI matrix coating

Before MALDI MS imaging, tissues were coated with MALDI matrix using auto-
mated pneumatic spraying or sublimation. For spray-coating, a solution of 2,5-dihy-
droxybenzoic acid (DHB, 50 mg/ml) was prepared in 50% acetonitrile, 50% H2O 
containing 0.1% TFA. Two different spraying devices were employed yielding equal-
quality matrix depositions. The sublimation instrument (see below) was operated 
using DHB powder (>99.0% pure) right out of the vial (Sigma-Aldrich #85707-1G-F).

2.1.2.3.1  M5 sprayer (HTX)

M5 sprayer settings were as follows: nozzle temperature: 75°C; nozzle height: 
40 mm; flow rate: 0.1 ml/min; velocity: 1200 mm/min; track spacing: 1 mm; 3 passes; 
pressure: 10 psi; gas flow rate: 3 l/min; drying time: 2 sec.

2.1.2.3.2  Suncollect sprayer (Sunchrom)

Suncollect sprayer settings were as follows: z-distance: 25 mm; flow rate: 0.1 ml/
min; velocity: 1200 mm/min; track spacing: 2 mm; 3 passes; pressure: 2.5 bar.

2.1.2.3.3  iMLayer matrix sublimation system (Shimadzu)

DHB was applied through an automated system as described [14] with sublimation 
resulting in a 2 μm matrix thickness (thinness) layer. To minimize matrix crystal size 
and assure analyte incorporation into the matrix crystals, a quick recrystallization 
step was performed (1.5 min) in a closed chamber at 75°C with a paper tissue with 
500 μL MeOH:H2O 5:1000.
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2.2  Mass spectrometry

2.2.1  Ionization: MALDI

Different scanning atmospheric pressure (AP) MALDI sources were employed, 
depending on the mass spectrometer used.

2.2.1.1  AP-SMALDI

A Q-Exactive HF hybrid quadrupole/orbitrap mass spectrometer (ThermoFisher 
Scientific (Bremen) GmbH, Bremen, Germany) was connected to an AP-SMALDI5 
AF high-resolution MALDI imaging source (TransMIT GmbH, Giessen, Germany). 
The laser focus diameter on the sample was 5 μm and the sample was scanned with a 
7 μm step size, resulting in an image pixel size of 5 μm × 7 μm.

2.2.1.2  AP/MALDI

Different generation orbitrap (ThermoFisher Scientific (Bremen, Germany 
and San Jose, CA USA) instruments were used in connection with an AP/MALDI 
(ng) UHR ion source (MassTech, Columbia, MD, USA). These comprised ion trap/
orbitrap hybrid systems, including an LTQ Orbitrap Velos and an LTQ Orbitrap 
Velos Pro Elite; the single stage Exactive Plus, and the latest generation quadrupole/
orbitrap Exploris 480. Laser energy was typical between around 5% (Nd-YAG 
laser), and laser focus was set below 10 μm for the Velos, Elite, and Exactive sys-
tems, to allow for a 10 × 10 μm2 pixel size to be sampled in constant speed raster 
mode. The sample stage movement was programmed in the Target control software 
(MassTech) to be synchronized with the MS scan rate, to allow for, at least, 1 MS 
scan per pixel to be recorded.

2.2.1.3  Integrated AP MALDI

An iMScope TRIO (Shimadzu) ion-trap time-of-flight (IT-TOF) mass spectrometer 
Shimadzu Corporation (Kyoto, Japan) was also used, essentially as described before 
[14]. This instrument has a fully integrated atmospheric pressure MALDI source. 
Laser focus was <5 μm; laser intensity was set at 16.0 a.u., laser frequency was 
1000 Hz and 200 shots were accumulated per pixel. For data acquisition, Imaging MS 
Solution 1.1 was used.

2.2.2  MS acquisition to imzML data format

2.2.2.1  QExactive HF

Mass spectra were acquired in positive-ion mode within a mass range of 500 
to 2000 m/z and at mass resolution of 240,000 at 200 m/z. Internal lock-mass 
calibration on a DHB matrix cluster ion assured a mass accuracy of less than 2 ppm 
(root mean square error). Ion injection time was set to 500 ms, the S-lens level was 
maintained at 100 arbitrary units, and the ion transfer capillary temperature was 
250°C. Raw MS data files (*.raw) and corresponding position files (*.udp) from the 
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AP-SMALDI source controller software were obtained as inputs for subsequent pro-
cessing. The latest imzML converter ((c) University of Giessen and TransMIT GmbH) 
was employed for efficient data conversion. The converter utilizes an advanced 
algorithm transforming initial profile data into centroid data, reducing data dimen-
sionality without loss of essential molecular information. Critical image dimension 
parameters including number of pixels (in x and y) and pixel size are automatically 
selected from the files, enhancing speed and accuracy of data processing, by minimiz-
ing manual intervention. Upon conversion process, the raw MS data are transformed 
into the imzML format. This generic format assures flexible data accessibility and 
facilitates downstream analysis, providing a foundation for robust interpretation and 
visualization of spatially-resolved molecular information [15].

2.2.2.2  Exactive Plus

The Exactive Plus orbitrap FT-MS system (ThermoFisher Scientific) was operated 
in positive-ion mode in a mass range of 150–1500 m/z at a mass resolution of 140,000. 
Ion transfer capillary temperature was set at 375°C.

2.2.2.3  Exploris 480

The Exploris 480 FT-MS system (ThermoFisher Scientific) was operated in 
positive-ion mode in a mass range of 400–1500 m/z at mass resolution of 60,000. Ion 
transfer capillary temperature was set at 375°C. Laser at 20% energy, 100 Hz. Max 
injection time 200 ms. AGC was on.

2.2.2.4  LTQ orbitrap Velos systems

We previously reported data obtained on early generation LTQ Orbitrap Velos 
PRO Elite and LTQ Orbitrap Velos systems, which were able to detect the secretory 
neuropeptides in question [16–19], but in this chapter we will concentrate on the 
younger ThermoFisher MS systems mentioned above.

2.2.2.5  iMScope TRIO

The iMScope TRIO IT-TOF mass spectrometer (Shimadzu) was operated in 
positive-ion mode in a mass range of 550–1500 m/z. Sample voltage was set at 3.5 kV; 
200 laser shots were accumulated per pixel (laser frequency 1000 Hz).

To try and confirm the neuropeptide identity of the MSHC detected ion signals, 
tissue collision-induced dissociation (CID) MS/MS analyses were performed using 
m/z 1084.445 and 1007.443 ± 1.000 amu as precursor ion setting and adjusting the 
mass range to resp. 300–1100 m/z and 250–1100 m/z.

Spectra were processed using the Imaging Mass Solution software (v.1.1; 
Shimadzu).

2.3  Histochemistry

Two types of histochemical staining methods were used for light microscopic 
analysis of the tissue sections. These included classical H&E staining as well as 
immunohistochemistry (IHC).
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2.3.1  Hematoxylin/eosin (H&E) staining

To facilitate histological recognition of the different cell and tissue types, an 
adjacent (serial) section of each paraffin block was stained with hematoxylin and 
eosin. For this the respective microscope slide containing a deparaffinized section 
was immersed in 70% ethanol (5 min), followed by a brief dip/wash in distilled water. 
Slides were then stained in Harris hematoxylin solution for 8 min, after which they 
were washed in running tap water for 5 min. Subsequently, sections were counter-
stained in eosin-phloxine solution for 1 min, followed by conventional dehydration 
and cover-slipping; dehydration through 70% and 96% ethanol (2 changes of 5 min 
each), clearing steps in 2 changes of xylene (5 min each), and mounting with xylene 
based mounting medium.

2.3.2  Immunohistochemical (IHC) staining

Two different rabbit polyclonal antisera were used. Neuropeptide immunohisto-
chemistry was performed using rabbit anti-vasopressin and anti-oxytocin polyclonal 
antibodies (a kind gift by Prof. L. Arckens; Laboratory for Neuroplasticity and 
Neuroproteomics, University of Leuven, Belgium). Both antisera had been used 
before in immunohistochemical studies to demonstrate vasopressin- and oxytocin-
like immunoreactive peptides in neuronal tissues of various animal species [3]. 
Details of the immunohistochemical technique employed and antibody incubation 
parameters were described earlier [3, 4].

3.  Results

To illustrate the specificity of our HRMS1 analyses, we can compare the experi-
mentally obtained spectra with the calculated (theoretic) isotopic distribution of 
(a) vasopressin and (b) oxytocin respectively. Figure 1 shows these both in oxidized 
(cystine, closed S∙S ring) and reduced state (open disulfide ring; two free thiol S∙H 
groups).

In the majority of the pixels sampled no neuropeptide ion signals are detected, 
which is in line with the known tissue distribution of the 2 nonapeptides focused on 
in this paper. Depending on the position where the tissue mass spectra are acquired, 
different (combinations of) ion signals are detected within the determined neuro-
peptide mass range. Some typical examples are shown in Figure 2. These comprise 
pixels (Figure 2a, d and e) that yield more or less complete neuropeptide ion isotope 
patterns; whereas in other pixels merely the most intense (monoisotopic) peaks are 
evident, such as for the (lower intensity) oxytocin ions (Figure 2b and c).

Using AP-SMALDI5 AF—QE HF MSHC images were obtained at 7 μm lateral 
resolution. The distribution of vasopressin and oxytocin-related peptide ions is partly 
overlapping, but differential (Figure 3 lower panel). Immunohistochemical staining 
demonstrated that vasopressin- as well as oxytocin-immunoreactive substances, are 
detected with a similar tissue distribution to the MSHC detected ions (Figure 3 upper 
panel).

Using the AP/MALDI—Exploris 480 MSHC combination, images could be 
acquired at 5 μm lateral resolution on similar FFPE tissue from pituitary adenoma 
resection (Figure 4).
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Equally, ions representing both peptides are detected when the AP/MALDI source 
was mounted on earlier generation orbitrap systems, including the Exactive Plus 
(Figure 2, MSHC image not shown), and the 15 years-old LTQ Velos (previously 
published MSHC images [16, 17]).

Finally, also using the fully integrated iMScope TRIO can be used to generate 
images in the same spatial resolution range, as shown in Figure 5. The sample ana-
lyzed here was from a different pituitary adenoma patient than the one who donated 
the sample imaged in Figures 3 and 4. Immunohistochemistry of adjacent sections 
to the one imaged by MSHC yielded the expected images with no obvious distinction 
between the anti-vasopressin and anti-oxytocin staining (Figure 5 upper panel).

CID tandem MS data were obtained both from the precursor ion at m/z 1084.445 
and of that at m/z 1007.443 (Figure 6).

4.  Discussion

As stated in our previous publication [18], many biologically active secretory 
peptides contain one or multiple disulfide bridges, in part due to/their contribution 
to the peptides’ stability and activity. We concluded that the presence of Cys can 

Figure 1. 
Calculated (theoretical) isotopic distribution of vasopressin (a) and oxytocin (b). Note that, at observed m/z 
range, highest isotope peaks are invariably those with all C atoms as C12, followed by ions with one C13 atom, 
and, thirdly, ions with two C13 atoms in their composition.
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Figure 2. 
Typical examples of on-tissue detected single-pixel isotopic patterns of vasopressin and oxytocin [M + H]+ ions 
(Exactive Plus data), showing different spectra depending on peptide quantities/signal intensities obtained. To 
facilitate comparison, insert in Figure 2d shows a theoretic isotope envelope of oxytocin with its cystine disulfide 
bridge formed.
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be used as selection criterion for biologically important biomolecules in animal 
secretions. We calculated the prevalence of cysteines (6.91% of all residues) in the 
animal toxin sub-database of UniProt relative to the overall occurrence of cyste-
ines in the whole UniProtKB/Swiss-Prot (release 2015_1) database (1.37% of all 
residues). We have recalculated these numbers based on the current versions of 
the respective databases (Figure 7). For this calculation, the latest version of the 
UniProt database (release 2024_1) was downloaded from https://www.uniprot.
org/uniprotkb/statistics. The Tox-Prot database was derived from this using the 

Figure 3. 
AP-SMALDI5 AF—QE HF MSHC images (7 × 7 μm2 pixel size) generated in METASPACE (lower panel). 
Lower left image is an MSHC overlay of pixels containing protonated vasopressin (blue), protonated & sodiated 
oxytocin (resp. magenta & red), and protonated protoporphyrin (PP; [C34H34N4O4 + H]+; precursor of heme; 
green). Upper panel shows serial sections of same paraffin block stained with H&E and IHC. Legend: H&E, 
hematoxylin/eosin; IHC, immunohistochemistry; MSHC, mass spectrometry histochemistry; OT, oxytocin; VP, 
vasopressin. Center lines show primary structures of VP (middle) and OT (right), with only 2/9 amino acid 
residues different.

