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Down syndrome (DS) is associated with significant perturbances in many

morphological and biochemical features. Cystathionine-b-synthase (CBS) is

one of the key mammalian enzymes that is responsible for the biological

production of the gaseous transmitter hydrogen sulfide (H2S). When H2S is

overproduced, it can exert detrimental cellular effects, in part due to inhibi-

tion of mitochondrial Complex IV activity. An increased expression of

CBS and the consequent overproduction of H2S are well documented in

individuals with DS. Two decades ago, it has been proposed that a toxic

overproduction of H2S importantly contributes to the metabolic and neu-

rological deficits associated with DS. However, until recently, this hypothe-

sis has not yet been tested experimentally. Recent data generated in human

dermal fibroblasts show that DS cells overproduce H2S, which, in turn,

suppresses mitochondrial Complex IV activity and impairs mitochondrial

oxygen consumption and ATP generation. Therapeutic CBS inhibition lifts

the tonic (and reversible) suppression of Complex IV: This results in the

normalization of mitochondrial function in DS cells. H2S may also con-

tribute to the cellular dysfunction via several other molecular mechanisms

through interactions with various mitochondrial and extramitochondrial

molecular targets. The current article provides a historical background of

the field, summarizes the recently published data and their potential

implications, and outlines potential translational approaches (such as CBS

inhibition and H2S neutralization) and future experimental studies in this

re-emerging field of pathobiochemistry.

The CBS/H2S system: emergence of a
multifunctional endogenous gaseous
mediator

Over the last decades, various biological regulatory

roles of a novel endogenous gaseous mediator, hydro-

gen sulfide (H2S), emerged (overviewed in Ref. [1–4]).

These data demonstrated that H2S is produced, in a

regulated fashion, by various mammalian cells and tis-

sues. Three major enzymes, cystathionine-c-lyase
(CSE), cystathionine-b-synthase (CBS), and 3-mercap-

topyruvate sulfurtransferase (3-MST) are responsible

for mammalian H2S biogenesis. CBS and CSE utilize

L-cysteine and homocysteine as substrates, while 3-

MST utilizes 3-mercaptopyruvate (which is also
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generated from L-cysteine). H2S serves a diverse set of

biological regulatory roles in the cardiovascular, ner-

vous, and immune system (overviewed in Ref. [1–9]).

While H2S has many distinct molecular targets and

can regulate many different proteins and second mes-

senger systems [1–9], one of the key aspects of its bio-

logical role is that it can regulate mitochondrial

function. Similar to its effects on many other biologi-

cal systems, its effects are bell-shaped: H2S exerts

mostly regulatory, beneficial, or protective effects at

lower concentrations, and deleterious and cytotoxic

effects at higher concentrations [1–13]. (The literature

published prior to the mid-2000s almost exclusively

focuses on the latter aspects, mostly in the context of

environmental toxicology [10–13].)

At lower concentrations, H2S stimulates mitochon-

drial functions and exerts protective effects in the mito-

chondria. As discussed elsewhere [14–17], these effects

involve several different mechanisms, including direct

electron donation at the level of mitochondrial Complex

II, inhibition of mitochondrial protein kinase A, stimu-

lation of mitochondrial ATP synthase (i.e., mitochon-

drial Complex V), formation of an antioxidant ‘cloud’

within the mitochondria, and stimulation of mitochon-

drial DNA repair via the facilitation of the assembly of

mitochondrial DNA repair protein complexes. In con-

trast, at high concentrations, H2S exerts deleterious

effects on mitochondrial function. This effect is, to a

large extent, due to a direct (but reversible) inhibition

of Complex IV, a biochemical mechanism that was dis-

covered in the 70s and has been characterized, in fine

molecular detail, over the last two decades [18,19].

Complex IV inhibition, in fact, is generally accepted in

the environmental toxicological literature as the primary

mode of the deleterious biological actions of H2S toxic-

ity (which underlies the H2S-induced metabolic suppres-

sion, the neurotoxicological effects of H2S, and the

lethal actions of severe H2S intoxication) [10–13,20,21].

