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Abstract

Hydrogen sulfide is an antioxidant molecule that has a wide range of biological effects against oxidative
stress. Balanced oxidative stress is also vital for maintaining cellular function in biological system, where re-
active oxygen species are the main source of oxidative stress. When the normal redox balance is disturbed,
deoxyribonucleic acid, lipid, and protein molecules are oxidized under pathological conditions, like diabe-
tes mellitus that leads to diabetic peripheral neuropathy. In diabetes mellitus-induced diabetic peripheral
neuropathy, due to hyperglycemia, pancreatic beta cell ( cell) shows resistance to insulin secretion. As a
consequence, glucose metabolism is disturbed in neuronal cells which are distracted from providing proper
cell signaling pathway. Not only diabetic peripheral neuropathy but also other central damages occur in
brain neuropathy. Neurological studies regarding type 1 diabetes mellitus patients with Alzheimer’s dis-
ease, Parkinson’s disease, and amyotrophic lateral sclerosis have shown changes in the central nervous
system because high blood glucose levels (HbA1c) appeared with poor cognitive function. Oxidative stress
plays a role in inhibiting insulin signaling that is necessary for brain function. Hydrogen sulfide exhib-
its antioxidant effects against oxidative stress, where cystathionine [ synthase, cystathionine y lyase, and
3-mercaptopyruvate sulfurtransferase are the endogenous sources of hydrogen sulfide. This review is to ex-
plore the pathogenesis of diabetes mellitus-induced diabetic peripheral neuropathy and other neurological
comorbid disorders under the oxidative stress condition and the anti-oxidative effects of hydrogen sulfide.
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Introduction

The main source of reactive oxygen species (ROS) is mito-
chondrial respiratory chain, where oxidative stress generates.
Oxidative stress in diabetic patients leads to dysfunction
during insulin secretion in the nervous system and thus,
neurodegeneration like diabetic peripheral neuropathy
(DPN) occurs (Babizhayev et al., 2015). Pancreatic p cell is
the most important metabolically active part in the body,
where metabolites take place for energy synthesis at the high
level of glucose concentration (Gerber and Rutter, 2017).
The main role of the pancreatic B cell is glucose mediated
insulin secretion. In diabetes mellitus (DM), insulin secre-
tion is hampered by ROS production in the pancreatic cells
(Newsholme et al., 2007). Dysfunction of peripheral nerve
in DM is observed with symptoms in distal part which con-
tains 75% DPN (Pop-Busui et al., 2017). Down regulation
of Schwann cells, aggregation of sorbitol during signaling of
polyol pathway, inactivation of Na'/K" signaling, hyperglyce-
mia-induced oxidative stress are causative factors of neurop-
athy in the brain (Tian et al., 2016). About 50% of diabetic
patients are affected by neurological disorders, which are
the most common comorbidities of DM (Karki et al., 2017).
Some neurodegenerative diseases, like Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS) occur simultaneously in the central nervous
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system (CNS) in diabetic patients because of oxidative stress
(Karki et al., 2017).

Oxidative stress is the resultant effects of over production
of ROS and reactive nitrogen species. The most prominent
ROS and reactive nitrogen species include hydrogen perox-
ide (H,0,), superoxide (O,"), hydroxyl ('OH), nitric oxide
(NO"), peroxynitrite (ONOQO"), which generate free radicals
due to their instability (Zhang et al., 2015). However, oxida-
tive stress is suppressed by antioxidant molecules. Hydrogen
sulfide (H,S) mediates antioxidant function through enzy-
matic pathways. For example, super oxide dismutase (SOD)
1, SOD2, glutathione (GSH), glutathione peroxidase (GPx),
and catalase (CAT) are those enzymes that provide H,S me-
diated antioxidant function (Marengo et al., 2016).

Oxidative stress is assessed in DPN and due to hypergly-
cemia-induced oxidative stress H,O, production and lipid
peroxidation in protein kinase C (PKC) pathway, accumula-
tion of advanced glycation end products (AGEs) that inhibit
axonal regeneration (Dal and Sigrist, 2016).