Figure 4. 
METASPACE-generated MSHC image (left) obtained of biobanked human pituitary FFPE tissue with AP/
MALDI 480 (5 × 5 μm2 pixel size), with serial sections of the same paraffin block stained with anti-vasopressin 
antibodies (middle; VP-IHC) and hematoxylin/eosin (right; H&E). Abbreviations: ah, adenohypohysis; nh, 
neurohypophysis; H, heme b (m/z 616.16); OT, oxytocin (m/z 1007.44); VP, vasopressin (m/z 1084.44). Yellow 
pixels represent specific DHB matrix cluster ions, which appear to form predominantly outside of tissue.
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following query: “taxonomy_id:33208) AND ((cc_tissue_specificity:venom) OR 
(keyword:KW-0800)) AND (reviewed:true)” as described at https://www.uniprot.
org/help/Toxins. We cannot but conclude that our previous observation [18] still 
stands, with 6.66% of all residues being Cys in Tox-prot, whereas only 1.39% of all 
residues are Cys in UniProt.

Since this publication, we have continued our work on yet another dimension to 
investigate endogenous peptides (Cys-containing as well as other secretory) in com-
plex biological samples. We refer to the spatial dimension, and when applying mass 
spectrometry imaging technology directly to histological sections, one could refer to 
this approach as mass spectrometry histochemistry (MSHC). Whereas we originally 
studied fresh samples, minutes after prelevation/resection from the living organism 
[9, 20], in the past 7 years we have been focusing mainly on the type of material that 
is more easily (and ethically) accessible, i.e. formaldehyde-fixed, paraffin-embedded 
(FFPE) samples [10, 16, 17, 21].

We here focus on the data obtained for 2 known Cys-containing neurosecretory 
nonapeptides (vasopressin and oxytocin) which can easily be detected in Homo 
sapiens biobanked neuronal tissues [16, 17, 21].

The chemical structure of both vasopressin and oxytocin with their disulfide 
bridge formed is shown in Figure 8.

In this paper, we focus on MS1 data, which, on their own, obviously are debatably 
sufficient to validate the peptide identifications. However, we previously published 
that, using synthetic peptide analogs (both oxidized as well as reduced (open disul-
fide bridge) versions, tandem MS as well as ion mobility fully confirm, at least for 
vasopressin, our peptide identifications (see [21])).

Depending on the position of the tissue where mass spectra are acquired, different 
(combinations of) ion signals in the zoomed-in neuropeptide mass range are observed 
in the respective pixels, with typical examples shown in Figure 2. It shall be clear that 

Figure 5. 
Lower panel shows MSHC images (10 × 10 μm2 pixel size) of resected human pituitary adenoma tissue archived 
in FFPE biobank, obtained after analysis with iMScope TRIO and generated using imaging mass solution software 
(v.1.1; Shimadzu). The numbers below represent selected m/z values of ions imaged, with far-left image being an 
overlay image of vasopressin ions in green and oxytocin ions in red. Numbers at the y-axis indicate ion intensity 
color scales. Upper panel left shows very same tissue section prior to MSHC analysis (and before DHB matrix 
application). Middle and right images are two serial adjacent sections immunostained with anti-vasopressin and 
anti-oxytocin antibodies. Legend: ah, adenohypophysis; nh, neurohypophysis; IHC, immunohistochemistry; OT, 
oxytocin; VP, vasopressin.
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not in all pixels, full isotope profiles are evident (Figure 2b and c). Indeed, it can be 
expected that in certain pixels some peptides may not be present at concentrations 
sufficient for the second (let alone third) isotopes to exceed the limit of detection. 
The fact, however, that the monoisotopic peaks detected exhibit the expected mass 
defect, and share the typical tissue distribution with the pixels that do contain enough 
neuropeptide ion signal for multiple isotopes to be observed, strengthens our inter-
pretation that, also in these single isotope peak spectra true neuropeptide ions (albeit 
in very low quantities) are detected. This is also in line with the well-known very low 
abundance of typical signaling (secretory) peptides in tissues.

It follows as well that not all pixels may generate enough ion signals to allow for 
MS/MS identification/confirmation of the peptide primary structure. Yet when 
selecting areas with the highest MS signal for the respective precursor m/z, suf-
ficient tandem MS information can be deduced from fragmentation spectra to allow 
for unambiguous annotation of the spectra to the respective neuropeptide. MALDI 
fragmentation spectra generated with the iMScope TRIO IT-TOF system are shown in 
Figure 6. These fully agree with the earlier described fragmentation spectra, when, 
in addition to the typical MS1 characteristics of typical endogenous peptide ions [16], 

Figure 6. 
On-tissue CID MS/MS spectra of precursor ions at m/z 1084.445 (a) and m/z 1007.443 (b). Respective inserts 
show vasopressin (a) and oxytocin (b) sequence with predicted fragment ion masses (online ProteinProspector 
MS Product output [https://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct]). Most fragile 
peptide bond (aminoterminally from Pro residue, carboxyterminally from disulfide bridge-linked cystine ring) is 
marked in green, yielding, for both nonapeptides, b6 and y3 as most dominant ions in the tandem MS spectrum.
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we also used ion mobility to confirm the identity of human pituitary nonapeptides 
extracted from a single FFPE tissue section [21].

Even using one of the earliest generation ion trap-orbitrap combinations (our LTQ 
Orbitrap Velos, first operated in 2010, being the oldest HRMS instrument tested), 
vasopressin as well as oxytocin ions can be detected [16, 17]. However, signal inten-
sities seen with the later generation orbitraps [this chapter] are markedly higher, 
suggesting that, in the older-generation instruments, the low abundant endogenous 

Figure 7. 
Bar graphs illustrating importance of Cys as residue in secreted, bioactive proteins. (a) Upper panel compares 
relative amino acid abundance (in %, y-axis) in UniProt (red bars) with that in tox-Prot database (blue bars) as 
of January 2024 (a). Note especially the relatively high abundance of the cysteine residues in the Tox-Prot database 
(6.66%) compared to the Uniprot database (1.39%). (b) Lower panel shows an alternative representation of 
Cys importance by plotting relative amino acid abundance increases in Tox-Prot database compared to Uniprot 
database, calculated by (%Tox-Prot/%Uniprot) × 100%. Generally speaking, relative amino acid abundances are 
comparable between both databases, except for Cys which exhibits an almost 500% increase in relative abundance.
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peptide analyses appear close to the limit of detection. In our view, this also explains 
why older-generation instruments may lack the sensitivity to reveal the complete 
isotopic envelope of a detected peptide. This then yields ambiguous data, which may 
not be conclusive, in particular when untargeted biomolecular discovery is envisaged, 
such as for novel biomarker identifications. We, therefore, recommend employing 
an HR mass spectrometer with the highest sensitivity possible for such analyses. We 
remark here that present-generation hybrid TOF instruments, such as the performant 
iMScope TRIO apparatus are also able to yield sufficient resolution as well as sensitiv-
ity to allow for MSHC detection/discovery of neuropeptides and/or neuropeptide 
proteoforms, even including on-tissue CID tandem MS confirmation of neuropeptide 
primary structures (Figure 6). This suggests that also its current successor, the 
iMScope QT, based on a QTOF mass spectrometer, may be well suited for this.

It is well-known that, in traversing the endoplasmic reticulum and Golgi appara-
tus, secretory proteins/peptides undergo a variety of posttranslational modifications 
(PTMs), with disulfide bond formation often being a PTM necessary for protein/
peptide (secondary) structure and/or enhancing the peptide’s half-life by hindering 
protease (such as trypsin) digestion. It follows that a relatively high proportion of 
bioactive secretory peptides share the attribute of having one or more Cys-residues in 
their primary structure. We have used this feature in the past to filter bioactive peptide 
candidates from complex LC/MS datasets of animal secretions [18]. The conventional 
method of determining the presence of disulfide bonds in a peptide is by simply count-
ing the mass shift before and after reduction [22] or after reduction and alkylation [23]. 
However, such an approach requires the comparison of two separate analyses, which is 
not always feasible or desirable. To quickly assign the presence of cysteines in a peptide 
of unknown nature without the need for disulfide bond reduction, we, therefore, 
developed an HRMS filtering approach [18], in which we employ two intrinsic char-
acteristics of the sulfur atom to select peptides with cysteine residues. The relatively 
large negative mass defect (the difference between the isotopic and nominal or integer 
mass) in combination with the positive isotopic shift (difference between average and 
monoisotopic mass) [24] allows for rapid identification of sulfur-containing peptide 
candidates from LCMS datasets of a complex mixture of unknown Cys-containing 
samples. Normalization of these two shifts results in two non-additive and independent 

Figure 8. 
Homo sapiens vasopressin (VP, left) and oxytocin (OI, right) in their predominant (proteo)forms, i.e., a 
carboxyterminally amidated nonapeptide with two cysteines at residues 1 and 6 linked by a disulfide bridge. Note: 
primary structure of vasopressin is CYFQNCPRG-NH2 [elemental composition C46H65N15O12S2], and of oxytocin 
is CYIQNCPLG-NH2 [elemental composition C43H66N12O12S2].
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peptide properties, which had previously been introduced as normalized nominal mass 
defect (NMD) and normalized isotopic shift (NIS), both of which have been used as a 
data representation method after de novo sequencing [25].

In the present chapter, we show that the detection and localization of Cys-
containing secretory peptides can be done directly on the very same histological 
section as prepared by the histopathologist for H&E and/or IHC stains. The extremely 
high mass accuracy obtained by the various HR (Fourier transform, FT) MS instru-
ments employed in these experiments allows for direct elemental composition 
calculation. The results generated are sufficient for database identification, such as 
those provided by the online automated mass spectrometry imaging data annotation 
platform METASPACE (https://metaspace2020.eu/ [26]).

Comparing the on-tissue isotope distributions of the neuropeptide-related ions 
with the theoretical calculations, we observe a-typical patterns. Indeed, in a significant 
number of pixels, the 3rd (and 4th) isotopic peak of vasopressin appears higher than 
expected (Figure 2a). We previously substantiated, using orthogonal validation with 
synthetic peptide analogs, tandem MS and ion mobility, that this is due to the presence 
of reduced neuropeptide, i.e. vasopressin with its [Cys1-Cys6] disulfide bridge opened 
[21]. In this chapter we show (single pixel) on-tissue MS spectra suggesting that a similar 
phenomenon is evident for oxytocin (Figure 2c and d). One biological assumption can 
be that we are observing the (in Golgi?) maturation of the neuropeptides, where in the 
process of peptide synthesis first the linear version of the peptide and its neurophysin 
are produced after which they are fully post-translationally processed, by C-terminal 
amidation and cystine formation. As it can be expected that the linear versions of both 
nonapeptides exhibit different binding characteristics to their respective neuropeptide 
receptors, the fact that we can now establish which neuropeptide proteoform is present 
in which tissue (compartment) may prove to be biologically relevant.

We also emphasize here that, although the tissues have been fixed in formaldehyde 
and stored in paraffin for many years (some were over a decade old), remarkably little 
formaldehyde fixation modifications are evident in our datasets. Only the pixels with 
the highest vasopressin concentration show signals at m/z 1096.44, being the Schiff 
base ion [M + C + H]+ [particularly detected in the Exploris and Exactive series mass 
spectrometers; data not shown], a well-known intermediate reaction product of the 
formaldehyde fixation [27].

In general, we show here that MSHC results can be obtained on a wide variety of 
orbitrap systems (ThermoFisher Scientific), but also the fully integrated MS imaging 
IT-TOF instrument (Shimadzu). In combination with our previously published work 
[10, 21] which also employed Bruker mass spectrometers, this exemplifies that MSHC 
is full ‘vendor-neutral’, and that the unique sample preparation method is key to 
retaining the respective analytes of interest in their tissue location and thus allow for 
successful MSHC experiments.

Finally, we highlight that in terms of spatial resolution achievable with the dif-
ferent AP MALDI sources employed and using the very MSHC sample preparation 
described here, it was possible to generate human neuropeptide ion images from 
pixels as small as 5 × 5 μm2 (of a 5 μm thin FFPE tissue section).

5.  Conclusions

We conclusively demonstrate that MSHC allows for different neuropeptides to 
be imaged on 5 μm thick histological sections of year-long biobanked FFPE tissue. 
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MSHC in addition allows for the visualization of the tissue localization of certain 
classes of metabolites (such as protoporphyrin and related biomolecules) as well. 
(These will be extensively reported elsewhere). The MSHC analyses yield sufficient 
resolution to show the on-tissue presence of both oxidized (cystine-containing) and 
reduced (separate cysteine residues) neuropeptides.