(The H2S-mediated inhibition of mitochondrial Com-

plex IV has many parallels of the inhibition of Complex

IV by cyanide, with one important difference: The effect

of cyanide is irreversible, while the effect of H2S is

reversible [19].) Most of these studies were conducted in

the field of environmental toxicology, where H2S is

delivered via the inhalational route. In turn, it dissolves

in the bloodstream and distributes to various cells and

tissues [10–13,20,21].

The ‘Kamoun Hypothesis’

Cystathionine-b-synthase is a key enzyme in the

transsulfuration pathway; it catalyzes the conversion

of homocysteine into cystathionine. For the last three

decades, CBS has been mostly studied in the context

of its inactivating mutations, which are the underlying

causes of the most common inborn error of sulfur

amino acid metabolism called classical homocystinuria

[22,23]. Based on some ‘mirror image’ features evident

in the clinical picture of homocystinuria vs. DS, J.

Lejeune (the French physician who discovered Trisomy

21 and several other diseases related to chromosomal

abnormalities) already hypothesized in 1975 [24] that

the increased expression of CBS may importantly con-

tribute to the metabolic alterations and overall clinical

picture of DS.

The hypothesis that CBS-derived overproduction of

H2S may be responsible for some of the pathophysio-

logical aspects of DS has been first put forward by

P. Kamoun almost two decades ago [25], based on

his own clinical findings demonstrating markedly

increased circulating levels of sulfhemoglobin (a pro-

duct of the reaction of hemoglobin with H2S) and

increased (approximately twofold over healthy con-

trols) urinary excretion of thiosulfate (a stable degra-

dation product of H2S) in individuals with DS

[26,27]. A later study, using a different H2S detection

method, has also reported increased circulating H2S

levels in DS individuals [28]. According to the

‘Kamoun Hypothesis’ [25], excess H2S—at least, in

part, via inhibition of mitochondrial Complex IV—
may be responsible for the metabolic and neu-

ropathological features of DS. Several lines of inde-

pendent studies have demonstrated elevated

expression of CBS in DS cells and tissues, including

the brain [28–32]. Moreover, both the footprint of

excess CBS (evidenced by low circulating homocys-

teine levels) [33] and the footprint of inhibition of

mitochondrial oxidative phosphorylation (evidenced

by the accumulation of Krebs cycle intermediaries)

have been demonstrated in DS individuals by meta-

bolomic analysis [34]. Several lines of independent

studies have also demonstrated that DS cells exhibit

suppressed mitochondrial function; in some (but not

all) of these reports, an inhibition of Complex IV

activity was noted [35–39]. (Because H2S is a labile

gaseous molecule, and the effects of H2S on Complex

IV are reversible, it is conceivable that methodologi-

cal aspects have contributed to these differences: A

reversible, H2S-mediated inhibitory effect could be

lifted during sample preparation and would not be

expected to be readily demonstratable in Complex IV

measurements in isolated mitochondrial or mitochon-

drial fractions.) However, whether endogenous H2S

overproduction is directly responsible for the suppres-

sion of mitochondrial function in DS has not been

directly tested until recently.
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Experimental confirmation of the
Kamoun Hypothesis

