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Abstract

The one-carbon metabolism pathway is involved in critical human cellular

functions such as cell proliferation, mitochondrial respiration, and epigenetic

regulation. In the homocysteine-methionine cycle S-adenosyl-methionine

(SAM) and S-adenosyl-homocysteine (SAH) are synthetized, and their levels

are finely regulated to ensure proper functioning of key enzymes which control

cellular growth and differentiation. Here we review the main biological mecha-

nisms involving SAM and SAH and the known related human diseases. It was

recently demonstrated that SAM and SAH levels are altered in plasma of sub-

jects with trisomy 21 (T21) but how this metabolic dysregulation influences the

clinical manifestation of T21 phenotype has not been previously described.

This review aims at providing an overview of the biological mechanisms which

are altered in response to changes in the levels of SAM and SAH

observed in DS.
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1 | INTRODUCTION

One-carbon metabolism includes the folate cycle, the
homocysteine-methionine cycle, and the
trans-sulfuration pathway compartmentalized among the
cytoplasm, nucleus, and mitochondria.1 By this process,
one-carbon groups at different oxidation states are trans-
ferred for biosynthesis of DNA through purine and thy-
midylate generation and for amino acid homeostasis,
antioxidant generation, and epigenetic regulation.2 These
biochemical processes support critical cellular functions
such as cell proliferation, mitochondrial respiration, and
epigenetic regulation.3

Folates are versatile methyl donors that carry and
chemically activate one-carbon units.2 They derive
entirely from dietary sources4 and are absorbed as folic
acid in the small intestine.5 To facilitate absorption, they
are hydrolyzed to their monoglutamated forms in the
intestinal mucosa by γ-glutamyl hydrolase (GGH) and
glutamate carboxypeptidase II (FOLH1). Folates have
several transport systems, including the reduced
folate carrier, the proton-coupled folate carrier, and folate
receptors.6 Upon reaching target cells, folate monogluta-
mates are transformed to 5-methyl-tetrahydrofolate
(5-methyl-THF), the predominant species in non-hepatic
tissues, and are subsequently polyglutamated for cellular
retention and one-carbon coenzyme function.7

In the homocysteine-methionine cycle, the methyl
group from 5-methyl-THF is transferred to homocysteine
(Hcy) by the vitamin B12-dependent enzyme methionine
synthase (MS), producing methionine and THF.8,9

Methionine is adenylated by methionine adenosyltrans-
ferase (MAT2A and the liver-specific MAT1A) to
S-adenosyl-methionine (SAM) the universal methyl
donor involved in numerous downstream cellular reac-
tions.8 During methyl transfer, SAM is converted to
S-adenosyl-homocysteine (SAH),10 which is hydrolyzed
back to Hcy and adenosine through a reversible reaction
catalyzed by adenosylhomocysteinases (AHCY, AHCYL1,
and AHCYL2) to complete the methionine cycle11

(Figure 1). Starting from SAM, methionine can also be
produced through the multienzyme methionine salvage
pathway.12,13 In addition, methionine can also be taken
through diet.14 The role of homocysteine-methionine
cycle was already discussed as necessary for the synthesis
of cholinergic and adrenergic mediators, for the
construction of neurons and of myelin.15 These mecha-
nisms produce a high consumption of monocarbons, so if
their supply is not sufficient brain functions might be
impaired.16

Trans-sulfuration pathway is mediated by cystathio-
nine ß-synthase (CBS), which catalyzes conjugation of
serine with Hcy to yield cystathionine. Cystathionine is
converted by cystathionine γ-lyase (CTH) to cysteine, a
precursor for glutathionine which is a key redox-
regulator in cells.17

One-carbon metabolism reactions take place in cyto-
sol and mitochondria and they are linked through
exchange of serine and glycine, two non-essential amino
acids, which are interconverted by the mitochondrial and
cytosolic serine hydroxymethyltransferase (SHMT)
through 5,10-methylene-THF.9 Thereby, the impairment

FIGURE 1 Methionine-homocysteine cycle. The functional groups provided by S-adenosyl-methionine (SAM) and their usage are

showed. SAH, S-adenosyl-homocysteine.
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of global one-carbon pathways might affect both nuclear
DNA (nDNA) and mitochondrial DNA (mtDNA)
methylation.

2 | SAM AND SAH

2.1 | Biochemistry and functions of SAM
and SAH in the homocysteine-
methionine cycle

In all living cells, SAM is the principal biological
methyl donor, the precursor of aminopropyl groups uti-
lized in polyamine biosynthesis and, in the liver, it is
also a precursor of glutathione (GSH), the major antiox-
idant in cellular processes, through its conversion to
cysteine via the trans-sulfuration pathway.18 SAM is
synthetized by methionine adenosyltransferase (MAT2A
and the liver-specific MAT1A) starting from methio-
nine. It regulates the level of Hcy through two compet-
ing pathways: the allosteric activation of CBS and the
inhibition of methylenetetrahydrofolate reductase
(MTHFR) enzyme, which converts 5,10-methylene-THF
to 5-methyl-THF.12,19

In transmethylation reactions, SAM methyl groups
are added to other compounds from methyltransferase
(MT) enzymes, and SAM is converted to SAH.20 It is also
a cofactor of enzymes different from MTs for the transfer
of other functional groups derived from SAM. Indeed
SAM molecules are a source of methylene groups for the
synthesis of unsaturated fatty acids, of amino groups in
the biotin biosynthetic pathway, of ribosyl groups for
post-transcriptional modification of tRNAs, of ami-
noalkyl groups for polyamine biosynthesis, and of 50-
deoxyadenosyl radicals for three different iron–sulfur
enzyme systems (lysine 2,3-aminomutase, pyruvate-
formate lyase, and anaerobic ribonucleotide reductase) in
living cells.21 Each chemical group appended to the sul-
fur atom of SAM seems to have one or several biological
destinations.22 In addition, it is involved in the formation
of monoamine neurotransmitters such as dopamine,
serotonin, and norepinephrine. Another essential cofac-
tor of monoamine neurotransmitter biosynthesis is
5-methyl-THF, which also appears to stabilize and
enhance production of tetrahydrobiopterin (BH4)
involved in cytoprotective pathways.18,23 Given the large
variety of acceptor substrates and the major biological
functions, the availability of SAM may have profound
effects on cellular growth, differentiation, and functions24