Whereas FFPE tissue is traditionally not considered, let alone recommended for 
MSI applications in pathology, using this combination of MSHC sample preparation 
and atmospheric pressure MALDI analysis, we demonstrate the value and potential 
of analyzing easily accessible FFPE biobanked tissue. MSHC analyses, therefore, have 
great promise to help understand pathological processes involving peptides, which 
today can only be studied with microscopic histo(patho)logy. Hence we can para-
phrase the conclusion of Ref. [28] that MSHC as described here adds to the promise 
towards integration of MSI in routine molecular pathology for clinical diagnostics.
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Abstract

Both cysteine and homocysteine are sulfur-containing amino acids that play 
distinct roles in the body. Cysteine is an amino acid that contributes to the synthesis of 
collagen, a crucial protein for bone structure. Collagen provides the structural frame-
work for bones, contributing to their strength and flexibility. Adequate collagen for-
mation is vital for maintaining bone integrity, and cysteine’s role in collagen synthesis 
suggests a potential indirect impact on bone health. Elevated levels of homocysteine 
have been associated with an increased risk of osteoporosis and bone fractures. The 
exact mechanisms through which homocysteine affects bone metabolism are not fully 
understood, but it is suggested to involve interference with collagen cross-linking, 
increased oxidative stress, and altered bone remodeling. The relationship between 
cysteine, homocysteine, and osteoporosis is intertwined within complex biochemical 
pathways, constituting a continually evolving area of research.

Keywords: osteoporosis, bone mineral density, elderly, cysteine, homocysteine

1. Introduction

Both cysteine (Cys) and homocysteine (Hcy) are amino acids that contain a sulfur 
atom. The amino acid cysteine can be obtained from both the diet and produced from 
the degradation of methionine through the transsulfuration pathway [1, 2]. Methionine, 
another sulfur-containing essential amino acid, is found in a variety of protein-rich 
foods, including meat, eggs, dairy products, and legumes [3]. Homocysteine is a sulfur-
containing amino acid that is not directly obtained from dietary protein or utilized 
for its endogenous synthesis. Instead, it functions as an intermediate in the metabolic 
pathway of methionine. Elevated plasma levels of homocysteine, known as hyperhomo-
cysteinemia, are a risk factor for various pathological disorders. Homocysteine metabo-
lism is influenced by B vitamins, and there have been suggestions for vitamin treatments 
to lower Hcy concentration [4, 5]. However, clinical trials have not yet established 
a consensus on the effectiveness of vitamin supplements in reducing homocysteine 
levels and improving pathological conditions [6]. This is particularly evident in elderly 
patients with associated pathologies, indicating that these dietary, as well as non-dietary 
factors may contribute to elevated homocysteine levels [6].
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A frequently encountered condition, especially in the elderly, is osteoporosis with 
serious health consequences due to its association with fragility fractures. As a result 
of the increase in life expectancy, the total number of fragility fractures will increase 
and, therefore, the cost to society will increase significantly in the coming years. 
Identifying risk factors or risk indicators to prevent osteoporosis and develop new 
treatment strategies are real concerns [7].

The link between homocysteine and the bone system has been observed in stud-
ies of hyperhomocysteinuria. People with hyperhomocysteinuria have numerous 
skeletal defects, including reduced BMD and osteopenia [8]. Elevated levels of 
homocysteine have been correlated with osteoporosis and an increased incidence of 
hip fractures in postmenopausal women. The increased bone fragility in this situation 
has been explained as a result of the change in the bone matrix when homocysteine 
interferes with collagen cross-linking [9]. Many studies report that Hcy and vitamins 
involved in its metabolism, such as folic acid and vitamins B6 and B12, affect bone 
metabolism, bone quality, and fracture risk, especially in the elderly. Considering the 
previously mentioned Hcy could be seen as a risk indicator for osteoporosis related to 
micronutrient deficiency [10–15]. Experimental results indicate that cysteine (Cys) 
is involved in bone metabolism by incorporation into collagen and cysteine protease 
enzymes [16]. The association between osteoporosis and the decrease in cysteine was 
explained either by the reduced availability of cysteine for collagen formation or due 
to the increased use of cysteine by proteases in the osteoclastic hyperactivity that 
underlies the osteoporotic process [17]. Fractures in osteoporosis represent a severe 
manifestation of the condition, often accompanied by visible clinical symptoms. 
Collagen stands out as a vital element in the bone matrix, and any disruption of its 
cross-linking formation increases susceptibility to fracture. Vitamin B6 serves as a key 
regulator in cross-linked collagen formation. Vitamin B6 deficiency correlates with 
reduced bone strength due to its impact on collagen reticular disruption, both directly 
and via homocysteine-related pathways.

2. Overview of cysteine and homocysteine metabolism

Cysteine is primarily synthesized through the transsulfuration pathway, which 
involves the conversion of homocysteine to cysteine. Cysteine biosynthesis uses 
the sulfur group of methionine with the carbon backbone of serine. This pathway 
intersects with the methionine cycle, which supports transmethylation reactions and 
forms homocysteine as a key intermediate. This process occurs primarily in the liver 
and involves several enzymatic steps, including the action of cystathionine beta-
synthase (CBS) and cystathionine gamma-lyase (CGL) (Figure 1) [18].

The transsulfuration pathway is regulated by various factors, including enzyme 
activity, substrate availability, and the presence of cofactors, such as vitamin 
B6 (pyridoxal phosphate). In addition to de novo synthesis, cysteine can also 
be obtained from dietary sources rich in sulfur-containing amino acids, such as 
methionine.

The first reaction of methionine metabolism is its transformation into 
S-adenosylmethionine (SAM), a process catalyzed by the enzyme methionine 
adenosyltransferase (MAT). SAM is transformed into S-adenosylhomocysteine 
(SAH). The product of this reaction, S-adenosylhomocysteine, is hydrolyzed by 
S-adenosylhomocysteine hydrolase to yield adenosine and homocysteine [19]. 
Homocysteine is combined with serine through the action of cystathionine β-synthase 
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(CBS), resulting in the formation of cystathionine. Subsequently, cystathionine 
gamma-lyase catalyzes the cleavage of cystathionine, yielding cysteine. The primary 
role of CGL is to catalyze the cleavage of cystathionine, resulting in the production 
of cysteine, α-ketobutyrate, and ammonia, which occurs in the second step of the 
transsulfuration pathway. Additionally, CGL can catalyze side reactions with either 
cysteine, homocysteine, or both as substrates, potentially leading to the production of 
hydrogen sulfide [20]. In the process of transsulfuration, serine contributes its carbon 
chain to cysteine, while the sulfur atom required for cysteine synthesis originates 
from methionine [21]. Cysteine can be further converted to glutathione, ammonia, 
pyruvate, and hydrogen sulfide [18, 22]. The synthesis of cysteine through the 
transsulfuration pathway can be seen as a component of the degradation process of 
methionine and homocysteine. Cysteine acts as a carrier for the conversion of sulfur 
from methionine and homocysteine into end products that can be eliminated through 
urine. Enzymes involved in these pathways are subject to regulation by cofactors such 
as vitamin B6, vitamin B12, and folate, among others. Deficiencies in these cofactors 
can lead to disruptions in cysteine and homocysteine metabolism, potentially result-
ing in health issues, such as cardiovascular diseases and neural tube defects [23–25]. 
Cysteine and homocysteine metabolism intersect with several other metabolic 
pathways. For instance, cysteine serves as a precursor for the synthesis of glutathione, 
an important antioxidant [26]. Additionally, homocysteine metabolism is intercon-
nected with the folate and methionine cycles, which are essential for DNA synthesis 
and methylation reactions [27].

Figure 1. 
Schematic cysteine and homocysteine pathways. Methionine adenosyltransferase (MAT); methyltransferase 
(MT); S-adenosylhomocysteinase hydrolase (SAHH); betaine-homocysteine methyltransferase (BHMT); 
cystathionine β-synthase (CBS); cystathionine gamma-lyase (CGL); glutathione (GSH); hydrogen sulfide (H2S). 
Adapted from Al-Sadeq et al. [18].
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3. Osteoporosis

Osteoporosis is a condition characterized by reduced bone mass and microar-
chitectural deterioration of bone tissue. The consequence is increased bone fragility 
and increased susceptibility to fractures [28]. Although this condition is commonly 
associated with the elderly, it can also affect young people (juvenile osteoporosis) 
or adults who are undergoing treatment with drugs such as steroids, chemotherapy, 
anticonvulsants, and others [29]. Changes in the mechanical properties of bones 
due to aging are noteworthy. Comparing individuals at an advanced age with those 
at 30 years of age, there is an 8% decrease in elastic modulus in cortical bone, a 64% 
decrease in trabecular bone, an 11% reduction in peak strength in cortical bone, and a 
substantial decrease with 68% in trabecular bone. In addition, hardness decreases by 
34% in cortical bone and by 70% in trabecular bone [30].

3.1 Bone remodeling

Bone, a fundamental element of the human skeleton, is characterized by its 
robust, solid, and durable composition. They play crucial physiological roles, provid-
ing mechanical support, protecting vital organs, facilitating hematopoiesis, and 
contributing to mineral homeostasis. Bones can be classified according to position, 
shape, size, or structure. Bones have an outer layer called cortex, smooth, compact, 
continuous, and of variable thickness, and inside the bone tissue is arranged in a 
network of intersecting plates and spicules called trabeculae [31, 32].

In developed bone, the trabeculae are organized systematically, forming uninter-
rupted sections of bone tissue running parallel to the directions of compressive or 
tensile stress. These trabeculae create a sophisticated network of internal cross-
shaped rods designed to enhance the bone’s stiffness [33]. Bones exposed primarily 
to compressive or tensile forces typically possess thin cortices and achieve structural 
strength via trabeculae. In contrast, bones. Such as the femur, which endure bending, 
shearing, or torsional forces, often feature thick cortices, a tubular structure, and a 
continuous central cavity known as the medullary cavity. Bone tissue is made up of an 
organic matrix called osteoid, made up of collagen fibers and proteoglycans, which 
are impregnated with salts, mainly made up of calcium and phosphate; the main crys-
tallized salt is hydroxyapatite [34]. Bone tissue undergoes periodic remodeling; under 
physiological conditions, the rate of bone tissue formation is in balance with the rate 
of bone resorption. Bone diseases in the elderly are associated with increased morbid-
ity and mortality. Osteoporosis is a disease that affects the quality of life in the elderly 
[35]. Although bone growth stops after adolescence, bone is a very dynamic tissue. 
Bone tissue is continuously resorbed and regenerated through constant structural 
change. One of the important characteristics of bones is the remodeling capacity. This 
process of bone remodeling occurs during growth and continues throughout life [36]. 
Bone remodeling occurs continuously, resulting in the arrangement of bone structure 
into regular units, enhancing its ability to withstand mechanical forces effectively. 
Osteoclasts, responsible for bone resorption, remove older bone, while osteoblasts, 
involved in bone formation, initiate the process of new bone formation. Osteoclasts 
secrete proteolytic lysosomal enzymes, which efficiently break down the bone matrix 
akin to acids, converting calcium salts into a soluble form that can be absorbed into 
the bloodstream [37]. The remodeling process holds particular significance for the 
long bones responsible for supporting the limbs. These bones feature wider ends 
and narrower middles, imparting additional strength to the joints. Osteoclasts play 
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a vital role within the bones, operating within the bone marrow cavity and cancel-
lous bone spaces to widen these areas. Additionally, they work on the outer surfaces, 
diminishing bony processes like the epiphyseal regions of the upper and lower limbs 
[32]. Osteoclasts are active behind the epiphyseal growth zone. Their function within 
the bone involves breaking down immature bone, facilitating its transformation into 
compact, mature bone (known as lamellar bone). This process entails the release of 
elongated tubular spaces, which act as nuclei for the formation of osteons. Osteons 
are the bony structures through which blood vessels pass, contributing to the bone’s 
vascular network and overall integrity [38]. While osteoclasts degrade old bone at the 
epithelial ends of the bone, osteoblasts within the growth zone initiate the formation 
of a new epiphysis. Concurrently, within each tubular space liberated by osteoclasts 
inside the bone, osteoblasts play a crucial role in depositing new layers of bone, thus 
contributing to bone remodeling and maintenance [39].

A bone that remains unused, such as a lower limb immobilized after trauma, is 
susceptible to resorption. This is because the rate of bone destruction surpasses the 
rate of bone formation in such circumstances [40].

Bones experiencing heightened stress undergo permanent remodeling. For 
instance, the femur undergoes complete replacement approximately every 6 months. 
Beyond altering bone structure, remodeling also plays a role in regulating the con-
centration of ionic calcium in the bloodstream. This mineral is essential for various 
physiological processes such as nerve signaling, cell membrane integrity, and blood 
clotting [41]. Bone turnover is increased in women after menopause because the rate 
of bone resorption is greater than that of bone formation [42].

3.2 Fragility fractures

The primary consequence associated with osteoporosis is the heightened suscep-
tibility to fractures. While there exists a recognized correlation between bone density 
and the risk of osteoporotic fractures, it is not inevitable that every individual diag-
nosed with osteoporosis will experience fractures [43]. The likelihood of fractures 
occurring is contingent not only upon bone fragility but also on the level of trauma 
sustained. Typically, osteoporotic fractures are linked to falls from low heights, a sce-
nario for which the elderly are particularly prone [44, 45]. Various factors contribute 
to the heightened propensity for falls among the elderly, including diminished visual 
acuity, vestibular dysfunction, cognitive impairment, musculoskeletal conditions, 
and the usage of certain medications [46–48].