When the Kamoun Hypothesis was originally pro-

posed (almost two decades ago), it may have been con-

sidered ‘wild’ or ‘far out’: H2S, at the time, was not

generally accepted as an endogenous mammalian bio-

logical mediator or regulator. However, work in the

last two decades has demonstrated the multiple biolog-

ical roles of this mediator [1–9] and started to distin-

guish between ‘high-H2S’ pathophysiological states

(e.g., certain forms of inflammation and shock) and

‘low-H2S’ pathophysiological states (e.g., various

forms of vascular diseases) [9]. Thus, the field of H2S

biology has expanded and matured to enable revisiting

the Kamoun Hypothesis. Also, the experimental tools

needed to address the Hypothesis became more sophis-

ticated. For instance, instead of studying Complex IV

activity in isolated mitochondria or in mitochondrial

fractions (which methods are particularly limited to

study the effects of labile, diffusible mediators such as

H2S), now it is possible to study the activity of Com-

plex IV in whole cells, using, for instance, the extracel-

lular flux analysis method. Using this method in

permeabilized dermal fibroblast from DS cells, the

potential role of H2S overproduction was recently

revisited in the pathogenesis of mitochondrial dysfunc-

tion [40]. The study was based on the comparison of

dermal fibroblasts from a female individual with DS

(Detroit 539) with an age-matched healthy female sub-

ject (Detroit 551) (control cells) in vitro. The results

confirmed that CBS protein levels, as well as H2S cel-

lular levels, are markedly elevated in DS cells. The

localization of CBS in DS cells was both cytosolic and

mitochondrial. Extracellular flux analysis of DS cells

demonstrated a profound suppression of mitochondrial

electron transport, mitochondrial oxygen (O2) con-

sumption, and ATP generation, which has also

resulted in a suppressed proliferation rate. Measure-

ment of the specific activity of Complex IV revealed a

profound inhibition of Complex IV activity in DS cells

[40]. Pharmacological inhibition of CBS using

aminooxyacetate (AOAA), a small molecule that inter-

acts with the pyridoxal phosphate (PLP) prosthetic

group in the active center of the enzyme [41], restored

Complex IV activity and improved mitochondrial elec-

tron transport and cell proliferation, and similar

effects were also observed when in DS cells CBS

expression was normalized by siRNA [40]. In contrast,

in normal control cells, CBS inhibition or CBS silenc-

ing did not enhance mitochondrial function. However,

a suppression of mitochondrial function could be pro-

duced in control cells by exposing them to a

pharmacological H2S donor; the same donor molecule

also reversed the mitochondrial stimulatory effects of

CBS inhibition in DS cells [40].

The above findings can be conceptualized on a bell-

shaped curve that represents the pharmacological

effects of low vs. high levels of H2S in terms of mito-

chondrial function and cell viability (Fig. 1): in DS

cells, high intracellular H2S levels induce Complex IV

blockade, suppress cellular bioenergetics, and impair

proliferation. Because the H2S-mediated inhibition of

Complex IV is a reversible biochemical process, phar-

macological inhibition of CBS-dependent H2S produc-

tion normalizes these responses. In contrast, in control

cells, low endogenous levels of H2S either stimulate

bioenergetics or do not affect it in a significant man-

ner; in this situation, pharmacological inhibition of

CBS either suppresses or does not significantly affect

mitochondrial function, while excess H2S in control

cells (through delivery with the H2S donor) pheno-

copies the suppression of mitochondrial function and

cell proliferation seen in DS cells.

Neuronal CBS overexpression and H2S
neurotoxicity contributes to DS-
associated neuronal disturbances

Overproduction of H2S and the resultant inhibition of

mitochondrial Complex IV may well explain some of

the neurological and neurocognitive deficits associated

with DS. Neurons are metabolically highly active; they

are highly dependent on ATP produced by oxidative

phosphorylation [42]. Nevertheless, the study refer-

enced in the previous section [40] only utilized fibrob-

lasts and not neurons; therefore, direct proof of this

hypothesis remains to be conducted.

Nevertheless, it is well known that neurons are

highly sensitive to H2S exposure and H2S is a well-

known neurotoxin that appears to exert a significant

part of its toxicological action through Complex IV

inhibition; after exposure of animals to toxicological

doses of H2S, an inhibition of mitochondrial Complex

IV was reported in the brains of the animals ex vivo

[10,11,21]. (Because the effect of H2S on Complex IV

is a reversible biochemical process, we can assume that

the degree of this inhibition in vivo was, in fact, more

pronounced than the degree of inhibition detected in

the ex vivo assay). Environmental toxicology studies

demonstrate, for instance, that chronic exposure of

pregnant animals to inhaled H2S produces significant

neurodevelopmental alterations. In one study, expo-

sure to relatively low concentrations of inhaled H2S to

time-pregnant rats (between day 5 postcoitus and day
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21 postnatal) produces detectable architectural modifi-

cations of cerebellar Purkinje cells, alteration of vari-

ous amino acid neurotransmitters, and changes in

monoamine levels in the developing rat brain [43,44].

In addition, chronic exposure to low concentrations of

H2S was found to produce abnormal growth in devel-

oping cerebellar Purkinje cells [45]. Moreover, chronic

H2S inhalation was also reported to impair learning

and memory performance in adult rats [46]. Impor-

tantly, a partially overlapping set of neurological dis-

turbances—for example, altered hippocampal long-

term potentiation, dysregulation of brain serotonin

and dopamine pathways, and impaired neurocognitive

parameters, such as impaired performance on the

novel object recognition test—were observed in trans-

genic mice that overexpress CBS in their brain [47–49].