The effect of hyperglycemia-induced oxidative stress on
neurons is varied in both patients with TIDM and type 2 di-
abetes mellitus (T2DM), and DPN patients with T2DM have
low capacity of controlling hyperglycemia (Callaghan et al.,
2012). In the peripheral nerve of T2DM patients, oxidative
stress is increased from proximal to distal parts, passes from
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DRG to sciatic nerve , and decreases the metabolism under
glycolytic and tricarboxylic acid cycle (TCA) (Hinder et al.,
2013). Not only this but also P cells are damaged by ROS,
where B cells are vital for insulin secretion from pancreas in
T2DM patients. Because of B cell dysfunction, insulin cannot
distribute in several parts of the brain and neurological dis-
ease appears (Storling and Pociot, 2017). In AD, cholinergic
homeostasis is hampered by downregulation of insulin/insu-
lin growth factor (IGF) resistance, leading to downregulation
of target genes (Mendiola-Precoma et al., 2016). There is evi-
dence that 40% of patients with DM develop PD and glucose
is impaired at an early stage (Garber et al,, 2018). IGF-1 is a
very important factor, whereas IGF-1 binding protein level
increases and insulin level decreases in the serum of ALS pa-
tients (Torres-Aleman et al., 1998).

However, H,S can mitigate the effects of oxidative stress
on nerve cells. H,S is an endogenous biological mediator
that is produced from cystathionine B synthase (CBS), cys-
tathionine gamma-lyase (CSE), cysteine aminotransferase
and 3-mercaptopyruvate sulfurtransferase (3MST) enzymes
(Calvert et al., 2010). In this review, we will focus on resul-
tant effects of oxidative damage in patients with DM-in-
duced neurological diseases and the activity of H,S as an an-
tioxidant in each neurodegenerative disease against oxidative
stress.

Database Search Strategy

We searched PubMed to retrieve studies regarding the pro-
tective effects of H,S on neurodegenerative diseases reported
before June 8, 2018 (Additional Table 1). This database
search was based on all studies including animal experi-
ments and clinical trials of neurodegenerative patients. “Di-

» « . » «

abetes mellitus”, “oxidative stress”, “reactive oxygen species’,

“hydrogen sulfide’, “glutathione”, “antioxidant”, “neurodegen-
erative diseases” were used as search terms

Oxidative Stress and Aging

Oxidative stress is the common cause of aging and aging-as-
sociated diseases. Generally, cellular damage by oxidative
stress is marked by DNA, protein, and lipid damage. When
oxidative stress persists for a long time, cellular senescence
might arise and ROS is the main mediator in neurodegener-
ation (Liguori et al., 2018).

Oxidative damage with aging is caused by either increased
or decreased generation of electrophiles and oxidants. Vari-
ous studies have shown that the stimulation of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, cyto-
chrome p450, monoamine oxidase, and nitric oxide synthase
(Zhang et al., 2015) are the sources of oxidant generation
that varies according to pathophysiological conditions
(Zhang et al.,, 2015). In aging, protein modification is the
common process in which ROS triggers various signaling
pathways like DNA damage response, transforming growth
factor-p, alternate reading forms or mitogen activated
protein kinase3, upregulation of cell cycle inhibitor, p53
(Mufioz-Espin and Serrano, 2014). The protein modification

results from 4-hydroxynonenal.

In essence, the increased and decreased level of oxidative
stress not only demolishes the antioxidant functions but also
leads to generation of brain neuropathy.

Oxidative Stress and CNS Dysfunction

Nerve cells are very sensitive to hyperglycemia-induced
oxidative stress which is based on the uptake of external
glucose. In the case of diabetic neuropathy, axons cannot
send the signal in the hyperglycemic state because of mito-
chondrial oxidative damage. As a result, axons loss energy
and thus, axonal degeneration occurs in the nervous system
(Babizhayev et al., 2015). Excessive generation of ROS is also
responsible for resistance of insulin signaling by c-Jun N-ter-
minal kinase (JNK) signaling pathway (Verdile et al., 2015).
Moreover, neurotrophic factors like nerve growth factor and
brain-derived neurotrophic factor are responsible for central
damage of motor neurons. In the sciatic nerve of diabetic
rats, expression of brain-derived neurotrophic factor is re-
duced (Lenart et al., 2019).