Nonetheless, severe hypotension frequently emerges as a predominant charac-
teristic. In cases where osteoporosis is suspected, assessing bone mineral density 
stands out as the premier diagnostic approach, aiding physicians in gauging frac-
ture susceptibility. Fracture risk assessment can be performed using both clinical 
methods, which entail identifying risk factors, and paraclinical approaches, which 
encompass various techniques for evaluating bone properties. Individuals diagnosed 
with fragility fractures demonstrate an increased relative risk (RR) of suffering 
subsequent fractures. Patients diagnosed with fragility fractures exhibit an elevated 
relative risk (RR) of experiencing subsequent fractures. The principal risk factors 
associated with fractures (RR ≥ 2) include age, bone mineral density, previous 
history of fragility fractures, family history of fragility fractures, early menopause 
before the age of 45, glucocorticoid therapy, extended periods of immobilization, 
susceptibility to falls, malabsorption disorders, chronic renal failure, and undergo-
ing transplantation [49–54].
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Moderate risk factors (where the relative risk, RR, falls between 1 and 2) include 
conditions such as rheumatoid arthritis, Bechterew’s disease, and the use of anticon-
vulsant medications. Additionally, low calcium intake, diabetes insipidus, estrogen 
deficiency, primary hyperparathyroidism, hyperthyroidism, smoking, and excessive 
alcohol consumption are also considered moderate risk factors for certain health 
conditions [49, 55].

There is a clear relationship between these risk factors and low bone density or other 
causes of osteoporotic fractures. For the correct identification of possible risk factors, 
both the anamnesis and the physical examination of the patients must be completed 
with biochemical tests (blood count, ESR, calcium, kidney and liver tests, alkaline 
phosphatase) and markers of bone turnover [56–58]. Obesity has been considered 
advantageous for maintaining healthy bones due to the higher bone mineral density 
seen in overweight individuals [59]. More than half of women and approximately one-
third of men will experience osteoporotic fractures at some point in their lives. While 
there may be no symptoms prior to the fracture, assessing bone mineral density and 
other risk factors can help identify individuals at high risk. It is crucial to prioritize the 
measurement of bone mineral density and identification of other risk factors to accu-
rately gauge the likelihood of fracture in patients, whether or not they have a history 
of previous fractures. This is imperative because fractures, often devoid of symptoms 
other than the fracture itself, can lead to severe consequences and may signal disease 
progression. The impact of obesity on fracture risk varies depending on the location, 
leading to increased risk for certain fractures, such as those involving the humerus or 
ankle, while decreasing the risk for others, such as fractures of the hip or pelvis [60].

Over the past two decades, more advanced technology has been developed for 
determining bone mass, and more techniques are available. With these bone densi-
tometry techniques, the clinician can detect low bone mass prior to fracture. This is 
beneficial for patients because early treatment of osteoporosis can be initiated and 
thus osteoporotic fractures can be prevented.

In addition to the usual medical history considerations for trauma patients, special 
attention must be given to specific issues in elderly individuals. Assessing pre-injury 
mobility, concurrent medical conditions and medications, as well as cognitive and 
nutritional status is crucial. These factors significantly influence decision-making and 
the planning of therapy in collaboration with the patient.

4. Involvement of cysteine and homocysteine in osteoporosis

Four mechanisms are proposed in the literature regarding the involvement of 
homocysteine in bone remodeling: increased osteoclasts activity, decreased osteo-
blasts activity, decreased bone blood flow, and direct action of the Hcy molecule on 
the bone matrix [7].

Several studies regarding the link between homocysteine and bones are presented 
in Table 1.

Numerous studies indicate that elevated plasma levels of homocysteine are associ-
ated with osteoporotic fractures [62–64, 71]. The exact mechanism proposed to explain 
this association is not elucidated. One proposed hypothesis suggests that hyperhomo-
cysteinemia could impact the bone matrix and reduce bone quality by hindering the 
formation of cross-links between collagen fibers, thus impeding the development of a 
robust collagen network structure [72]. It is assumed that Hcy interferes with collagen 
cross-linking in bone, thereby weakening the bone structure [72]. Another hypothesis 
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suggests that hyperhomocysteinemia triggers the formation and activity of osteoclasts 
by generating intracellular reactive oxygen species (ROS) within the bone marrow, 
thereby elevating bone resorption. Moreover, heightened levels of homocysteine have 
been associated with reduced expression of osteocalcin and increased expression of 
osteopontin, disrupting normal osteoblast function. This disruption ultimately leads to 
diminished bone formation and contributes to the development of osteoporosis [72, 73]. 

Study ID Outcomes Conclusion

Miyao et al. [61] Polymorphism of 
methylenetetrahydrofolate 
reductase (MTHFR), bone mineral 
density

The MTHFR gene polymorphism demonstrates 
a notable correlation with bone mineral density 
(BMD) in postmenopausal women, affecting 
both lumbar and total body BMD levels

Van Meurs et al. [62] Homocysteine levels and the risk of 
incident osteoporotic fracture

Elevated homocysteine levels emerge as a robust 
and independent risk factor for osteoporotic 
fractures in older individuals, encompassing 
both men and women

Gjesdal et al. [63] Hcy, folate, and vitamin B12 and 
the methylenetetrahydrofolate 
reductase (MTHFR) 677C → T and 
1298A → C polymorphisms

High total homocysteine levels and low folate 
levels were linked to decreased bone mineral 
density in women, whereas no such association 
was observed in men

Perier et al. [64] Homocysteine, serum albumin, 
and serum creatinine

Plasma homocysteine levels exhibit a significant 
correlation with aging and serve as a marker 
of frailty, indicative of overall health and 
nutritional status, physical activity, and renal 
function impairment

Rumbak et al. [65] Homocysteine, serum folate, 
red blood cell folate, and serum 
vitamin B12

Levels of homocysteine, folate, or vitamin 
B12 showed no association with bone mineral 
density (BMD) in a population of healthy 
Croatian women aged 45–65

Jianbo et al. [66] Plasma total homocysteine, 
glucose, serum creatinine, plasma 
insulin, serum osteocalcin, serum 
25-hydroxyvitamin D, serum 
folate, and vitamin B12

Diabetic patients with osteoporosis exhibited 
higher levels of homocysteine compared to those 
without osteoporosis

Sandeep et al. [67] Serum homocysteine levels Individuals with elevated circulating levels 
of homocysteine demonstrated a decreased 
bone mineral density (BMD), establishing an 
association between homocysteine and the risk 
of developing osteoporosis

Garcia-Alfaro et al. 
[68]

Hcy, creatinine, calcium, 
phosphorus, vitamin D, and 
parathormone levels

Plasma levels of homocysteine do not show 
a relationship with BMD in the lumbar spine 
(L1–L4), femoral neck, or total hip

Widjaja et al. [69] Homocysteine Elevated homocysteine levels did not increase 
the incidence of osteoporotic fractures. 
However, homocysteine levels increased with 
aging and correlated with bone mineral density

Watanabe et al. [70] Total procollagen type 1 amino-
terminal propeptide (total P1-NP), 
intact parathyroid hormone (intact 
PTH), and homocysteine

Preoperative osteoporosis and elevated serum 
homocysteine levels were identified as risk 
factors for intraoperative periprosthetic 
fractures

Table 1. 
Research on the relationship between homocysteine and bone.



Cysteine – New Insights

36

Another hypothesis proposed refers to the fact that homocysteine, involved in the meth-
ylation process, could disrupt DNA methylation and gene expression, which can lead 
to changes in bone structure. The hypothesis suggesting that changes in methylation 
capacity could influence bone metabolism is bolstered by research demonstrating a cor-
relation between a decreased S-adenosylmethionine (SAM) to S-adenosylhomocysteine 
(SAH) ratio in bone and diminished bone strength observed in hyperhomocysteinemic 
rats [71]. The results of the study conducted by Garcia-Alfaro et al. [68] evaluated a 
group of postmenopausal women and reported that homocysteine levels were not 
related to BMD in the lumbar spine (L1-L4), femoral neck, and total hip [68].

Conflicting data persists regarding the relationship between high homocysteine 
levels and low bone mineral density. Epidemiological evidence is supported by genetic 
studies showing an association between the common MTHFR 677C_T polymorphism 
and osteoporosis risk.

The concentrations of cystine and cysteine were found to be reduced in individu-
als with osteoporosis, suggesting that cysteine may act as a protective factor for bone 
mineral density [74, 75]. Cystine and cysteine may accelerate bone regeneration by 
activating osteoblast (OB) differentiation [76]. Bone regeneration frequently relies on 
signals from osteogenesis-inducing factors for a successful outcome. N-acetyl cysteine 
(NAC), a small antioxidant molecule, potentially regulates osteoblastic differentia-
tion [76]. The study by Yamada et al. [76] indicates that N-acetyl cysteine (NAC) 
can serve as an osteogenesis-enhancing molecule, accelerating bone regeneration 
by stimulating the differentiation of osteogenic lineages. The systematic review and 
meta-analysis of different metabolites in osteopenia and osteoporosis by Wang et al. 
[77] indicated a positive association between cystine and BMD.

Baines et al. [16] examined the relationship between plasma cysteine and related 
thiols, as well as bone turnover markers, and folate and vitamin B6 levels with cal-
caneal bone mineral density (BMD) in 328 women, categorized based on their BMD 
measurements [16]. Their findings revealed a noteworthy association between plasma 
Cys levels and bone mineral density. A decrease in Cys concentration, potentially 
influenced by smoking or reduced homocysteine flux, could diminish its availability 
for collagen formation [16]. This might prompt heightened osteoclast activation, 
potentially due to relative hyperhomocysteinemia, leading to increased utilization of 
Cys in cysteine proteases.

5. Conclusions

It is evident that changes in the metabolism of cysteine and homocysteine can 
contribute to a disorder of bone remodeling, favoring the occurrence of osteoporosis. 
Increased Hcy levels result in the dysregulation of the transsulfuration pathway as 
L-cysteine is synthesized from Hcy. Epidemiological cohort studies demonstrate 
robust associations between serum homocysteine concentrations and a heightened 
incidence of fractures. The results of clinical trials investigating vitamin treatments 
for Hcy lowering have not established a consensus on the effectiveness of vitamin 
supplementation in reducing homocysteine levels, and thereby osteoporosis.
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Chapter 4

Deep Vein Thrombosis in 
Pregnancy and Postpartum: 
Are Sulfur-Containing Amino 
Acids Involved in Thrombophilia 
Condition?
Cristiana Filip, Catalina Filip, Roxana Covali, Mihaela Pertea, 
Daniela Matasariu, Gales Cristina and Demetra Gabriela Socolov

Abstract

Thrombophilia is a life-threatening condition causing deep vein thrombosis 
associated with pulmonary thromboembolism. In pregnancy and postpartum, the 
risk of venous thromboembolism is 5 times higher; in association with pre-existing 
thrombophilia becoming up to 30 times higher. The main cause of mortality at 
birth in underdeveloped countries is hemorrhage, while in developed countries, 
mortality is caused by thromboembolic complications. A peculiarity of pregnancy 
nowadays is the advanced age of the mother at the time of conception and assisted 
reproduction, both conditions presenting thrombotic risks through hyperstimula-
tion that favors hemoconcentration as a result of high levels of estradiol generation 
and/or immobilization, which favors hypercoagulability and DVT respectively. In 
this chapter, we have summarized the most important connection between throm-
bophilia, deep vein thrombosis and Hcy involvement in pregnancy and postpartum 
conditions.

Keywords: cysteine, homocysteine, thrombophilia, pregnancy, deep vein thrombosis

1. Introduction

Pregnancy is characterized by physiologic changes that lead to a relative hyperco-
agulable state, which is accompanied by an increased stasis. The procoagulant status 
can be significantly amplified in the case of inherited or acquired thrombophilia, 
autoimmune diseases, or particular medical conditions such as prolonged immobili-
zation. The major risk is encountered, in most cases, in the postpartum period when 
the incidence of venous thromboembolism increases up to 2.5 times [1]. Thus, the 
literature indicates a number of 500 per 100,000 venous thromboembolic events 
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in postpartum compared to 200 per 100,000 during pregnancy [2]. In developed 
countries, mortality at birth is caused by thromboembolic complications compared 
to underdeveloped countries where the mortality is caused by hemorrhage [3]. Thus, 
venous thromboembolic events are very serious medical issues which have been 
estimated to range from 1.2 to 4.7 per 100,000 pregnancies [1]. The risk of venous 
thromboembolism in pregnancy is up to 30 times higher when it is associated with 
acquired or hereditary thrombophilia [4, 5]. During pregnancy, up to 50% of patients 
presenting a thrombotic event were found to have thrombophilia [1]. Currently, a new 
risk of venous thromboembolism has appeared for two reasons: firstly, the age of first 
pregnancy has moved toward 35–45 years and secondly, the number of assisted preg-
nancies has increased significantly. In assisted pregnancies, thrombotic risk increases 
due to fertilization techniques that include hormonal hyperstimulation, a procedure 
that promotes hypercoagulability and deep vein thrombosis (DVT). In other words, 
due to this combination of factors, the risk of venous thrombosis is greatly increased 
these days. One of the thrombogenic factors that stands out is the methylene-
tetrahydrofolate reductase (MTHFR) enzyme mutation. This mutation affects the 
metabolism of amino acids containing the sulfur atom, namely the metabolism of 
methionine. As a consequence of the disruption of methionine metabolism, homocys-
teine (Hcy) accumulates. Homocysteine is a non-proteinogenic amino acid involved 
in the pathogenesis of vascular endothelium and promoter of thrombogenicity. It 
also represents the main precursor in Cysteine (Cys) synthesis the only proteinogenic 
amino acid containing a free thiol group. The structural similarity between homocys-
teine and cysteine makes the latter interesting to investigate for possible involvement 
in thrombophilia and deep vein thrombosis.