Importantly, normalization of CBS expression in an

animal model of DS (DP1Yah mice, which contain an

extra copy of mouse chromosome 17 that encodes

murine CBS—as well as a number of additional genes)

improved the locomotor and neurocognitive deficit

that is characteristic to these animals [49]. Similar neu-

rological improvements were also found when animals

were treated with disulfiram, a compound that may

act by normalizing some of the cellular dysfunction eli-

cited by the excess CBS in the neurons [49].

All of the above findings are consistent with the

hypothesis that the excess CBS in the neurons, and the

consequent, chronic exposure to neurotoxic levels of

endogenously produced H2S contributes to the neu-

rocognitive defects associated with DS. Direct studies

(e.g., using selective, direct pharmacological CBS inhi-

bitors, or H2S scavengers; see below) remain to be

conducted to directly test this hypothesis. It is also

unknown at present, whether the H2S system in partic-

ular (or, perhaps, mitochondrial and bioenergetic defi-

cits, in general) may contribute to the development of

Alzheimer-type pathologies that individuals with DS

develop later in their lives.

Potential additional roles of the CBS/
H2S system in DS

If the CBS/H2S-mediated suppression of mitochondrial

Complex IV activity and, consequently, a suppression

of cellular bioenergetics is, indeed, a generalized phe-

nomenon that occurs in all (or most) cells and tissues

of individuals with DS, this would offer a potential

explanation for many characteristic features of DS,

not only the neurocognitive defects (discussed in the

prior section), but also other pathophysiological fea-

tures.

For instance, an H2S-induced impairment of mito-

chondrial function and a resulting impairment of aero-

bic ATP generation may well explain the muscle

hypotonia and the low aerobic fitness that is observed

in individuals with DS. It is, indeed, well documented

that individuals with DS are known to have an

impaired muscle strength and extremely low maximal

aerobic capacity [36,50,51].

Individuals with DS are protected from many types

of cancer, and they also have a markedly reduced inci-

dence to develop atherosclerosis [52]. While the mecha-

nism behind the protection against cancer may, in

theory, involve some mechanism that may be related

to the cytoprotective aspects of H2S, there are

Fig. 1. Role of low and high levels of H2S on mitochondrial function in control cells, in certain cancer cells, and in DS cells. The x-axis

denotes increasing expression of CBS and corresponding increasing intracellular concentrations of H2S. The y-axis denotes stimulation or

inhibition of mitochondrial function. In normal cells, the lower endogenous levels of H2S do not affect mitochondrial function in a significant

manner. Therefore, inhibition of CBS (red arrow) does not affect this parameter in a significant manner. In various forms of cancer, CBS and

H2S are upregulated to an extent where they serve biological purposes. In these conditions, inhibition of H2S biosynthesis (red arrow)

suppresses mitochondrial function. In DS cells, high intracellular H2S levels induce Complex IV blockade and suppress mitochondrial

function. In these conditions, inhibition of H2S biosynthesis (red arrow) restores the suppression of mitochondrial function.
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currently no published studies in this regard, and we

cannot speculate on this aspect of the condition. How-

ever, with respect to the cardiovascular protective phe-

notype, it may well be that the excess circulating H2S

may be a factor that contributes to this protective

effect. In fact, the potential role of the CBS system in

counteracting atherosclerosis in individuals with DS

has been put forward as early as the early 90s [52].

Indeed, there are many studies demonstrating that H2S

donation can, in fact, provide a marked protective

effect against the development of atherosclerosis in

various experimental models [53–55]. DS individuals

also tend to have a low systemic blood pressure [56]; it

is interesting, in this context, that H2S is an endoge-

nous mediator that can cause vascular relaxation to

decrease blood pressure [1–9].