(Figure 1).
It was determined that 30% of SAM is used by mito-

chondria, where it is transported by the solute carrier
family 25 member 26 (SLC25A26). This transporter is

involved in the transport of SAM from cytoplasm to
mitochondria and in the antiport transport of SAH
using SAM in the inner mitochondrial membrane of
the cells.22 In the mitochondrial compartment, SAM is
used for nucleic acid methylation, protein methylation,
and cofactor synthesis. A reduced methylating power
level was observed in mitochondria of lymphoblastoid
cells with trisomy 21 (T21) compared to euploids, prob-
ably due to a reduced cellular availability of SAM and
its mitochondrial uptake connected to the location of
CBS and other methyl cycle genes on chromosome 21.
Furthermore, the packaging of mtDNA is induced by a
transcription factor (transcription factor A, TFAM),
which acts like histones on nDNA. It was observed that
TFAM is downregulated in cells with T21 determining
a change in mitochromosome and exposing mtDNA to
the action of DNA methyltransferases (DNMTs).
Despite this, the mtDNA resulted hypomethylated in
mitochondria of cells with T21.9

SAH is formed upon donation of the methyl group of
SAM to a methyl acceptor and is subsequently hydro-
lyzed to adenosine and Hcy in a reversible reaction by
adenosylhomocysteinase enzymes or AHCY (in the cyto-
sol), AHCYL1 (in the mitochondria-associated endoplas-
mic reticulum membrane), and AHCYL2 (in the
endoplasmic reticulum and neuron projections).25 SAH is
structurally similar to SAM and binds with a similar
range of affinity to the SAM-binding pocket of methyltra-
ferases, thereby inhibiting their activity in a negative
feedback loop.20,26–29 Nevertheless, SAH inhibition is not
a uniform process, as it depends on the type of MT and
on the type of tissue.26

Due to SAM and SAH competition for the SAM-
binding pocket of MTs, the SAM/SAH ratio is considered
an indicator of the methylation capacity of cells. An
increase in SAH or a decrease in the SAM level or a
decrease in SAM/SAH ratio can correlate with
a reduction of the methylation potential. In addition,
SAH is a cytotoxic molecule,30 thus the removal of SAH
excess is essential.24,31,32 To control the SAM/SAH ratio
many enzymes involved in the methionine cycle are con-
trolled at transcriptional and enzymatic levels by the allo-
steric interaction with SAM. The epigenetic role carried
out by SAM and SAH metabolites involves both nuclear
and mitochondrial processes such as DNA replication
and transcription.22

It is interesting to note that lymphocyte SAH concen-
tration was positively correlated with plasma SAH, which
in turn was correlated with DNA hypomethylation. No
such relationship was observed in the case of SAM con-
centration. Such results indicate that metabolite modula-
tion of MTs likely occurs primarily through SAH in many
cell types.10

CARACAUSI ET AL. 3
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When dysregulated, the effect of SAH inhibition of
methylation reactions potentially gives a wide variety
of pathogenic effects, such as a neurotoxic effect responsi-
ble for cognitive function impairment.26 This potential
toxic effect was studied in the cobalamin neuropathy in
which the hypomethylation of myelin basic protein
causes a failure of myelin synthesis.

SAH also inhibits carboxy-O-methyltransferase which
results in the activation of the tumor necrosis factor
(TNF) induced cell death pathway.26 Elevated levels of
TNF-α are an index of a pro-inflammatory profile which,
combined with depletion of insulin growth factor
1 (IGF1), can serve as biomarkers of neurodegeneration
and neuroinflammation in subjects with Down syn-
drome (DS).33

2.2 | SAM and SAH measurements

Measurements of SAM and SAH levels are often compli-
cated by the naturally low concentration of these metabo-
lites in plasma (nM range), and particularly the
instability of SAM under neutral and alkaline condi-
tions.34 Stability studies involving serum, plasma, and
urine including incubation for 2–80 hours (h) at 4�C
and room temperature revealed a progressive increase of
SAH levels and a decrease of SAM. Neither the use of
heparin or EDTA-plasma nor the times of freezing and
thawing significantly influenced these changes of
concentrations.35

Liquid chromatography (LC) is commonly involved in
the analytical methods for the determination of SAH and
SAM.36,37 The stable-isotope-dilution tandem mass spec-
trometry (MS/MS) is used for chromatographic detection
as it provides high sensitivity and selectivity in complex
matrices such as urine, plasma, and cerebrospinal fluid
(CSF) samples.38 The determination of the reference

intervals for serum, urine, and erythrocytes and the study
of the relationships between other metabolites and clinical
variables and SAH and SAM levels were performed by a
stable-isotope-dilution liquid chromatography–mass spec-
trometry (LC/MS) method.35 To overcome the cost
limitation, it was replaced by an HPLC method with fluo-
rimetric detection described as an alternative method of
detection in blood and tissues.39 However, the lowest
limits of detection were obtained with LC–MS/MS allow-
ing a working concentration range of 8–1024 nM for SAM
and 16–1024 nM for SAH.40 Table 1 summarizes the levels
of SAM and SAH commonly reported in plasma using the
most commonly employed analytical techniques for these
analytes.

Analyses conducted by Bravo et al. showed that when
the LC–MS/MS method is used, the concentrations of
SAM and SAH are reproducible across different studies,34

indicating the high sensitivity and affordability of this
technique.

In addition, some commercial kits based on an immu-
noenzymatic approach (enzyme linked immunosorbent
assay—ELISA) have been made available and have occa-
sionally been used to measure SAM and SAH levels in
human blood.41 However, it is admittedly difficult to pro-
vide affordable detection kits, especially for SAM because
this small molecule is degraded in particular alkaline
conditions.