2. Coagulation parameters during pregnancy

Physiological changes that occur during pregnancy may favor a certain level of 
thrombogenicity without necessarily major events (Figure 1). In contrast, post-
partum thrombogenicity, which aims to avoid hemorrhage after delivery, can cause 
severe thrombotic events. The coagulation parameters that undergo a series of physi-
ological changes are:

• activated clotting factors: high levels for factors VII, VIII, X, von Willebrand 
factor, and fibrinogen

• decreased anticoagulant factors: protein S level [6], adapted resistance to acti-
vated protein C

• inhibiting fibrinolytic factors: increased activatable fibrinolytic inhibitor 
(TAFI), plasminogen activator inhibitor 1 and 2 (PAI-1 and PAI-2).

When the particular condition of pregnancy overlaps with inherited or acquired 
thrombophilia, it is very likely that the thrombogenic effect will be significantly 
amplified. Inherited thrombophilia is caused either by deficiencies or by mutations 
of specific enzymes in the coagulation pathway. Because clotting factors are plasma-
functioning enzymes, also known as zymogens, their dysfunction leads to clotting 
defects. Currently, three important inherited thrombophilia are considered respon-
sible for the majority of thromboembolic events [7], namely:
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a. a mutation of the factor V gene (factor V Leiden), causes resistance to activated 
protein C (Figure 2). The mutation is considered the major cause of venous 
thrombosis and responsible for 20–30% of venous thromboembolism events [8].

b. mutation of the prothrombin gene leads to higher concentrations of plasma 
prothrombin and increased risk of venous thromboembolism (Figure 2).

c. mutation of the methylenetetrahydrofolate reductase (MTHFR) gene results 
in increased homocysteine plasma concentrations. The mutation causes low 
MTHFR activity and can be found in 5–15% of the population.

a. Protein C (PC) is an anticoagulant serine protease synthesized by the liver that 
circulates in plasma as an inactive precursor. In its activated form, protein C 
(aPC) proteolytically inhibits the activities of coagulation factors Va and VIIIa 
(Figure 2). The activation of PC is triggered by the thrombin-thrombomodulin 
complex, located on the luminal surface of endothelial cells of blood vessels. 
Protein C binding to the endothelial cell Protein C receptor (EPCR) increases the 
efficiency of the process. Protein C activity also requires protein S as a cofac-
tor. Once activated, protein C proteolytically degrades activated coagulation 
factors Va and VIIIa. Thus, within the coagulation process, activated protein C 
down-regulates the coagulation cascade through limited proteolytic degradation 
of cofactors Va and VIIIa. As a result, the amplification and progression of the 
coagulation cascade decrease and capillary permeability is maintained [9].

Factor V contains three cleavage sites on which activated protein C acts. Each 
of these three sites contains Arg in the following positions Arg306, Arg506, and 

Figure 1. 
Physiological changes in the coagulation parameters during pregnancy.
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Arg 679 respectively. Following the action of aPC, factor V is proteolytically 
degraded, thus blocking the coagulation cascade. Dysfunctional factor V (called 
factor V Leiden) is caused by a point mutation in the coagulation factor V gene 
that substitutes Arg 506 for Gln. The presence of Glu prevents the proteolytic 
action of aPC, thus allowing coagulation to continue [10–12]. The literature [13] 
states that approximately 90% of cases with activated protein C resistance are 
caused by factor V gene mutation.

b. Thrombin is a turntable in the process of coagulation, on one hand, it acti-
vates clot formation by transforming fibrinogen into fibrin, on the other 
hand, together with thrombomodulin, it controls the extent and intensity of 
coagulation.

Thrombin is generated from prothrombin (PTM), and the prothrombin 
G20210A gene mutation is the second most commonly inherited throm-
bophilia after Factor V Leiden. The prothrombin mutation is strongly 
 accompanied by increased levels of serum prothrombin and thromboembolic 
events [14, 15].

Prothrombin is activated to thrombin mainly by factor Xa. The resulting 
α-thrombin molecule is composed of two chains, A and B respectively, held 
together by a disulfide bond formed between two cysteine residues (Cys293-
Cys439). Mutations identified in this domain lead to prothrombin dysfunction 
[16]. Thrombin activity is controlled by antithrombin (AT), a serine protease, 
that inactivates thrombin. Antithrombin is synthesized by the liver, contains 
three disulfide bonds in its structure and a deficiency of it is associated with 
venous thrombosis. The literature shows that proper folding of antithrombin and 
the formation of disulfide bonds between the appropriate cysteine amino acids 
is essential for its activity [17]. The AT function is conditioned by two important 

Figure 2. 
Inherited thrombophilia responsible for thrombogenesis.
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structural features, namely the presence of a central loop that allows covalent 
binding to the active site of coagulation proteases thus inactivating them, and 
the presence of a structural motif (basic D-helix) that allows binding to heparan 
sulfate proteoglycans (HSPG) on the vascular wall [18].

c. Mutation of the methylenetetrahydrofolate reductase (MTHFR) gene (Figure 3) 
results in increased homocysteine plasma concentrations largely accepted 
as a risk factor for both arterial occlusive disease and venous thrombosis. 
Homocysteine is a sulfur-containing amino acid and the higher homolog of 
cysteine. Unlike cysteine, which is a proteinogenic amino acid, homocysteine is a 
non-proteinogenic amino acid but homocysteine metabolism is a major pathway 
for cysteine synthesis.

From an epidemiologic point of view, polymorphisms of the methylene tetra-
hydrofolate reductase (MTHFR) gene are common, literature indicates up to 40% 
of the general population [19]. MTHFR gene polymorphism is the main cause of 
hyperhomocysteinemia (HHcy), up to 20% are homozygous for MTHFR 677C > T or 
1298A > C.

The risk of thrombosis and MTHFR variants is still debatable as homocysteine 
levels are impacted by many factors, including concomitant renal disease, thyroid 
disease, nutritional deficiencies, and alcohol intake.

3. Cysteine involvement in pregnancy

Cysteine is a unique human proteinogenic amino acid that contains a reactive free 
sulfhydryl (–SH) or thiol group. Cysteine is crucial for protein synthesis (generates 
disulfide bonds in tertiary and quaternary structures), for redox homeostasis (provides 
the active component (-SH) in the major antioxidant agent in humans, namely gluta-
thione), or for other metabolic functions (main component in acetyl-coenzyme A, 

Figure 3. 
Short metabolism of sulfur-containing amino acids.
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a vital structure in energy generation). Very high doses (more than 7 grams) of cysteine 
may be toxic to human cells and may lead to death [20, 21]. Unlike homocysteine, 
which is associated with thrombogenicity, very little is known about cysteine regarding 
its involvement in both general and coagulation pathology. However, it is well known 
that a deficiency in the reabsorption of cystine (two Cys molecules linked together by a 
disulfide bridge) in the renal tubules can lead to stone formation and early renal failure.

The literature does not mention a direct involvement of cysteine in pregnancy or 
postpartum but emphasizes the effect of N-acetylcysteine (NAC) administration, in 
different periods of pregnancy or in the pathology encountered during pregnancy. 
N-acetylcysteine is a cysteine derivative in which the alpha-amino group is acety-
lated and the thiol group stays free. This allows the thiol group to intervene in the 
detoxification process as well as other processes in the body. Amin and coworkers 
[22] mentioned the benefit of NAC administration in recurrent pregnancy loss. The 
authors consider oxidative stress as the main cause that triggers a cascade of changes 
that may lead to pregnancy loss. As the thiol group of cysteine within NAC remains 
free, it is able to prevent oxidative stress by decreasing oxidative genotoxicity and 
by inhibiting the release of proinflammatory cytokines. Authors also find that NAC 
seems to mitigate the placental apoptosis and inflammatory responses that are related 
to severe oxidative stress. As a conclusion, authors mentioned that the use of N-acetyl 
cysteine in therapy enhances pregnancy outcomes in patients diagnosed with recur-
rent unexplained pregnancy loss (RPL) [22].

Other researchers consider that oxidative stress may be involved in the incidence 
of preeclampsia (PE), one of the most common pregnancy disorders [23]. N-acetyl 
cysteine is believed to have strong antioxidant properties and has been reported to be 
beneficial in preventing and treating oxidative stress in preeclampsia [24]. As a con-
clusion, N-acetyl cysteine supplementation is associated with a decrease in elevated 
blood pressure and proteinuria, which are hallmarks of preeclampsia [25].

Long-term unexplained infertility is another pathology mentioned in the litera-
ture where administration of N-acetyl cysteine appears to be beneficial. Researchers 
hypothesized that the effects of N-acetyl-cysteine such as: insulin-sensitizing proper-
ties, antiapoptotic and antioxidant effects, and protection against focal ischemia, may 
have ovulation-enhancing effects. Thus, researchers conclude that NAC is an effec-
tive, cheap, and safe adjuvant that improves pregnancy rate significantly [26, 27].

However latest data present information about oxidizing processes undertaken 
by cysteine and methionine (Figure 4) with thrombogenic consequences [28]. 
These data suggest that cysteine and methionine oxidation (Figure 4) may act as 

Figure 4. 
Cysteine and methionine forms oxidized under reactive oxygen species (ROS) supposed to be involved in 
thrombogenesis.
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prothrombotic regulators. It seems that proteins involved in coagulation/thrombotic 
processes such as fibrinogen, von Willebrand factor, or β2 glycoprotein I may under-
take post-translational oxidation thus promoting thrombogenesis [29–33].

Moreover, a very recent study emphasizes the importance of sulfur-containing 
amino acids, especially cysteine. During pregnancy, free cysteine thiol groups belong-
ing to certain proteins are converted to persulfides to generate hydrogen sulfide (H2S). 
Although the exact role of H2S is not yet known, it is hypothesized to be involved 
in stimulating vital systemic/local vasodilator processes that contribute to uterine 
vasodilation during pregnancy and to the regulation of vascular smooth muscle 
contraction/relaxation. Thus, H2S is involved in the sulfhydration of specific proteins 
that are responsible for regulating uterine hemodynamics [34].

To resume, the oxidation of sulfur-containing amino acids is considered a possible 
link between oxidative processes and thrombogenesis. On the other hand, a new role 
of the -SH group of cysteine in uterine hemodynamics has recently been reported.

As a conclusion, it emerges a wider involvement of cysteine in other cellular 
processes besides oxidative ones, which opens “new insights” in investigating the 
complex role of cysteine.

4. Homocysteine and pregnancy complication

Homocysteine is an amino acid generated by the human body in the methionine 
metabolism. It does not participate in protein synthesis, but it is an important inter-
mediate metabolite in major processes such as transmethylation, trans-sulfuration, 
cysteine formation, etc. In the transmethylation process homocysteine participates in 
the formation of adrenaline, melatonin, lecithin, creatine, etc. The trans-sulfuration 
pathway leads to cysteine synthesis, amino acid that plays a key role in the spatial con-
formations of protein and particularly in glutathione generation, the most important 
antioxidant agent in the body (Figure 3).

Homocysteine metabolism presented in Figure 3 highlights the involvement of two 
vitamins (folic acid and vitamin B12) and two enzymes methylene-tetrahydrofolate 
reductase (MTHFR) and methionine synthase (MS) respectively. The absence of these 
vitamins as well as the enzyme deficiencies trigger the increase of Hcy levels. The 
normal concentration of homocysteine in human blood is 5–15 μM. Over the past 40 
years, homocysteine has been noticed in various pathologies where its concentrations 
exceed the above range. This condition is known as hyperhomocysteinemia (HHcy). 
High homocysteine concentrations are classified according to clinical consequences 
as being moderate at 16–30 μM, intermediary at 31–100 μM, and severe above 100 μM 
[35]. Nowadays it is generally accepted that HHcy promotes thrombosis [36–38].