Potential avenues for therapeutic
modulation of the CBS/H2S system in
DS

There are currently no clinically applicable pharmaco-

logical CBS inhibitors, and it is unlikely that dietary

or lifestyle changes could meaningfully reduce impact

the CBS-linked H2S overproduction in individuals with

DS. The most commonly used (gold standard) CBS

inhibitor is AOAA [9]. This molecule has a low micro-

molar half-maximal inhibitory concentration in human

CBS [41], but it has a low cell penetration and its cell-

based potency is relatively low, although there may be

ways to improve its cell uptake by producing cell-per-

meable AOAA prodrugs [9,41,57]. Nevertheless, inhibi-

tion of CBS has been successfully achieved in vivo in

various animal models associated with CBS-related

H2S overproduction [58–60], including a study of

chronic alcoholism-induced learning and memory dys-

function, where the inhibitor, in fact, has been found

to exert beneficial effects [60]. (Interestingly, this study

reported that the alcoholism model was associated

with an overproduction of H2S, which was, in turn,

normalized by AOAA treatment in these animals.)

Four decades ago, AOAA has been clinically tested in

small-scale investigator-initiated studies in patients

with Huntington’s disease and tinnitus [61,62]. In these

studies, the compound was relatively well tolerated

(but its therapeutic efficacy was unproven). It should

be noted that these clinical studies were conducted in

an era where the regulatory requirements were more

relaxed (i.e., the clinical study was not preceded by

formal Good Laboratory Practice preclinical animal

safety and toxicology studies, and the trials did not

use Good Manufacturing Practice (GMP)-manufac-

tured material or a pharmaceutically acceptable drug

formulation). The information that can be gained from

these studies is also limited by the fact that AOAA

plasma levels or metabolites were not measured and

AOAA’s oral bioavailability was not established. It

must be mentioned that AOAA’s selectivity as a CBS

inhibitor is rather limited: The compound inhibits not

only CBS, but also a second H2S-producing enzyme,

CSE, as well as a variety of other enzymes that con-

tain a PLP prosthetic group [9,41]. (In addition to

CBS and CSE, AOAA is known to inhibit several

other enzymes including aspartate transaminase and

gamma-aminobutyric acid transaminase.) Moreover,

AOAA is an irreversible enzyme inhibitor; irreversible

inhibitors are generally less favored as therapeutic

agents than reversible inhibitors. (Even though there

are, in fact, many clinically used drugs that exert irre-

versible inhibitory effects on their target, for example,

aspirin is an irreversible inhibitor of cyclooxygenase.)

Clearly, for future clinical trials targeting the CBS

pathway in DS, a novel, potent, highly selective, cell-

permeable, and pharmaceutically acceptable CBS inhi-

bitor would be preferable to AOAA.

A potentially repurposable CBS inhibitor, identified

by a physical screening campaign on human recombi-

nant CBS [63], is the clinically used 3,4-dihydrox-

yphenylalanine (DOPA) decarboxylase inhibitor

benserazide, which—similar to AOAA, exerts its effect

via a PLP-dependent inhibitory action. Interestingly,

this molecule was found to elevate homocysteine levels

in patients [64], which is consistent with an inhibitory

action on CBS. However, as discussed by P. Kamoun

[65], benserazide has poor central nervous system

(CNS) penetration, and it would only be potentially

suitable to counteract the peripheral, but not the cen-

tral aspects of CBS-mediated H2S overproduction in

DS. Benserazide is actually not a stand-alone drug; it

is formulated as a component of a two-component

therapeutic agent, madopar (benserazide + L-DOPA)

in many European countries and Canada. (Any future

effort to re-introduce AOAA into clinical trials would

be viewed, by the regulatory agencies, as a ‘new chemi-

cal entity’ project; that is, any renewal of clinical stud-

ies utilizing AOAA would have to be supported by a

new set of formal safety and toxicology studies, and

the compound would have to be chemically syn-

thetized under GMP processes.)

There are several reports identifying, through vari-

ous in silico modeling and/or physical screening

efforts, several other CBS inhibitor small molecules

[9,66,67]; however, the characteristics of these com-

pounds are incompletely understood: They can cur-

rently only be viewed as experimental tools, rather

than potential clinical development candidates.
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In addition to pharmacological inhibitors of CBS,

theoretical possibilities to counteract H2S intoxication

in vivo include various forms of H2S scavenging.