3 | SAM-DEPENDENT
METHYLATION

3.1 | SAM-dependent methyltransferases

SAM-dependent MTs catalyze the great majority of meth-
ylation reactions.20 These enzymes possess a highly con-
served structural fold which binds the common cofactor

TABLE 1 Mean concentrations of S-adenosyl-methionine (SAM) and S-adenosyl-homocysteine (SAH) in healthy biological samples

detected by the most widely used experimental methods.

Biological sample SAM (nM) SAH (nM) Method Reference

Plasma (n = 12) 26.5 ± 5.8 28.7 ± 1.8 Fluorescence HPLC chloracetaldehyde 35

Plasma (n = 7) 102.7 ± 9.9 22.7 ± 3.1 Fluorescence HPLC chloracetaldehyde 36

Plasma (n = 15) 74.7 ± 14.5 26.2 ± 6.1 Stable-isotope dilution tandem mass spectrometry 37

Serum or plasma (n = 48) 109 (71–168) 15 (8–26) Stable-isotope-dilution liquid chromatography–mass
spectrometry

34

Blood (n = 3) 240 ± 10 206 ± 10 HPLC with fluorimetric detection 38

Plasma (n = 8) 95.2 ± 21.6 30.4 ± 6.2 LC–MS/MS 39

Plasma (n = 33) 120 ± 36 21.5 ± 6.5 LC–MS/MS 33

Note: Standard deviation or minimum and maximum values are also indicated. n = number of healthy subjects.

Abbreviations: HPLC, high performance liquid chromatography; LC–MS/MS, liquid chromatography–tandem mass spectrometry.

4 CARACAUSI ET AL.
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SAM that is localized in the same region of the proteins,
but the residues included are very different among the
MTs. The core SAM-MT fold incorporates alternating β
strands and α helices, which form a seven-stranded
β sheet with three helices on each side.42 The SAM-
dependent MT enzymes are involved in the addition of a
methyl group to a biologically active molecules and can
be distinguished on the basis of the methylation target
such as nucleic acids or proteins (e.g., hormones, his-
tones, and transcription factors) or lipids and small mole-
cules (e.g., creatine, phosphatidylcholine, and
neurotransmitter).43,44 The biological functions of meth-
ylation include biosynthesis, metabolism, detoxification,
signal transduction, protein sorting and repair, and
nucleic acid processing.21

3.2 | DNA and RNA methylation

DNA MTs and RNA MTs perform fundamental functions
in the epigenetic regulation of gene expression and have
been implicated in a wide variety of disorders including
cancer.28

DNA MTs are characterized by two domains: a large
domain involved in the catalytic function of the enzyme
and the smaller subunit which is involved in the
sequence-specific DNA recognition. The smaller domain
varies widely both in size and sequence among DNA
MTs, it interacts with the major groove of the
DNA selecting the target cytosine to be methylated. The
larger domain opens the CpG dinucleotide, in order to
insert the cytosine in the catalytic pocket that is close to
SAM which donates the methyl group. DNA methylation
on the CpG dinucleotide induced by SAM is responsible
for modulating transcription which alters the regulation
of gene activities, somatic inheritance, and cellular differ-
entiation. Sixty percent of the CpG sequences are methyl-
ated in the human genome, and their methylation is a
signal of inhibition of transcription with a cell type spe-
cific pattern. The genomic pattern of cytosine methyla-
tion is faithfully inherited and this process, known as
“maintenance DNA methylation”, is catalyzed by DNA
MTs, which are specific for hemimethylated DNA gener-
ated during DNA replication. In this way, the original
chromatin structure is also re-established including the
packaging of the newly synthesized DNA into a nucleo-
some structure.45

DNA methylation is responsible for normal embry-
onic development, normal brain development, and brain
plasticity through the modulation of gene expression. It
was also demonstrated that the supplementation or defi-
ciency in the levels of methyl-donor micronutrients dur-
ing early life can have an impact on offspring brain

development. For example, vitamin B12 deficiency corre-
lates with the elevation of Hcy in neurons and astrocytes
in specific brain regions such as the striatum, hippocam-
pus, and cerebellum causing altered cognitive functions
such as learning and memory deficits during
adulthood.44

Among the RNA methylation, methylation of adenine
in eukaryotic messenger RNA (mRNA) is a postsynthetic
modification which occur in 30%–50% of adenine in the
mRNAs and that might be considered a necessary modifi-
cation required for mRNA transport to the cytoplasm,
splice site selection or other RNA processing reactions.46

The methylation of 50-terminal cap also plays an impor-
tant role in mRNA export from the nucleus, efficient
translation, and protection of the integrity of mRNAs.47

Apart from guanosine addition to the 50 end in the most
typical cap structure of mRNAs, essentially all cap modi-
fications are due to methylation. The 50 ends of mRNA
and small nuclear RNA are modified further by ribose 20-
O-methylation on the first and second transcribed nucle-
osides. The U1, U2, U4, and U5 snRNAs are methylated
at both the first two positions. These methylations are
required for the formation of spliceosomal E-complex
and, as consequence, for efficient pre-mRNA splicing.48

The methylation of ribosomal RNA (rRNA) occurs
after the synthesis of its 47S precursor RNA in the nucle-
olus before cleavage to smaller fragments. Inhibition of
the methylation of rRNA affects its processing to mature
18S and 28S rRNAs.47

Methylation of transfer RNA (tRNA) is also another
important modification occurring in all cells and tissues.
tRNAs methylation is carried out by methylthiotrans-
ferases (MTTs), and MTT activity varies with the differen-
tiation state of the cells, and under the influence of many
internal and external factors, it is especially elevated in
embryonic and cancerous tissues. These enzymes are
classified on the basis of the specific target nucleoside.49

The effects of these modifications represent an important
cellular physiological mechanism that can be altered in
different diseases.50 The loss of certain tRNA 20-O-
methylation has been associated with several pathologi-
cal conditions, including cancers and brain diseases.51