The nuclear dysfunction of AD is related to amyloid beta
42 (AP,,) that drives neurochemical changes. Protein synthe-
sis machinery may be impaired by AP,, and the function of
tau protein is also impaired (Ahmad et al., 2017). According
to a study by Mahmoud et al. (2017), when differentiated
SHSY5Y cells are incubated with AP,, oligomers, oxidative
stress increased, leading to nuclear stress. As a consequence,
45S-pre-ribosomal (45S-pre-rRNA) and heterochromatin
compaction production altered, and protein and RNA syn-
thesis decreased (Herndndez Ortega et al., 2016). The nucle-
ar dysfunction in PD appears with the mtDNA and nuclear
DNA gene mutation in mitochondria, and changes in dy-
namics of mitochondrial fusion or fission, and transcription-
al impairment. Due to oxidative stress, nuclear dysregulation
in PD is exerted by the transcription coactivator, peroxi-
some-proliferator-activated receptor gamma coactivator-1la
(Henchcliffe and Beal, 2008). Due to nuclear DNA mutation,
overexpression of peroxisome-proliferator-activated receptor
gamma coactivator-1la causes sudden degeneration of dopa-
minergic neuron.

In terms of ALS, nuclear dysfunction due to ROS is exert-
ed by the dislocation of RNA-binding protein, field-effect
transistors protein. Field-effect transistors consists of fused
in Sarcoma/translocated in liposarcoma, Ewing sarcoma, and
TATA-binding protein-associated factor 15, which function
upon nuclear processing steps like DNA and RNA process-
ing, gene expressing, and cell signaling (Svetoni et al., 2014).
Upon oxidative stress condition, cellular models of ALS,
EWS mutant proteins displayed different localization from
fused in Sarcoma mutants. Moreover, in cytoplasm DNA
binding protein, TDP-43 aggregates due to oxidative stress
which causes nucleoplasmic transport deficits as shown by
chromosome 9 open reading frame 72 (C90rf72) hexnucle-
otide repeat expansion (Jovi¢i¢ et al., 2016). TDP-43 transits
from the nucleus to cytoplasm, where pathological aggrega-
tion occurs. Furthermore, mutations in TDP-43 or related
RNA binding protein fused in Sarcoma activate unfolded
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protein response and generate oxidative stress which causes
upregulation of tap-1 expression with neuronal dysfunction.
This indicates chronic induction of nucleic acid binding pro-
tein by cellular stress which may contribute to neurodegen-
eration (Vaccaro et al., 2012).

In short, axonal transport is important to facilitate energy
to nerve cells. Oxidative stress is responsible more or less for
hampering energy metabolism, energy transportation, and
mutation of genetic factors. In most cases, H,O, plays a role in
inhibiting axonal transport. To observe oxidative modification
by H,O, more precisely, further investigation is necessary.

Oxidative Stress-Induced Different Pathways

in DPN

Excessive level of ROS causes DNA, protein damage, lipid
peroxidation in the peripheral nerve. In particular, in pa-
tients with T2DM, antioxidant defense system is impaired
by initiating free radicals. These initiated free radicals con-
tribute to nerve damage through several signaling pathways
(Sasson, 2017).