Potential scavengers include sodium nitrite, vitamin

B12a (hydroxocobalamin), vitamin B12 analogs (e.g.,

cobamamide and dinitrocobamamide), and methylene

blue [reviewed in Ref. [13,65]]. Scavengers, in general,

are less elegant (and, more importantly, less effective)

than direct inhibition of the enzymatic target at the

source. Nevertheless, some of these scavengers are

already used in patients: Sodium nitrite is clinically

used as an antidote for acute cyanide poisoning—
although it is typically formulated together with thio-

sulfate, that is, a stable degradation product of H2S,

which, however, in some cases can also be metabolized

back to H2S [68]. In addition, oral hydroxocobalamin

formulations are available as nutritional supplements.

There is also an intravenous form of this molecule,

approved for patients as a cyanide intoxication anti-

dote (Cyanokit). Some of the above listed H2S scav-

engers may be amenable for investigator-initiated

clinical studies.

Caveats, remaining questions, and
potential future directions

Down syndrome is associated with the dysregulation of

over 600 genes and gene products, the majority (over

¾) of which are not even encoded on chromosome 21

[69–72]. These findings suggest a global dysregulation

of gene expression in DS, which may be mediated, at

least in part, by changes in histone acetylation [70].

Undoubtedly, there is a profound dysregulation of

multiple key cellular signaling, metabolic, immuno-

logic, and other regulatory processes in all cells and tis-

sues of DS individuals. How, then, could one single

protein (CBS), one single enzymatic product (H2S),

and one single biochemical mechanism (inhibition of

Complex IV) play a crucial role in the pathophysiology

of DS? Furthermore, if, indeed, Complex IV is pro-

foundly suppressed in all cells and tissues in DS, would

such a severe biochemical alteration be compatible with

fundamental cellular and physiological functions?

While complete answers do not exist to the above

questions, some points can be highlighted. First of all,

clearly, there are many different signaling and meta-

bolic disturbances in DS. In mitochondria alone, many

different disturbances have been reported, ranging

from changes in the expression and/or activity of many

mitochondrial electron transport complexes, changes

in the organization, size, and shape of the mitochon-

dria, alterations in mitochondrial calcium handling,

impairment of mitochondrial DNA integrity, enhanced

mitochondrial reactive oxygen species (ROS) genera-

tion, and many others [35–40]. On the one hand, it is

conceivable that the Complex IV inhibition-related

mechanism occurs on the background of dysfunctional

disturbed mitochondrion, which may therefore become

more sensitive to a H2S-mediated inhibition of Com-

plex IV (and consequent shutdown of electron trans-

port and suppression of ATP synthesis) than a

‘normal’ mitochondrion. On the other hand, it is also

conceivable (but remains to be experimentally tested)

that some of the mitochondrial disturbances listed

above are the consequences of Complex IV inhibition.

For instance, if Complex IV is blocked, electrons can

‘back up’ and ‘leak off’ from mitochondrial complexes

II or III which, in turn, may result in increased ROS

formation. Increased mitochondrial ROS production is

known to induce mitochondrial DNA damage, because

mitochondrial DNA is known to be extremely sensitive

to oxidative damage (much more so than nuclear

DNA) [17,73]. Mitochondrial DNA damage, and sub-

sequent dysregulation of local (intramitochondrial)

protein synthesis, in turn, may well induce additional

functional and potential morphological alterations.

It is also conceivable that the pathophysiological

disturbances created by H2S in DS involve not only

Complex IV, but also many other molecular targets

(Table 1). H2S, as a lipophilic, diffusible mediator, can

travel from one cellular compartment to another or

from one cell to another. It may cause changes in gene

expression, and it may influence the activity of many

proteins and enzymes. A significant part of the latter

processes occurs through a global post-transcriptional

regulatory mechanism termed sulfhydration (modifica-

tion of critical cysteines in enzymes). Some of the

sulfhydration reactions occur through polysulfide

chemistry (and not H2S per se) [74,75], but increased

cellular H2S and polysulfide generation usually occurs

hand in hand in various pathophysiological states. In

this context, it is important to mention that DS cells

were reported to have a markedly elevated intracellular

polysulfide content compared to normal control cells

[40]. H2S also has many other molecular targets: For

instance, it can alter the activity of various membrane

channels, and it can inhibit carbonic anhydrase and

monoamine oxidase [9,25]. Inhibition of monoamine

oxidase would be expected to create disturbances in

neurotransmitters in the nervous system in DS. Mare-

chal and coworkers have hypothesized that H2S

overproduction in DS may activate ras-related

C3 botulinum toxin substrate 1 (RAC1), which, in

turn, could lead to the rearrangement of the actin

cytoskeleton, thereby creating disturbances in synaptic

transmission [49]. Clearly, there are many potential
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mechanisms that remain to be studied as far as the

pathophysiological targets of H2S in DS are con-

cerned. There may also be compensatory mechanisms

(mitochondrial or, perhaps, related to the regulation

or CBS through allosteric mechanism, or potentially

compensatory changes in various enzymes affecting

Table 1. Confirmed and potential biochemical targets and biological effects of excess H2S in DS.