Nowadays there are two opposite opinions regarding the role of homocysteine in 
pathology: first theory considers homocysteine as a risk factor [39] while the second 
considers Hcy as being the marker of chronic vascular injury [40]. Both points of view 
bring scientific arguments and, against the fact that the controversy continues, it is 
generally accepted that homocysteine is involved in vascular endothelial dysfunction 
and promotes thrombosis [41–43]. The literature mentions many diseases in which 
elevated homocysteine concentrations have been found in the blood: cardiovascular 
diseases [36, 44–48], neurological diseases [49–52], miscarriage [53–55], thrombo-
philia [56–61], bone fragility [62–67], diabetes [68–74], inflammation [75–77].

The link between homocysteinemia and pregnancy complications is mediated by 
inherited/acquired MTHFR enzyme mutations (Figure 3). This mutation results in 
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hyperhomocysteinemia, which causes thrombophilia. Miscarriage is often encoun-
tered in this condition. Clinical studies report that this mutation causes spontaneous 
abortions 3.3 times more frequently [53, 54]. The particular case of the simultaneous 
mutation of MTHFR C667T, factor V Leiden, and/or prothrombin gene mutations 
will definitely cause recurrent pregnancy loss [55]. In addition to the thrombo-
genic effect, HHcy also manifests an effect of diminishing the fibrinolytic process. 
Fibrinolysis is controlled by different proteins; among them, protein C plays a key role 
in this process. Protein C has anticoagulant activity by blocking the activity of factors 
V and VIII. Thus, a low level of protein C will favor the formation of clots. Data from 
the literature indicate that protein C activity is affected by increased levels of Hcy as 
a result of the formation of disulfide bridges between the two [56]. Consequently, a 
thrombogenic status is promoted which will favor the formation of venous and arte-
rial clots [57–60]. Therefore, a high level of homocysteine can lead to the formation 
of clots, deep vein thrombosis, or acute events such as pulmonary thromboembolism 
and also to pregnancy loss. These mechanisms are extensively presented in our previ-
ously published work [61].

5. Homocysteine mechanism of action

The mechanisms by which hyperhomocysteinemia triggers injury processes are 
thought to be as follows: oxidative stress [78–84], inflammation [85–95], and cellular 
signaling [96–113]. High concentrations of homocysteine in the blood are considered 
to be harmful to vascular endothelial function.

In a physiological state, the endothelium has anticoagulant and vasorelaxant 
activity that favors exchanges at the cellular level. Endothelial function impairment 
triggers both functional (coagulability, proinflammatory cytokine secretion) and 
morphological (vascular hypertrophy) imbalance. As a result of injury, whatever the 
cause, the vascular endothelium responds through a chain of events leading to oxida-
tive stress, intracellular signaling, and cellular renewal. The exact point or mecha-
nism by which HHcy intercepts this chain of events has not been clearly identified. 
However, the generation of reactive oxygen species [75], activation of the inflamma-
tory response [76], and cell signaling [77] are considered possible mechanisms and 
are widely investigated at present. Some of these scientific hypotheses will be briefly 
described below.

5.1 Hyperhomocysteinemia involvement in oxidative stress

Scientific evidence suggests a significant role of hyperhomocysteinemia in dis-
rupting cellular redox balance in the vascular endothelium. The specific reactions that 
mediate the vascular effects of HHcy involve the synthesis of reactive oxygen species 
(ROS). Some of these species are themselves intracellular messengers (such as hydro-
gen peroxide) [78–80]. The literature highlights the fact that HHcy generates reactive 
species both by autooxidation and by direct reaction with other cell structures or 
components [81, 82]. Our studies in an experimentally induced HHcy model in rats 
showed that HHcy promotes the generation of hydrogen peroxide and decreases the 
total antioxidant capacity of serum [83, 84].

The oxidative process leads to the injury of endothelial cells [114], diminished 
blood vessels in villi, and decreases in pregnancy, the circulation of blood at the 



53

Deep Vein Thrombosis in Pregnancy and Postpartum: Are Sulfur-Containing Amino Acids…
DOI: http://dx.doi.org/10.5772/intechopen.1004607

maternal-fetal interface. Additionally, HHcy reduces NO releasing by the endothelial 
cells, which affect placental perfusion [115], and induces platelet accumulation, and 
promotes thrombosis [116].

5.2 Hyperhomocysteinemia involvement in inflammation

Cell survival depends on responding to, eliminating, and then returning to the 
original, healthy structure after any type of insult or injury. To do this, cells have 
developed over time a complex system called the inflammasome. The inflammasome 
is an integrative structure that collects data about aggression, mobilizes and coor-
dinates the response accordingly, and finally restores the initial morphological and 
physiological status. In addition, the inflammasome stores information about aggres-
sion to be quickly accessed in case of a future attack.

The coordination of the whole process is achieved by the activation/secretion of 
specific messengers of the immune system, namely cytokines [85]. Once secreted, 
these molecules trigger the formation of reactive species, the modification of ion 
fluxes, which will ultimately lead to the modulation of gene transcription in order to 
supply the components/proteins required for the entire process.

Recent data identify HHcy as the key factor in the formation and activation of the 
Nod-like receptor protein 3 complex (NLRP3) of the inflammasome [86, 87].

Current data report [88, 89] HHcy as promoting chronic inflammation in 
endothelial cells. Chronic inflammation is an irreversible injury, in other words, it 
is an incurable injury, due to its particular characteristics. This means that chronic 
inflammation induces abnormal morphological changes not only in the area of injury 
but also in the surrounding tissues, ultimately altering their normal physiology. 
Constantly increased levels of proinflammatory parameters such as interleukins (IL-
6, IL-8, and TNFα) [90, 91] have been identified in chronic inflammation and they 
are positively associated with hyperhomocysteinemia. Elevated homocysteine levels 
stimulate IL-1beta and TNF-alpha secretion in human monocytes/macrophages. 
Overall hyperhomocysteinemia seems to alter the profile of cytokines produced by 
both endothelial cells and macrophages [92–95].

5.3 Hyperhomocysteinemia involvement in cellular signaling

A causal loop is formed between inflammation and ROS, as they stimulate each 
other. In other words, inflammation triggers the synthesis of reactive species that 
act as messengers/mediators and trigger the immune system cell response. Thus, the 
immune cells will produce specific molecules that will act both on themselves and on 
other target cells. After activation and self-activation, the target cells will produce 
reactive species in turn. Cellular survival depends on this functional loop. In addition, 
inflammasome-reactive species connection functions in both pathological and physi-
ological processes [96].

The levels of ROS concentrations make the difference between the physiological 
regulatory pathways and the pathological process called oxidative stress; the latter 
being associated with high ROS concentration [97]. Reactive species can be signals/
stimuli in pathological processes, but cells can also produce them to use in intercel-
lular signaling processes. The reactive species group includes oxygen superoxide, 
the hydroxyl radical, and hydrogen peroxide (H2O2). Currently, H2O2 is consid-
ered a second messenger capable of crossing the cell membrane due to its partial 
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lipophilic character [98]. Scientific research has shown that hydrogen peroxide has 
similar activity to growth factors when is added to a living system. In turn, growth 
factors can trigger the release of hydrogen peroxide at the cellular level [99–101]. 
According to scientific data, ROS including H2O2 are involved in the MAPK signal-
ing pathway that ultimately acts on gene transcription [102–107]. HHcy generates 
hydrogen peroxide and, as a consequence, may indirectly intervene in the signaling 
process. Thus, hyperhomocysteinemia is a potential activator of the mitogenic 
process [108–113].

The literature also mentions another effect of HHcy, decreased NO release that 
disrupts vascular relaxation and alters the anticoagulant activity of protein C [117]. 
Therefore, HHcy promotes endothelial injury leads to inflammation and oxidative 
process and finally to thrombosis [118].

As a conclusion, in a high homocysteine status, the vascular function is disturbed 
thus generating an increased risk of thrombosis [57–60]. As a consequence, HHcy is 
associated with pregnancy complications.

6. Homocysteine blood level in pregnancy

The blood Hcy concentration during normal pregnancy varies depending on the 
race population as seen in Table 1. M. Walker [119, 120]:

Literature mentions that pregnant women with inherited thrombophilia are 
more susceptible to HHCy [121, 122]. Hyperhomocysteinemia is not very common 
but is an important cause of deep vein thrombosis and recurrent pregnancy loss. 
Serum HHcy is associated with preeclampsia, recurrent miscarriage, and low birth 
weight for the newborn. Even so, the investigations of serum homocysteine levels 
are not of routine investigations, and diagnosis of this condition is missed due to an 
extremely rare evaluation of serum homocysteine levels. The literature mentions a 
case report in which an abnormally high plasma homocysteine level (26.58 μmol/L) 
was found following a spontaneous abortion at 28 weeks gestation. The patient 
had a history of two unexplained pregnancy losses without having previously been 
investigated for Hcy levels [123].

Langman et al. also mentioned in a retrospective case-control study that hyperho-
mocysteinemia is a major risk factor for venous thromboembolic disease and recur-
rent abortion [124].

The postpartum period is conventionally defined as 6 weeks after birth. This 
period is considered to have the highest risk of thrombosis. The literature mentions 
that the risk of postpartum thrombosis can persist up to 12 weeks after delivery [125].

However, regarding Hcy levels in the postpartum period, there are almost no data 
in the literature. Even so, the determination of serum Hcy levels during pregnancy is 

Period of 
pregnancy (weeks)

Hcy blood concentrations  
(according to Walker) (mmol/L)

Hcy blood concentrations  
(according to Y. Yang) (μmol/L)

up to 16 3.9–7.3 5.79–11.86

20–30 3.5–5.3 5.79–11.86

after 36 3.3–7.5 6.13–16.75

Table 1. 
Blood Hcy concentration during normal pregnancy.
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recommended because it can indicate the mother’s metabolic status and is useful in 
predicting the risk of adverse pregnancy and postpartum events.

Hcy is an early warning for most complications encountered during pregnancy 
(miscarriage, preeclampsia), but can be a warning sign for postpartum as well.

7. Conclusion

Among sulfur-containing amino acids, homocysteine stands out because of its 
association with high levels of thrombosis. This association can be explained by a 
multifactorial mechanism, which ultimately disturbs the balance between pro-coag-
ulation and anticoagulation factors. Coexistence of a deficiency in Hcy metabolism, 
such as methylenetetrahydrofolate reductase together with the mutation of some 
coagulation factors such as factor V Leiden and prothrombin, leads to thrombogenic 
risk and venous thromboembolism as well as pregnancy complications. Therefore, 
in addition to the investigation of coagulation parameters, we consider that blood 
homocysteine levels should be introduced as a routine investigation in the diagnosis 
of pregnant women with pregnancy complications and deep vein thrombosis.
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New Insights into the Roles of 
Cysteine and Homocysteine in 
Pathological Processes
Nina Filip, Alin Constantin Pinzariu, Minela Aida Maranduca, 
Diana Zamosteanu and Ionela Lacramioara Serban

Abstract

Both cysteine and homocysteine are sulfur-containing amino acids with distinct 
roles in cellular processes. This chapter explores novel perspectives on the roles of cys-
teine and homocysteine in pathological processes, delving into their intricate involve-
ment in various disease pathways. Additionally, the chapter elucidates the regulatory 
mechanisms governing homocysteine metabolism and its implications for a range of 
pathological conditions, including cardiovascular diseases and neurodegenerative 
disorders. By synthesizing recent research findings, this chapter aims to provide 
fresh insights into the nuanced interplay among cysteine, homocysteine, and disease 
progression. The exploration of these sulfur-containing amino acids opens avenues 
for understanding pathophysiological mechanisms and suggests potential targets for 
therapeutic interventions.

Keywords: cysteine, homocysteine, cardiovascular disease, diabetes mellitus,  
amino acids

1.  Introduction

Cysteine, an amino acid of particular importance in cell biology, serves as an 
essential component in the construction of the fundamental building blocks of life—
proteins. With a distinctive chemical structure, characterized by the presence of the 
thiol group (‒SH) in its side chain, cysteine holds crucial roles in stabilizing protein 
structure and maintaining oxidative balance in the body’s cells [1, 2]. Although, usu-
ally, the body can synthesize cysteine, there are circumstances in which its necessity 
becomes conditionally essential, justifying the importance of adequate intake through 
food or, in certain cases, supplementation. The various aspects of cysteine, from its 
contribution to the formation of disulfide bonds into proteins to its antioxidative 
capacity and involvement in cellular detoxification processes, provide clear insight 
into the importance of cysteine in maintaining cellular health and essential physi-
ological functions [3].

Homocysteine, an organic compound derived from the essential amino acid 
methionine, has become the subject of considerable interest in the scientific and 
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medical field due to its link to various conditions and diseases. Normally, methionine, 
an amino acid obtained from food, is metabolized in the body to produce homo-
cysteine, and its levels are strictly regulated [4, 5]. However, when this balance is 
disrupted, homocysteine can reach high levels, associated with an increased risk for 
cardiovascular disease, neurological disease, and others (Figure 1) [6].