For example, FTSJ RNA 20-O-methyltransferase 1 (FTSJ1)
is a conserved gene encoding for an enzyme that modifies
several tRNAs at position 32 and the wobble position
34 in the anticodon loop. Mutations of FTSJ1 gene are
associated to a X-linked recessive inheritance intellectual
developmental disorder (XLID9) characterized by moder-
ately to severely impaired intellectual development and
eventually delayed motor development, seizures, and/or
behavioral problems.52

SAM can also bind to certain RNA structures called
riboswitches deriving from untranslated mRNA regions

CARACAUSI ET AL. 5
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and controlling transcription or translation through the
complex of RNA structure with SAM and without pro-
teins. This structure binds mRNA and negatively regulate
its expression. Riboswitches evoke a relic of an ancient
“RNA world,” in which RNA controlled all the processes
of life.53

3.3 | Protein methylation

Protein methylation is a post-translational modification
essential for some proteins to solve their function in
many cellular processes like signaling, RNA processing,
transcription, and subcellular transport. Protein MTs
have been distinguished according to their target, in par-
ticular the nitrogen group (arginine or lysine methyla-
tion) or carboxyl-group (leucine carboxyl, isoaspartyl
methylation, or isoprenyl C-terminal carboxyl methyla-
tion). The methylation of the N-terminal is not reversible,
while the methylation of the C-terminal can be easily
reversed by MTs.54

Most protein methylations are carried out by two
enzyme families, lysine methyltransferases (KMTs) and
protein arginine methyltransferases (PRMTs). In total,
over 4000 lysine and arginine methylation sites have been
observed in humans. Methylation of other amino acids
has also been identified, but the understanding of non-
lysine/arginine methylation is currently limited.55

Histone proteins are a major and well-known sub-
strate of protein methylation and a crucial part of the epi-
genetic code playing diverse roles in the establishment of
chromatin states that mediate the regulation of gene
expression. Histones can be mono-, di-, or trimethylated
at lysine and arginine residues by histone methyltrans-
ferases (HMTs). There are over 30 characterized HMTs
with different methylation capacities and specificities
that fall into KMT and PRMT families.17

Due to their critical role in cellular physiology, dysre-
gulation of protein methyltransferases is frequently
linked to diseases.55 For example, the set domain-
containing 2, histone lysine methyltransferase (SETD2)
gene encodes for the primary methyltransferase catalyz-
ing H3K36 trimethylation and its function is associated
with transcribed regions and functions in transcription
fidelity, RNA splicing, and DNA repair.56 Various muta-
tions of this gene are associated to the autosomal domi-
nant intellectual developmental disorder-70 (MRD70),
Luscan-Lumish syndrome, and Rabin-Pappas syndrome,
all characterized by intellectual disability (OMIM *
612778).

Central nervous system (CNS) cells possess proteins
enabling synthesis and transport of creatine, which plays a
modulatory role in neurotransmission, as it acts on

GABAA receptor chloride channel complex serving as a
competitive antagonist, and on the NMDA receptor with a
stimulatory effect.57,58 It was detected that creatine biosyn-
thesis consumes 40% of methyl groups obtained from
SAM58 starting from the transfer of a guanido group from
L-arginine to glycine by glycine-amidinotransferase
(GATM), resulting in guanidinoacetic acid. Then
guanidinoacetate-N-methyltransferase (GAMT) catalyzes
the transfer of a methyl group from SAM to guanidinoace-
tate producing creatine phosphate necessary for the syn-
thesis of ATP, the main source of cellular energy. The bulk
of body creatine is present in skeletal muscle, while lower
but substantial concentrations are also recovered in the
brain. The body's need of creatine is permanent to allow
muscle mass development and to counteract physiological
removal in the urine under the form of creatinine.58

3.4 | Phospholipid methylation

Phospholipid methylation is another SAM-dependent
pathway, particularly the synthesis of phosphatidylcho-
line (PC), which is the major structural component of cell
membrane,20 through phosphatidyl ethanolamine
methyltransferase (PEMT). Altered Hcy metabolism
resulting in decreased SAM or increased SAH affects the
synthesis of phospholipids (PC from PE). Reduction of
PE-methylation decreases very low-density lipoprotein
(VLDL) secretion and increases the levels of intracellular
triglycerides.59 Moreover, the SAM-dependent methyla-
tion of phospholipids in neuronal cell membrane is
reported to modify the signal conduction via
neuroreceptors.60

3.5 | Methylation of small molecules

There are several MTs that have the function of methylat-
ing small molecules. For instance, catechol
O-methyltransferase (COMT) O-methylates catechol-
amines during the deactivation and degradation of cate-
cholamine neurotransmitters. Its role is crucial for the
function of the prefrontal cortex of the brain, specifically
in organizing and coordinating information from other
regions of the brain. When dysregulated, COMT seems to
be involved in the onset of different neurological disor-
ders and it has been studied as a major target for the
development of drugs used in the treatment of Parkin-
son's disease. Moreover, because the gene is located on
chromosome 22 (Hsa22), people with 22q11.2 deletion
have shown increased risk of schizophrenia, depression,
anxiety, and bipolar disorder compared with normal
individuals.28,44

6 CARACAUSI ET AL.
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Glycine N-methyltransferase (GNMT) is the major
folate binding MT in vitro even though it does not utilize
folate as a substrate. It transfers a methyl group to glycine
to produce sarcosine which has no known essential meta-
bolic function. Sarcosine is converted again to glycine
and methylene-THF by a mitochondrial enzyme, sarco-
sine dehydrogenase. Together, these facts are consistent
with and give rise to the interpretation that the impor-
tance of GNMT lies not in its ability to form sarcosine
but rather in its capacity to regulate the utilization of
SAM and thus affect the SAM/SAH ratio.61

Hydroxyindole and phenylethanolamine methyltrans-
ferases catalyze the transfer of a methyl group from SAM
to serotonin and norepinephrine, converting them into
melatonin and epinephrine, respectively, whose reduced
levels affect the function of the brain.20

COQ3-O-methyltransferase and COQ5-C-
methyltransferase catalyze the methylation steps in the
ubiquinone biosynthetic pathway. Ubiquinone is an
essential electron carrier in mitochondrial oxidative
phosphorylation, and its loss might impact the ability of
the cells to produce energy.20

Nicotinamide N-methyltransferase (NNMT) catalyzes
the methylation of nicotinamide (NAM) using SAM,
directly linking one-carbon metabolism with a cell's
methylation balance and nicotinamide adenine dinucleo-
tide (NAD+) levels. NNMT expression and activity are
regulated in a tissue-specific manner, and the protein can
act either physiologically or pathologically depending on
its distribution.