Confirmed targets of H2S Biochemical effect Consequences/ potential consequences in DS

Mitochondrial Complex IV Reversible, tonic inhibition Inhibition of electron transport, impairment of

aerobic ATP generation, suppression of cellular

bioenergetics. These could potentially lead to

increased mitochondrial ROS production and

mitochondrial DNA damage

Hemoglobin Sulfhemoglobin formation Decreased O2 carrying ability of red blood cells,

diminished O2 transport to the tissues, reduced

tissue metabolism

Potential targets of H2S Biochemical effect Potential consequences in DS

Cysteine residues in various

proteins

Formation of -SSH groups, resulting in

increased or decreased protein function

Depending on the target protein’s biological role,

many cellular functions can be affected,

such as cell signaling, cell death, and

metabolism. This can, in turn, adversely affect

neurotransmission, neuronal development, and

many other biological functions

DNA DNA strand breakage and oxidative DNA base

modification (via increased ROS generation

and/or inhibition of DNA repair enzymes)

Mutations, micronucleus formation, promotion of

certain types of cancer, cell cycle arrest,

developmental and global cellular defects

Promoter systems and histones Modulation of promoter activity and/or histone

deacetylase activity, leading to dysregulation

of chromatin remodeling

Global dysregulation of gene expression, global

cellular and developmental effects

Na+/K + ATPase Inhibition of enzymatic activity Cellular bioenergetic defects, metabolic

dysfunction

Carbonic anhydrase Inhibition of enzymatic activity Dysregulation of acid–base balance, disturbed

transport of carbon dioxide away from tissues

during respiration, renal impairment,

dysregulation of neuronal lipid biosynthesis,

altered organization of myelin membranes

Monoamine oxidase Inhibition of enzymatic activity Increased CNS catecholamine and serotonin

levels, neuronal dysfunction, impairment of

neuronal development

Acetylcholinesterase Inhibition of enzymatic activity Increased CNS acetylcholine levels, disturbed

synaptic transmission

RAC1 Activation Disturbances of synaptic vesicle release,

inhibition of neurotransmitter release

Potassium, calcium, and other

membrane channels

Activation or inhibition Disturbances in membrane potential

(depolarization or hyperpolarization), global

dysregulation of cell function

Sodium-dependent transport of L-

glutamate in synaptosomes

Inhibition Dysregulation of neuronal function

N-methyl-D-aspartic acid receptors Activation due to increased CNS glutamate

levels

Excitotoxicity, dysregulation of neuronal function

Nuclear transcription factors Increased gene transcription, inflammatory

mediator production

Inflammatory mediator imbalance, immune

system defects

Immune cells Dysregulation of immune function through

various mechanisms

Immune system disturbances

Transient receptor potential ankyrin

1, T-type calcium channel, Cav3.2

isoform

Activation and induction of pronociceptive

effects

Increased pain sensitivity

Vascular cGMP system Increased cGMP levels Hypotension, protection against atherosclerosis

or against cardiovascular dysfunction
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H2S catabolism) in DS. The potential role of such

compensatory systems remains to be explored.

It is likely that the relative role of H2S in DS depends

on the cell type, the organ, the stage of the condition,

and perhaps even the type of DS (there are many cases

of partial chromosome 21 trisomy, which yield variable

clinical pictures). There may well be a ‘point-of-no-re-

turn’ in DS, where the various CBS/H2S-mediated pro-

cesses produce cellular disturbances that may no longer

be reversible even after H2S overproduction is pharma-

cologically corrected. All of the above issues remain to

be addressed in future studies; such work may, never-

theless, go hand in hand with well-considered transla-

tional and experimental therapeutic approaches to

target the CBS/H2S pathway in DS.
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