Homocysteine metabolism is closely related to adequate intake of B vitamins, 
especially B6, B9 (folic acid), and B12. Deficiencies in these vitamins can lead to 
the accumulation of homocysteine in the blood. Genetic factors can also influence 
homocysteine levels [7]. Studies have shown that an increased level of homocysteine 
in the blood may be an independent risk factor for cardiovascular disease, as it can 
contribute to damage to the vascular wall and promote blood clots [8, 9]. It has also 
been suggested that homocysteine may play a role in inflammatory and degenerative 
processes in the nervous system, contributing to neurodegenerative diseases, such 
as Alzheimer’s disease or Parkinson’s disease [10, 11]. Monitoring homocysteine 
levels and adopting a healthy lifestyle that includes a balanced diet and appropriate B 
vitamin supplements can help keep these levels within normal limits and reduce the 
risk associated with elevated homocysteine levels [12].

In this presentation, we explore the nature and roles of cysteine and homocysteine 
in the body, analyzing their implications for health and their connections to various 
pathologies. Understanding these molecules provides a significant perspective on how 
nutritional and genetic factors can influence cardiovascular health and neurological 
functions, prompting research and interventions for the prevention and management 
of complications associated with elevated levels of homocysteine.

2.  Cysteine and homocysteine metabolism

Cysteine and homocysteine are amino acids involved in important metabolic 
pathways within the body. Here’s an overview of their metabolism.

Homocysteine, a sulfur-containing amino acid, is produced in the metabolic pro-
cess of methionine, an essential amino acid present in animal-derived proteins [13]. 
This compound follows two primary metabolic pathways: remethylation, leading 

Figure 1. 
Homocysteine associated diseases.
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to the regeneration of methionine, and transsulfuration, resulting in its conversion 
to cysteine. Methionine serves as the primary supplier of methyl radicals in the 
body, delivered in the form of S-adenosylmethionine (SAM), which is subsequently 
transformed into S-adenosylhomocysteine (SAH). Homocysteine is produced 
through the breakdown of SAH, a process catalyzed by S-adenosylhomocysteine 
hydrolase (SAHH; EC 3.3.1.1). Enzymatic processes play a crucial role in the 
metabolism of homocysteine, a sulfur-containing amino acid. These processes 
involve various enzymes, such as methionine synthase (MS; EC 2.1.1.13) and 
N5,10-methylenetetrahydrofolate reductase (MTHFR; EC 1.5.1.20), which catalyze 
important reactions in the conversion of homocysteine to methionine. Additionally, 
the activity of these enzymes is dependent on cofactors such as cobalamin and 
N5-methyltetrahydrofolate. The genetic association between the genes encoding 
methionine synthase and N5,10-methylenetetrahydrofolate reductase suggests a 
close relationship between these enzymes and the tetrahydrofolate metabolism 
(  Figure 2  ) [ 14 – 17 ].  

  Figure 2.
  Homocysteine metabolism. Methionine adenosyltransferase (MAT); methyltransferase (MT); 
S-adenosylhomocysteine hydrolase (SAHH); betaine-homocysteine S-methyl transferase (BHMT); cystathionine 
β-synthase (CBS); cystathionine γ-lyase (CSE); methionine synthase (MS). Adapted from Filip et al. [ 14 ].          
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The remethylation of homocysteine is an important biochemical process that 
plays a crucial role in maintaining optimal health and functioning in the body. There 
are multiple pathways involved in the remethylation of homocysteine, including the 
betaine pathway and the methionine synthase pathway. The betaine pathway utilizes 
betaine, derived from choline, and is facilitated by the enzyme betaine-homocysteine 
S-methyltransferase (BHMT; EC 2.1.1.5) [14, 18, 19]. This pathway is primarily active 
in the liver and kidneys. The methionine synthase pathway, on the other hand, is 
present in all tissues of the body. One-carbon metabolism is a network of interrelated 
biochemical reactions that includes the remethylation of homocysteine. One-carbon 
metabolism is essential for DNA methylation and synthesis, with methionine serving 
as the main methyl group donor. Not only does the remethylation of homocysteine 
contribute to methyl group synthesis, but it also serves as a means to prevent the 
intracellular accumulation of S-adenosylhomocysteine and an increase in plasma total 
homocysteine levels [14, 20–22]. Accumulation of elevated levels of homocysteine 
and adenosine at the cellular level has been demonstrated to completely inhibit all 
methylation reactions [23–25]. The conversion of homocysteine to cysteine occurs 
through cystathionine.

Cystathionine β-synthase (CBS; EC 4.2.1.22) and cystathionine γ-lyase (CSE; EC 
4.4.1.1) are enzymes involved in the synthesis of cysteine (Figure 2). Cystathionine 
β-synthase and cystathionine γ-lyase play crucial roles in the metabolism of cysteine, 
a non-essential amino acid that is important for various physiological processes in 
the body. These enzymes facilitate the conversion of homocysteine and serine into 
cystathionine, which is then further processed to produce cysteine and other essential 
molecules. The synthesis of cysteine relies on the activity of cystathionine β-synthase 
and cystathionine γ-lyase enzymes. These enzymes work together to catalyze the 
reactions necessary for cysteine synthesis. They both require pyridoxal-5-phosphate, 
the active form of vitamin B6, as a cofactor for their enzymatic activity [26–28]. 
Moreover, alterations in the activity or concentration of cystathionine β-synthase and 
cystathionine γ-lyase have been associated with various pathological conditions and 
diseases, including diabetes, cancer, AIDS, neurodegenerative disorders, and liver 
diseases [29–31]. Furthermore, the enzymes cystathionine β-synthase and cystathio-
nine γ-lyase are also involved in maintaining glutathione metabolism and transport 
[31, 32]. These enzymes contribute to cellular reactions, such as antioxidant defense, 
drug detoxification, and cell signaling [33].

Activation of the transsulfuration pathway can promote the production of 
H2S [34]. Certainly, cysteine metabolism is intricately linked to methionine 
metabolism. The process of synthesizing cysteine from methionine comprises 
four sequential steps. The first two stages are integrated into the methionine cycle, 
while the subsequent two phases are integral components of the transsulfuration 
pathway. This interconnected series of events underscores the dynamic relation-
ship between cysteine and methionine within cellular metabolism. The process 
commences with methionine, leading to the formation of S-adenosylmethionine. 
Subsequently, SAM contributes to the synthesis of homocysteine. In the initial step 
of the transsulfuration pathway, cystathionine-β-synthase enzymatically couples 
homocysteine with serine, resulting in the generation of cystathionine. Subsequent 
to this, in the subsequent reaction, cystathionine undergoes cleavage catalyzed 
by cystathionin-γ-lyase, yielding cysteine. This sequence of reactions elucidates 
the transformation of methionine into cysteine through the transsulfuration 
pathway [35]. To finalize the synthesis of the GSH tripeptide from cysteine, two 
additional reactions are essential (Figure 3).
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Initially, the enzyme γ-glutamyl cysteine synthetase (γ-GCS) facilitates the com-
bination of cysteine with glutamate, leading to the creation of γ-glutamylcysteine. 
Subsequently, in the second reaction catalyzed by the enzyme glutathione synthetase 
(GS), GSH is produced from γ-glutamylcysteine and glycine [36]. GSH, also known 
as glutathione, possesses the ability to undergo oxidation, thereby contributing to the 
maintenance of redox homeostasis. In a reducing environment, such as in the pres-
ence of reactive oxygen species (ROS), a disulfide bridge forms between two GSH 
molecules [37]. This linkage results in the formation of glutathione disulfide (GSSG). 
The capacity of GSH to undergo redox transformations is crucial for its involvement 
in cellular antioxidant defense mechanisms. Cysteine synthesis and homocysteine 
metabolism intersect in the transsulfuration pathway. This pathway can influence the 
balance between cysteine and homocysteine levels.

3.  Cysteine, homocysteine, and mitochondrial dysfunction

The interplay among cysteine, homocysteine, and mitochondrial dysfunction 
is intricate, involving diverse biochemical processes. Cysteine and homocysteine, 
being sulfur-containing amino acids, possess the potential to impact mitochondrial 
function through various metabolic pathways. The complexity of this relationship 
stems from the multifaceted influence these amino acids exert on mitochondrial 
processes [38].

Hyperhomocysteinemia induces DNA fragmentation via poly (ADP-ribose) 
polymerase cleavage, an enzymatic activity effectively suppressed by melatonin. The 
impact of homocysteine on the function of thioretinaco ozonide within mitochon-
dria and endoplasmic reticulum leads to excitotoxicity, oxidative stress, endothelial 
dysfunction, and inflammation [39]. Melatonin reduces oxidative damage in the 
mitochondria of cultured mouse liver cells by diminishing oxygen consumption, 
lowering membrane potential, and decreasing superoxide production. Matrix metal-
loproteinase-9 activation in hyperhomocysteinemic rats is triggered by the opening 
of the mitochondrial permeability transition pore and antagonism of the N-methyl-
D-aspartate receptor-1 (NMDA-R1), resulting in myocyte dysfunction due to elevated 
calcium overload and oxidative stress [40]. The homocysteine-inducible, endoplasmic 
reticulum (ER) stress-inducible, ubiquitin-like domain member 2 (HERPUD1) in 
cultured HELA cells facilitate cytoprotective effects against oxidative stress by sup-
pressing the inositol 1,4,5-triphosphate receptor and reducing the transfer of calcium 

Figure 3. 
Scheme of glutathione (GSH) biosynthesis. Adapted from Potega et al. [36]. GS = glutathione synthetase; 
γ-GCS = γ-glutamylcysteine synthetase.
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ions from the endoplasmic reticulum to mitochondria [41]. Homocysteine serves as a 
precursor to hydrogen sulfide (H2S), a gasotransmitter generated through the trans-
sulfuration process catalyzed by the enzyme’s cystathionine β-synthase and cystathio-
nine γ-lyase. Recently recognized as a novel mediator in cardiovascular homeostasis, 
H2S functions as a potent vasodilator with diverse roles [42]. H2S is primarily gener-
ated from L-cysteine, obtained through dietary intake, extraction from endogenous 
proteins, or endogenous synthesis via the transsulfuration of serine by L-methionine, 
a process occurring within the transsulfuration pathway. Significantly, L-cysteine 
serves as a crucial precursor for the biosynthesis of glutathione (GSH), and its 
initiation into this pathway is a limiting factor [43]. Consequently, mechanisms that 
modulate the availability of L-cysteine are likely to impact both the H2S production 
pathway and GSH biosynthesis, as evidenced by metabolomics and transcriptomics 
studies conducted in diverse models of mitochondrial dysfunction. As an illustration, 
investigations into the impact of 1-methyl-4-phenylpyridinium (MPP+), known for 
its neurotoxic effects mediated by various mechanisms, including complex I (CI) 
inhibition, demonstrated elevated glutathione (GSH) levels coupled with the upregu-
lation of ATF-4 and the transsulfuration enzymes CTH and CBS. In cellular stress 
induced by MPP+, the knockdown of ATF-4 or CTH resulted in a reduction of GSH 
levels [43, 44].

4.  The roles of cysteine and homocysteine in pathological processes

4.1  Cysteine and homocysteine in cardiovascular disease

Cardiovascular disease (CVD) stands as the leading cause of global mortality, 
impacting both developed and developing nations. Numerous studies have explored 
the relationship between elevated homocysteine (Hcy) levels and the onset of vari-
ous vascular conditions [45]. Some researchers argue that maintaining a plasma Hcy 
concentration below 10 μmol/L is essential to mitigate the heightened risk of CVD 
and ischemic heart disease [46]. A meta-analysis has revealed a positive correlation, 
indicating that a 25% increase in plasma Hcy levels corresponds to a 10% higher risk 
of CVD and a 20% higher risk of stroke. Furthermore, another meta-analysis high-
lighted a 16% reduction in coronary heart disease when serum Hcy levels decreased 
by 3 μmol/L. Additionally, a 5 μmol/L elevation in plasma Hcy was associated with a 
1.6–1.8 times increased relative risk of coronary heart disease [47]. Further investiga-
tions have underscored the significant impact of homocysteine on mortality and heart 
disease [48]. Hcy is implicated in cardiovascular disease through diverse mechanisms, 
including the heightened proliferation of muscle cells leading to vessel constriction, 
modification of blood coagulation properties, oxidative damage to the vascular 
endothelium, and harm to arterial walls [49].

Moreover, Hcy has demonstrated a positive correlation with both diastolic and 
systolic blood pressures. For example, a 5 μmol/L elevation in Hcy concentration has 
been correlated with a 0.5 mmHg rise in diastolic blood pressure and a 0.7 mmHg 
increase in systolic blood pressure. In the case of women, the relationship between 
Hcy and blood pressure was more pronounced, resulting in a 0.7 mmHg increase in 
diastolic blood pressure and a 1.2 mmHg increase in systolic blood pressure [50–52].