4 | SAM AND SAH-RELATED
HUMAN DISEASES

Methylation is involved in different processes from fetal
development to brain function, and its alteration predom-
inantly affect the liver, CNS and muscles. Altered SAM
and SAH levels in the cells are the main cause of an
altered methylation status of the genome.

High SAM levels might be caused by mutations in MT
genes or in SAM transporter genes. Mutations in the
SLC25A26 gene encoding for SAM transporter were
reported as the cause of combined oxidative phosphoryla-
tion deficiency 28 (COXPD28) and follows an autosomal
recessive inheritance pattern. Symptoms range from mild
muscle weakness, lactic acidosis, cardiorespiratory insuffi-
ciency, and developmental delay to respiratory/multiple
organ failure and death.22 Genetic deficiencies of several
methyltransferases illustrate the importance of specific
components of transmethylation. For instance, mutations
in GAMT inherited as autosomal recessive disorder impair
creatine synthesis, determining low brain creatinine and

causing neurological symptoms which include speech
delay, mental retardation, and epilepsy.58,62 Mutations in
the genes encoding for DNMTs methylating both mtDNA
and nuclear DNA, such as DNMT1, DNMT3A, and
DNMT3B, were associated to several disorders. Mutations
in DNMT1 follow an autosomal dominant inheritance pat-
tern and were reported as the cause of neurological and
neurodegenerative pathologies. Mutations in DNMT3A
gene often were reported to be associated to acute myeloid
leukemia (AML) and to autosomal dominant genetic dis-
eases characterized by an impaired intellectual develop-
ment. Mutations in genes encoding mtRNA MTs, such as
NSUN3, TRMT5, and TRMT10C, which are exclusively
located in mitochondria, were also reported to be associ-
ated to some forms of combined oxidative phosphorylation
deficiency whose symptoms include microcephaly, devel-
opmental delay, muscle weakness, external ophthalmople-
gia, and lactic acidosis.22 Autosomal recessive mutation
inactivating the 18S rRNA methyltransferase gene
(METTL5) is the cause of intellectual developmental disor-
der and microcephaly.63 Autosomal recessive mutation in
tRNA MT gene NSUN2 is the cause of mental
retardation-5 (MRT5) phenotype, which is characterized
by intellectual disability, facial dysmorphic features,
delayed psychomotor and speech development.64 High
SAM levels are typical in plasma of subjects with DS so an
altered regulation of the expression of the genes men-
tioned above should be investigated.41,65

Reduced intracellular SAM levels are responsible for
folate deficiency characterized by altered DNA synthesis,
repair, and methylation. Folic acid deficiency in humans
is linked with megaloblastic anemia, neural tube defects,
heart disease, and the development of cancer.66 Low
SAM levels were also found in CSF of subjects with neu-
rological disorders such as Alzheimer's dementia or with
metabolic disorders such as MTHFR or MAT deficien-
cies.67,68 Alzheimer disease (AD) is among the few dis-
eases that may display high Hcy and low vitamin B12
and folate concentrations in blood. It was suggested that
amyloid-beta overproduction and accumulation, which
may be the cause of the disease, could be due to the loss
of epigenetic control in the expression of the genes
involved in amyloid-beta protein precursor processing.
Indeed, SAM metabolism is strictly related to the methyl-
ation of promoters of two genes responsible for amyloid-
production (β- and γ-secretases).69

It is also known that decreased levels of SAM and neu-
rotransmitters are connected to decreased levels of
5-methyl-THF in CSF. SAM and 5-methyl-THF are
responsible for some protein modifications necessary for
nerve regeneration, low levels of these one-carbon metabo-
lites were found in the CSF of patients with a reduction in
myelination of corticospinal tracts.70–72 Abnormal one-
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carbon metabolism was reported in many diseases, such as
cerebral folate deficiencies, a group of disorders frequently
characterized by neurological impairments, and neurode-
velopment disorders caused by genetic mutations and
not.73,74 The availability of SAM influences the activity of
SAM decarboxylase (AMD1) in the synthesis of poly-
amines. Polyamines, primarily spermidine and spermine,
and their precursor putrescine are essential for cellular
proliferation and survival. Increased levels of polyamines
compete with SAM-dependent methylation and were asso-
ciated to tumor promotion and many autoimmune dis-
eases.75 The effect of polyamine increases due to the
increase in AMD1 activity in the neonate and throughout
adulthood, implying a role for these polyamines in both
development and mature brain function.76

Another rare genetic disease is caused by autosomal
recessive mutations in COQ5 gene involved in methyla-
tion and ubiquinone biosynthetic process, whose protein
product is located in mitochondrial matrix. The pheno-
type of these mutations is characterized by cerebellar
ataxia associated with cerebellar atrophy, and often also
by intellectual disability and seizures.77

The correlation existing between reduced SAM levels
and depression78 is noteworthy, indeed in subjects suffer-
ing of depression, SAM has been administrated as an
antidepressant.79–81 Oral administration of a stable salt of
SAM has also been shown to restore normal liver func-
tion in the presence of various chronic liver diseases, sug-
gesting that increasing circulating levels of SAM,
normally involved in the phospholipid synthesis,
improves impaired fluidisation of cell membranes.79,82,83

Molecular studies indicated that deficiency of MAT1A
which catalyzes the synthesis of SAM from methionine
and ATP in liver is the cause of the abnormal metabolism
of methionine and is responsible of human liver cirrho-
sis.31,84 Loss of function mutations of MAT1A gene are
also responsible for severe clinical symptoms, including
generalized hypotonia, with death at 8 months,85 mental
retardation,86 and brain demyelination.68,87

In addition, SAM seems to have a proapoptotic effect
on liver cancer cells88 inhibiting the mitogenic effect of
tumor inducing factors. When measuring the methyla-
tion status of various genes in tumor cells, both hyper-
methylation as well as hypomethylation can occur. It
appears that the methylation pattern of specific genes is
altered in tumor cells and normally unmethylated CpG
islands may become hypermethylated. These epigenetic
alterations can aberrantly silence or activate gene expres-
sion during cancer development.