Epidemiological research has uncovered a U-shaped correlation between cardio-
vascular diseases and total cysteine (tCys) after adjusting for other risk factors and 
homocysteine [52]. Van den Brandhof and colleagues [53], in their study, did not 
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observe a significant association between tCys and the risk of coronary heart disease. 
Similarly, a study within the Hordaland Homocysteine Study cohort explored the link 
between tCys and the risk of mortality and cardiovascular disease. The findings of 
this study concluded that tCys was not connected to all-cause cardiovascular disease 
or non-cardiovascular disease mortality [54].

Subsequent research endeavored to evaluate the association between total homo-
cysteine (tHcy) and cardiovascular disease, along with mortality and morbidity 
unrelated to CVD. The findings suggested that tHcy functions as a biomarker for both 
CVD and non-CVD-related mortality and morbidity [33, 54, 55].

4.2  Cysteine and homocysteine in kidney diseases

As evidenced by several studies, the kidneys play a pivotal role in the regulation of 
the methionine cycle, exerting a direct influence on alterations in the concentrations 
of homocysteine, cysteine, S-adenosylmethionine, S-adenosylhomocysteine, and the 
SAH/SAM ratio [56, 57].

Despite not fully comprehending the mechanisms underlying these disorders in 
chronic kidney disease (CKD), the robust association among homocysteine, cysteine, 
S-adenosylmethionine, S-adenosylhomocysteine, and plasma creatinine levels, as well 
as the glomerular filtration rate (GFR), indicated that these compounds were excreted 
in the urine. The presence of enzymes in the trans-sulfonation and remethylation 
pathways in human kidney tissue implies the potential involvement of renal metabo-
lism in these processes [58].

Alterations in the concentrations of Cys and Hcy in blood plasma serve as early 
indicators, implying that there is initially a primary disruption in the aminothiol 
metabolism. This disturbance persists until a more pronounced decrease in glo-
merular filtration rate occurs, along with a disruption in the elimination of these 
compounds [58].

Krugovla et al. [59] reported that individuals at stages III–V of chronic kidney dis-
ease exhibit significantly reduced urine levels of S-adenosylmethionine and SAM/S-
adenosylhomocysteine ratio, as well as a decreased cysteine/homocysteine ratio in 
blood plasma in comparison to patients at stage II of CKD. Notably, the levels of urine 
SAM serve as a discriminative factor, enabling the differentiation between patients 
with mildly decreased kidney function and those with moderate to severe renal 
impairment. They demonstrate that urine SAM is a potent biomarker for monitoring 
renal function decline at early CKD stages [59].

Shih et al. [60] indicated that a high homocysteine level can be an independent 
risk factor for CKD in the middle-aged and elderly populations in Taiwan.

Homocysteine can contribute to ROS production by activating NADPH oxidase. 
These generated ROS disrupt normal cellular function, thereby contributing to 
kidney disease. Studies have indeed demonstrated that hyperhomocysteinemia 
compromises microvascular function in various organs, including the microvascular 
system within the kidneys [60].

S-adenosyl-L-methionine, derived from methionine, serves as the substrate 
for SAM-dependent methyltransferases, which catalyze the transfer of its methyl 
group. SAM plays a crucial role, accounting for over 90% of the methylation 
processes involving nucleic acids, proteins, and lipids. The reaction also produces 
S-adenosylhomocysteine, which, in turn, acts as an inhibitor of the methyltransferase 
reaction. In conditions of hyperhomocysteinemia, there is an increase in intracel-
lular SAH, leading to the inhibition of SAM-dependent methyl transfer. High SAH 
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levels particularly affect DNA methyltransferases, impacting the methylation status 
of certain genes, including the hTERT gene, which has implications for kidney 
function [60].

4.3  Cysteine and homocysteine in diabetes

Cysteine and homocysteine are two sulfur-containing amino acids that have been 
implicated in the pathogenesis of diabetes. Previous studies have shown that patients 
with diabetes tend to have higher levels of homocysteine compared to the general 
population [61].

Diabetic retinopathy is a severe microvascular complication that affects individu-
als with diabetes, leading to progressive damage to the retina and potentially causing 
vision loss. Several studies have suggested that homocysteine, a sulfur-containing 
amino acid, plays a significant role in the development and progression of diabetic 
retinopathy [61, 62]. Elevated levels of homocysteine have been linked to increased 
oxidative stress, mitochondrial damage, and activation of various pathways associ-
ated with the development and progression of diabetic retinopathy. Multiple mecha-
nisms have been proposed to explain the involvement of homocysteine in diabetic 
retinopathy. One proposed mechanism is the activation of matrix metalloproteinase-9 
by homocysteine, which leads to disruption of the blood-retinal barrier and increased 
vascular permeability in the retina [61]. Another proposed mechanism involves the 
inhibition of the transcriptional activity of nuclear factor erythroid 2-related factor 
2, a key regulator of antioxidant defense systems, by elevated levels of homocysteine. 
This inhibition compromises the defense system’s ability to counteract increased 
oxidative stress, leading to further damage to retinal cells. Furthermore, it has been 
observed that hyperhomocysteinemia is often associated with endothelial dysfunc-
tion and inflammation, both of which are known to contribute to the development 
and progression of diabetic retinopathy. Several studies have investigated the poten-
tial therapeutic implications of reducing homocysteine levels in diabetic retinopathy.

Furthermore, high homocysteine levels can trigger inflammation, endoplasmic 
reticulum, stress, and other pathways, intensifying mitochondrial damage. The bio-
synthesis of S-adenosylmethionine during homocysteine metabolism from methio-
nine further activates DNA methyltransferases, leading to alterations in the DNA 
methylation status of various genes implicated in mitochondrial homeostasis [63].

Wijekoon et al. [64] provided experimental evidence showcasing the direct impact 
of insulin and counter-regulatory hormones on the modulation of cystathionine 
β-synthase and betaine homocysteine methyltransferase.

Their investigations revealed that insulin exerts a regulatory influence on cystathi-
onine β-synthase and BHMT, contributing to the intricate metabolic changes associ-
ated with diabetes mellitus. Additionally, counter-regulatory hormones were found 
to play a pivotal role in this regulatory network, further shaping the activities of these 
enzymes. The interplay between insulin and counter-regulatory hormones emerges as 
a crucial factor in the dysregulation of homocysteine metabolism seen in both Type 1 
and Type 2 diabetes. The meta-analysis of Wang et al. [65] indicated elevated blood 
homocysteine levels in individuals with Type 2 diabetes mellitus (T2DM), particu-
larly among those with diabetic nephropathy (DN) and diabetic retinopathy (DR), 
but the precise role of homocysteine in the development of T2DM and its associated 
complications remains ambiguous.

Homocysteine has been identified as closely associated with the development 
of diabetes mellitus. Homocysteine alone is insufficient as a predictor of diabetes 
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mellitus. Li et al. [66] determined the relationship between the main metabolites 
involved in the Hcy metabolic pathway and DM. Their results revealed the detec-
tion of 13 metabolites associated with the Hcy metabolic pathway in the samples. 
In the DM group, the levels of Hcy, cysteine, taurine, pyridoxamine, methionine, 
and choline exhibited a significant increase. Notably, Hcy, choline, cystathionine, 
methionine, and taurine played a significant role in the probabilistic principal 
component analysis model. Hcy, taurine, methionine, and choline emerge as potential 
risk factors for diagnosing diabetes and hold promise for assessing the severity of the 
condition [66].

A deficiency in L-serine can contribute to elevated homocysteine levels through 
two mechanisms. Firstly, there is a reduced supply of N5-CH3-THF for the methyla-
tion of homocysteine, attributable to an adaptive increase in L-serine synthesis from 
glycine. Secondly, there is an impaired synthesis of cystathionine from L-serine and 
homocysteine by cystathionine β-synthase, leading to a subsequent reduction in the 
drainage of homocysteine from the methionine cycle to the transsulfuration pathway. 
This possibility is substantiated by the occurrence of hyperhomocysteinemia in 
humans exhibiting cystathionine β-synthase deficiency [67, 68]. Rehman et al. [33] 
reported decreased levels of cysteine concomitant with increased homocysteine levels 
in diabetes.

4.4  Cysteine and homocysteine in neurological disorders

Homocysteine is transported into the brain, and the brain has a limited capacity 
for Hcy metabolism. Brain tissues employ various mechanisms to reduce homocyste-
ine levels. These mechanisms include efficient recycling through the vitamin B12-
dependent methionine synthase, which is the sole enzyme in the brain responsible 
for converting Hcy into methionine. Additionally, catabolism occurs through cysta-
thionine beta-synthase, leading to the formation of cystathionine—a non-noxious 
product that further converts into cysteine. Moreover, the brain regulates Hcy levels 
by exporting them to the external circulation [69].

In the brain, the accumulation of homocysteine is correlated with increased total 
homocysteine and S-adenosylmethionine levels in cerebrospinal fluid. Induced 
elevation of Hcy has been shown to induce dysfunction in endothelial and astrocytic 
cells, leading to altered neuronal function. Elevated Hcy levels result in heightened 
excitatory glutamatergic neurotransmission in various brain regions, contributing 
to neuronal damage. In summary, Hcy induces redox imbalance, increases oxidative 
stress, and triggers the production of free radicals in various cell types, including 
endothelial, glial, and neuronal cells, thereby contributing to several neurological 
disorders [70].

Both cysteine and homocysteine metabolism are linked to neurological disorders, 
and mitochondrial dysfunction is often observed in conditions such as Alzheimer’s 
disease and Parkinson’s disease.

5.  Identification of current challenges and gaps in understanding cysteine 
and homocysteine roles

Understanding the roles of cysteine and homocysteine in various physiological 
processes is a current area of research. Here are some challenges and gaps in under-
standing these amino acids.
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Both amino acids are involved in complex metabolic pathways. Cysteine is derived 
from methionine via homocysteine, and its metabolism involves complex interactions 
with various enzymes, cofactors, and regulatory molecules. Understanding the entire 
metabolic network and the factors that influence it is challenging.

Cysteine plays a crucial role in cellular redox homeostasis, being a key component 
of glutathione, an important antioxidant. The precise mechanisms by which cysteine 
influences redox balance in different cellular compartments and its implications for 
health and disease are not fully elucidated.

Homocysteine is implicated in DNA methylation, which is crucial for gene expres-
sion regulation. However, the exact mechanisms by which homocysteine influ-
ences epigenetic modifications and the specific genes affected are areas of ongoing 
investigation.

Elevated homocysteine levels have been associated with neurodegenerative 
diseases. Understanding the exact mechanisms by which homocysteine contributes to 
neurological disorders and whether it is a causative factor or a consequence is still an 
active area of research.

Homocysteine has been linked to cardiovascular diseases, but the relationship is 
complex. The specific mechanisms by which elevated homocysteine contributes to 
cardiovascular pathologies and whether interventions to lower homocysteine levels 
are beneficial remain areas of debate and investigation.

Cysteine and homocysteine metabolism are influenced by dietary factors, includ-
ing the intake of methionine, vitamins (B6, B12, folate), and other nutrients. The 
interplay between diet and the regulation of cysteine and homocysteine levels is not 
fully understood, especially in diverse populations with different dietary patterns.

Both cysteine and homocysteine can interact with various molecules and partici-
pate in diverse cellular processes. Understanding the wide-ranging interactions and 
their implications for cellular function and health requires further investigation.

Identifying reliable biomarkers related to cysteine and homocysteine metabolism 
for diagnostic and prognostic purposes remains an ongoing challenge. Additionally, 
determining the clinical significance of alterations in these amino acids and develop-
ing targeted therapies is an area of active research.

6.  Conclusions

The evolving nature of our understanding of cysteine and homocysteine in 
pathological processes reflects the dynamic and interdisciplinary nature of scientific 
research. Scientific research is a continuous process, and new studies are regularly 
published, providing novel insights into the roles of cysteine and homocysteine in 
various pathological processes. Ongoing research may uncover previously unknown 
connections, mechanisms, and functions related to these amino acids. Advances in 
analytical techniques and technologies contribute to our ability to study cysteine and 
homocysteine at a more detailed and nuanced level. Techniques such as metabolo-
mics, proteomics, and advanced imaging methods allow researchers to explore these 
molecules’ functions and interactions in greater depth.

The role of homocysteine in epigenetic modifications and gene regulation is an 
evolving area of interest. Continued research may reveal additional details about how 
homocysteine influences gene expression and the implications for various diseases.

Ongoing clinical trials and translational research contribute to the translation 
of basic scientific knowledge into practical applications for diagnosis, treatment, 
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and prevention. As these studies progress, our understanding of the clinical signifi-
cance of cysteine and homocysteine in specific pathological conditions may evolve. 
Collaboration between researchers from different fields, such as biochemistry, 
genetics, nutrition, and clinical medicine, continues to enrich our understanding of 
cysteine and homocysteine. Interdisciplinary approaches help address complex ques-
tions and provide a more comprehensive view of their roles in pathology.

Given the dynamic nature of the scientific inquiry, it is crucial to stay informed 
about the latest research findings and advancements in the field to appreciate the 
evolving landscape of our understanding of cysteine and homocysteine in pathologi-
cal processes.
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