Both SAM and SAH analogs have been recognized
and studied as small molecule inhibitors of MTs for
studying how the alteration of their function exists and
for understanding a plethora of diseases, especially

cancer.28 High SAH levels were found in plasma of sub-
jects with DS and this might be correlated to the low inci-
dence of solid tumors typical of this genetic condition.89

This unusual pattern of cancer occurrence in DS was con-
sidered as a model for understanding carcinogenesis in
the general population.89–91 High SAH levels have impor-
tant effects on the physiological mechanisms of the cells
such as the synthesis of neurotransmitters. An accumula-
tion of SAH in body fluids was associated with vascular
disease, tissue damage, and neurological symptoms.92–96

Among neuropathological disease demyelination is
another effect related with altered SAH levels.20

The SAH hydrolase deficiency is responsible for
high SAH levels and is caused by mutations in the
AHCY gene. It has an autosomal recessive inheritance
and manifests with developmental delay and hypotonia
and more variably with cerebral hypomyelination,
coagulation abnormalities, and hepatopathy. Baric and
coll. observed the inhibition of DNA methyltransferase
activities caused by high SAH levels.97 In addition,
they observed that nucleocytoplasmic distribution of
AHCY is mediated by the interaction with its paralog
AHCYL1 and this cooperation is impaired by the
AHCY deficiency.98

High SAH and SAM levels were also observed when
homozygous mutations in the ADK gene encoding for
adenosine kinase occur. ADK catalyzes the transfer of
the gamma-phosphate from ATP to adenosine, thereby
serving as a regulator of extracellular and intracellular
adenine nucleotide concentrations. The phenotype
caused by these mutations is characterized by global
developmental delay, early-onset seizures, mild dysmor-
phic features, and characteristic biochemical anomalies,
including persistent hypermethioninemia.99

SAM/SAH ratio is also controlled by GNMT and
when inactivated by homozygous gene mutations is the
cause of hepatomegaly.100 High SAH levels and low SAM
levels including DNA hypomethylation were also
reported in MTHFR deficiency caused by loss of function
mutation in the MTHFR gene.101,102 The phenotype of
these mutations could be characterized by neural tube
defects,103 thrombophilia due to thrombin defect causing
cerebral thrombosis104 and homocystinuria.105 Table 2
summarizes the SAM and SAH-related human disease.

5 | ONE-CARBON PATHWAY
DYSREGULATION AND
METHYLATION ALTERATION IN
TRISOMY 21

As mentioned above, SAM and SAH levels and the whole
one-carbon cycle can influence neurodevelopment and

8 CARACAUSI ET AL.
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therefore also cognitive development. This aspect must
therefore be considered in the presence of conditions
with cognitive impairment such as T21 causing DS,

currently the human genetic condition most associated
with cognitive impairment.

The genetic cause of DS or T21 is the presence of full
or partial chromosome 21 (Hsa21) in three copies in all
the cells of an individual. It has an incidence of 1 in every
1000–1100 newborn children around the world.106 The
original description of the syndrome was attributed to
John Langdon Down in 1866, and the chromosomal
cause was discovered for the first time in 1959.107 The
most constant feature and the main clinical phenotypes
of DS are intellectual disability, typical facies (oblique
eyes with epicantic folds and flat nasal bridge) and hypo-
tonia at birth.108

A specific cognitive profile has been associated with
DS, individuals with DS have more pronounced language
and verbal memory challenges and relatively stronger
nonverbal abilities and implicit memory skills.109–111

To date the biological mechanism determining the
impairment of the cognitive functions in DS is unknown.
Several genes located on Hsa21 have functions biologi-
cally consistent with altered pathways in DS, in particu-
lar brain development and function, oxidative
metabolism and one-carbon pathway.112–114 It was
proven that the additional Hsa21 copy in T21 cells gener-
ates an excess of several Hsa21 gene products as well as

TABLE 2 S-adenosyl-methionine (SAM) and S-adenosyl-

homocysteine (SAH) related human diseases.

(a)

SAM—Increased level

Related disease
Mutated
gene Reference

Combined oxidative
phosphorylation deficiency
28

SLC25A26 104

Speech delay, cognitive
impairment and epilepsy

GAMT 57,61

AD Cerebellar ataxia, deafness
and narcolepsy (ADCADN);
Neuropathy, hereditary
sensory type IE (HSN1E)

DNMT1 105,106

Somatic acute myeloid
leukemia (AML); Heyn-
Sproul-Jackson syndrome
(HESJAS); Tatton-
Brown-Rahman syndrome
(TBRS)

DNMT3A 107–109

Intellectual developmental
disorder and microcephaly

METTL5 62

Mental retardation-5 (MRT5)
phenotype

NSUN2 63

Combined oxidative
phosphorylation deficiencies

NSUN3,
TRMT5,
TRMT10C

22

Cerebellar ataxia, intellectual
disability and seizures

COQ5 76

(b)

SAM—Decreased level

Related disease
Mutated
gene Reference

Alzheimer's dementia a 68,110

Parkinson's disease a 111

Metabolic defects MAT2A,
MTHFR

86,100,112

Generalized hypotonia, cognitive
impairment, brain
demyelination

MAT1A 67,84–86

Reduction in myelination of
corticospinal tracts

a 69–71

Cerebral folate deficiencies a 72,73

Depression a 77–80

(Continues)

TABLE 2 (Continued)

(c)

SAH—Increased level

Related disease
Mutated
gene Reference

Developmental delay and
hypotonia, coagulation
abnormalities, and hepatopathy

AHCY 96

Hepatomegaly GNMT 98

Neural tube defects, thrombophilia,
and homocystinuria

MTHFR 101–103

(d)

SAM and SAH—Increased level

Related disease
Mutated
gene Reference

Global developmental delay, early-
onset seizures, mild dysmorphic
features, and
hypermethioninemia

ADK 113

Note: (a) High SAM level's related human diseases. AD, Alzheimer
Dementia. (b) Low SAM level's related human diseases. (c) High SAH level's
related human diseases. (d) High SAM and SAH level's related human
diseases.
aNot demonstrated genetic bases.
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of other human gene products close to 3:2 with respect to
the normal cells. The global overexpression of Hsa21
genes and Hsa21 segments in DS samples compared to
genes from other chromosomes supports the decisive role
of the Hsa21 gene dosage in the pathogenesis of the
syndrome.113,115

Shifting the focus from what is upstream (gene excess
and transcript over- or down-regulation) to what is down-
stream (enzyme reaction products), a clear discrimina-
tion among the metabolomic profile of subjects with DS
vs healthy controls was identified. This analysis per-
formed with nuclear magnetic resonance allowed to iden-
tify the alteration of metabolite levels related with central
carbon metabolism or glycolysis and Krebs cycle, and
also one-carbon metabolism.116 The latest published
work about the plasma metabolome in a larger cohort of
subjects with DS and healthy controls (almost doubled)
confirmed the results of the previous study.116,117 In this
work, a discrimination accuracy of 74.5% between the
metabolome profiles of DS subjects with an intelligence
quotient (IQ) ≤40 and with an IQ > 40 was found, but
the determining correlated metabolites could not be iden-
tified.117 These alterations may be an expression of a shift
from an aerobic pathway to an anaerobic one as well as
an expression of a hypoxic state of the cell that causes
higher mitochondrion stress118,119 due to alterations in
central carbon metabolism.120

Comparing DS with several metabolic diseases,
Lejeune hypothesized that a disturbance of the one-
carbon cycle might occur in DS.121 Central carbon and
one-carbon metabolisms are two pathways included in
the carbon metabolism and are interconnected through
the serine/glycine biosynthetic pathway by which one-
carbon units are generated.122 Lejeune studied a possible
correlation between one-carbon pathway alteration and
Hsa21 gene expression levels in DS.123 Several enzymes
involved in the one-carbon metabolism were encoded by
genes located on Hsa21, in particular: CBS and phosphor-
ibosylglycinamide formyltransferase, phosphoribosylgly-
cinamide synthetase, and phosphoribosylaminoimidazole
synthetase (the three subunits of GART enzyme). More-
over, the gene for the main transporter of folate, solute
carrier family 19 member 1 gene (SLC19A1), is also
located on Hsa21. His hypothesis was confirmed by the
observation in vivo of an increased toxicity of methotrex-
ate (MTX) in the leukemia therapy in children with DS
compared to euploid subjects124 and by the observation
in vitro that MTX was twice as toxic in T21 lymphocytes
compared to control cells. MTX is a folate analog that
inhibits the activity of the dihydrofolate reductase
(DHFR) enzyme involved in the conversion of dihydrofo-
late into THF.125 It is a cytotoxic drug used as a chemo-
therapy agent and immune system suppressant.126,127

Vitale and coll. recently demonstrated the rescue
effect on MTX toxicity mediated by some folate deriva-
tives in T21 and euploid human fibroblast cell lines. In
particular, it was demonstrated that 5-methyl-THF and
5-formyl-THF ( folinic acid) treatments have significant
protective effects on both euploid and T21 cells during
MTX treatment.114

The increased MTX toxicity in DS was recently
related to altered erythrocyte folate concentrations in a
recent survey on a cohort of subjects with DS and with
juvenile arthritis as euploid control. They reported a
lower concentration level of total folate, 5-methyl-THF
and 5,10-methenyl-THF in the erythrocytes of subjects
with DS. These reductions in erythrocyte folates were
also associated with a decrease in short-chain folate poly-
glutamation 5-methyl-THFGlu3-6 and a corresponding
increase in longer chain 5-methyl-THFGlu7-10.128 These
data suggest that in trisomic cells there is a biological
adaptation to folate deficiency by an increased level of
long-chain folate polyglutamation; indeed, increased
expression of folylpolyglutamate synthetase (FPGS) gene
was already reported in vitro and in animal
models.113,128,129

In subjects with DS, one-carbon metabolism was con-
sidered to be imbalanced by several authors.121,128,130–132

In particular, subjects with DS commonly present lower
blood levels of vitamin B12 (or cobalamin) and folic acid
with increasing age, lower erythrocyte folates and Hcy
compared to healthy controls, and increased level of cys-
teine.65,128,132,133 Moreover, it was demonstrated that the
amount of newly formed methionine (from 5-methyl-
THF) is decreased in T21 cells compared to normal
cells,134,135 even if recent studies reported that methio-
nine blood level is not altered in subjects with DS com-
pared to control subjects.65,136

Finally, several central metabolites of one-carbon
pathway were measured in plasma of subjects with DS vs
euploid controls. In particular, THF, 5-methyl-THF,
SAH, and SAM have altered concentration levels in DS,
and the SAM/SAH ratio (the methylation potential)20,137

is decreased.41 Based on these findings, 5-methyl-THF
has been proposed as the best candidate for a clinical trial
that aims to improve cognitive status of subjects with
T21.41 It will also be of interest to check if in such clinical
trial with 5-methyl-THF there will be a normalization of
SAM/SAH ratio that is altered in children with T21.

It is known that DS presents DNA-methylation alter-
ations. It was demonstrated that many CpG islands,
spread in all chromosomes, are mostly hypermethylated,
in several tissues and cell lines of subjects with DS com-
pared to controls,138–141 also in newborns142 and toddlers
with DS.143 These findings demonstrate that there is an
accelerated epigenetic aging in DS and together with
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other clinical and molecular evidence, the hypothesis
that DS is a progeroid syndrome is advanced.144,145 These
results suggest that the impaired one-carbon metabolism
and the epigenetic modifications in DS are associated and
the first could be the cause of the second.

Recently, a significant improvement of obstructive
sleep apnea (OSA) has been reported in an adult with DS
following SAM administration, possibly related to the
counteraction by SAM, as a potent methyl donor, of high
oxidative stress in the respiratory muscles.146

6 | CONCLUSIONS

There is large evidence that altered levels of SAM and
SAH are the cause of several diseases and that the
SAM/SAH ratio is very finely regulated by the cells.

The connection between one-carbon metabolism in
the cytoplasm and that of the mitochondrion shows that
an alteration of SAM and SAH levels impacts the func-
tionality of multiple cellular compartments. Altered mito-
chondrial metabolism has already been widely described
in DS, so a link between altered metabolic levels of SAM
and SAH and mitochondrial function can also be
assumed. The proapoptotic effect of the inhibition of
SAM-dependent MTs by SAH could also explain a hypo-
cellularity typical of DS caused by an excess of blood
SAH levels.

In the context of a complex disease such as DS in
which the phenotype is caused by the presence of all or
part of chromosome 21 in three copies, an exact identifi-
cation of the main altered biological mechanisms has
never been obtained and it has never been described how
altered levels of SAM and SAH may interfere with the
manifestation of the syndrome phenotype. It is already
known that plasma levels of SAM and SAH are increased,
but their dosage in CSF has never been performed and
might provide some more insights into their effects at the
brain level.
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71. Kožich V, Stabler S. Lessons learned from inherited metabolic
disorders of sulfur-containing amino acids metabolism.
J Nutr. 2020;150(Suppl. 1):2506s–2517s.

72. Cestaro B. Effects of arginine, S-adenosylmethionine and
polyamines on nerve regeneration. Acta Neurol Scand Suppl.
1994;154:32–41.

73. Pope S, Artuch R, Heales S, Rahman S. Cerebral folate defi-
ciency: analytical tests and differential diagnosis. J Inherit
Metab Dis. 2019;42(4):655–72.

74. Watkins D, Rosenblatt DS. Update and new concepts in vita-
min responsive disorders of folate transport and metabolism.
J Inherit Metab Dis. 2012;35(4):665–70.

CARACAUSI ET AL. 13

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.2044 by A
rea Sistem

i D
ipart &

 D
ocum

ent, W
iley O

nline L
ibrary on [26/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



75. Brooks WH. Autoimmune diseases and polyamines. Clin Rev
Allergy Immunol. 2012;42(1):58–70.

76. Morrison LD, Becker L, Kish SJ. S-adenosylmethionine decar-
boxylase in human brain. Regional distribution and influence
of aging. Brain Res Dev Brain Res. 1993;73(2):237–41.

77. Nguyen TP, Casarin A, Desbats MA, Doimo M, Trevisson E,
Santos-Ocaña C, et al. Molecular characterization of the
human COQ5 C-methyltransferase in coenzyme Q10 biosyn-
thesis. Biochim Biophys Acta. 2014;1841(11):1628–38.

78. Cantoni GL, Mudd SH, Andreoli V. Affective disorders and
S-adenosylmethionine: a new hypothesis. Trends Neurosci.
1989;12(9):319–24.

79. Friedel HA, Goa KL, Benfield P. S-adenosyl-L-methionine. A
review of its pharmacological properties and therapeutic
potential in liver dysfunction and affective disorders in rela-
tion to its physiological role in cell metabolism. Drugs. 1989;
38(3):389–416.

80. Ortega TM, Andrés P, L�opez-Sobaler A, Ortega A, Redondo R,
Jiménez A, et al. The role of folates in the diverse biochemical
processes that control mental function. Nutr Hosp. 1994;9(4):
251–6.

81. De Berardis D, Orsolini L, Serroni N, Girinelli G, Iasevoli F,
Tomasetti C, et al. A comprehensive review on the efficacy of
S-adenosyl-L-methionine in major depressive disorder. CNS
Neurol Disord Drug Targets. 2016;15(1):35–44.

82. Kaye GL, Blake JC, Burroughs AK. Metabolism of exogenous
S-adenosyl-L-methionine in patients with liver disease. Drugs.
1990;40(Suppl. 3):124–8.

83. Chawla RK, Bonkovsky HL, Galambos JT. Biochemistry and
pharmacology of S-adenosyl-L-methionine and rationale for
its use in liver disease. Drugs. 1990;40(Suppl 3):98–110.

84. Chou ST, Byrska-Bishop M, Tober JM, Yao Y, Vandorn D,
Opalinska JB, et al. Trisomy 21-associated defects in human
primitive hematopoiesis revealed through induced pluripotent
stem cells. Proc Natl Acad Sci U S A. 2012;109(43):17573–8.

85. Guízar V�azquez J, S�anchez Aguilar G, Vel�azquez A,
Fragoso R, Rostenberg I, Alejandre I. Hypermethioninemia.
Apropos of a case in a consanguineous couple. Bol Med Hosp
Infant Mex. 1980;37(6):1237–44.

86. Mudd SH, Levy HL, Tangerman A, Boujet C, Buist N,
Davidson-Mundt A, et al. Isolated persistent hypermethioni-
nemia. Am J Hum Genet. 1995;57(4):882–92.

87. Surtees R, Leonard J, Austin S. Association of demyelination
with deficiency of cerebrospinal-fluid S-adenosylmethionine
in inborn errors of methyl-transfer pathway. Lancet. 1991;
338(8782–8783):1550–4.

88. Lu SC, Mato JM. S-Adenosylmethionine in cell growth, apo-
ptosis and liver cancer. J Gastroenterol Hepatol. 2008;23-
(Suppl. 1):S73–7.

89. Hasle H, Friedman JM, Olsen JH, Rasmussen SA. Low risk of
solid tumors in persons with down syndrome. Genet Med.
2016;18(11):1151–7.

90. Satgé D, Seidel MG. The pattern of malignancies in down syn-
drome and its potential context with the immune system.
Front Immunol. 2018;9:3058.

91. Osuna-Marco MP, L�opez-Barahona M, L�opez-Ibor B,
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