Polyol pathway is activated in the peripheral nerve, espe-
cially in Schwann cells. Normally in polyol pathway, aldose
reductase (AR) converts glucose to fructose by sorbitol de-
hydrogenase so that 30—50% of body’s glucose can be utilized
in the hyperglycemic state (Fantus, 2002). Oxidative damage
resulted glucose consumption is reduced by sorbitol dehydro-

genase because it competes for GAPDH for NAD" generation.
In this way, the polyol pathway is dysregulated by oxidative
stress in the pathogenesis of DPN (Yan, 2014). Moreover,
when sorbitol is converted to fructose in the presence of
sorbitol dehydrogenase, the oxidaxion of sorbitol causes the
Na'/K" signaling defects which leads to axonal dysfunction.
For this reason, myo-inositol uptake is decreased and axonal
transport is hampered by abnormal action potential (Hosseini
and Abdollahi, 2013). The activity of oxidative stress through
the polyol pathway is shown in Figure 1.

PKC is a group of serine kinases that act as an intracellular
signaling molecule (Qiao et al., 2016). Activation of diacyl-
glycerol by hyperglycemia stimulation is the common phe-
nomenon in the PKC pathway for maintaining nerve func-
tion and in the pathogenesis of DPN. Generally, intracellular
signaling cascade such as nuclear factor kappa-B and trans-
forming growth factor-p is overexpressed due to PKC activa-
tion (Figure 1). In addition to this, PKC activation in DPN
reduces nerve conduction velocity and also PKCp reduces
Na'/K'ATPase activity (Farmer et al., 2012). p and § iso-
forms are also activated by PKC in the hyperglycemic state
in DPN (Giacco and Brownlee, 2010). Some lipid molecules
like arachidonic acid, phosphatidylinositol diphosphate, and
phosphatidylinositol diphosphate enhance PKC activity but
as a result of lipid peroxidation, the PKC pathway obtains
destabilized conformation (Xiao et al., 2018).

Figure 1 Oxidative stress-induced dysfunctional pathways in diabetic peripheral neuropathy.

The figure illustrates about the mechanism of cells of diabetic peripheral neuropathy through different signaling pathways, which lead to different ab-
normalities under oxidative stress condition. Hyperglycemia initiates dysfunction by producing metabolite glyoxal by which polyol pathway inhibits cy-
tosolic nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) as well as glutathione (GSH). In the presence of excessive amount of glucose,
advanced glycation end products (AGEs) bind with receptor for advanced glycation end products (RAGE) and impairs the activity of functional protein
and causes auto-oxidation in diabetic peripheral neuropathy. As a consequence, insulin signaling is downregulated, whereas reactive oxygen species
(ROS) acts as a second messenger. At the same time, due to maillard reaction, particularly albumin protein is depleted and tumor necrosis factor (TNFa)
and protein kinase C alpha (PKCa) show less activity. PKC activation increases the hyperglycemic level and accelerates dysfunction in transcriptional
factor, through nuclear factor kappa B (NF-«xB) impairment. On the other hand, hyperglycemia-induced oxidative stress causes necrosis and abnormal
gene expression through PARP pathway. GSSH: Oxidized glutathione; TCA: tricarboxylic acid cycle; TGF: transforming growth factor.
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RAGE induces ROS formation using signalling conduc-
tions like JNK and p38, where NADPH oxidase and NF-«B
gene are expressed (Oyenihi et al., 2015a). In general, gly-
cation occurs at the N-terminal of valine in -chain, which
is known as the maillard reaction (Nowotny et al., 2015).
During the maillard reaction, AGEs increase and accumu-
late within cells, contributing to oxidative stress (Nowotny et
al., 2015). Tan et al. (2011) reported that insulin resistance,
as evaluated by homeostasis model assessment index, was
associated with AGE level, which was indirectly related to
T2DM. Insulin level in the fasting state in the non-diabetic
models was independently correlated with AGEs (Tahara et
al,, 2012).

Generally, poly ADP ribose polymerase (PARP) is a NAD"
dependent nuclear enzyme which repairs DNA but its exces-
sive activation due to oxidative stress causes cell death. Nor-
mally, PARP is expressed in Schwann cells and endothelial
cells, but due to occurrence of NAD" depletion, glycolytic
pathways are closed. When ADP ribose molecule attaches to
the nuclear protein molecule, PARP is found to play a role in
converting NAD" to nicotinamide that may alter transcrip-
tion factors, and make changes in the glycolytic pathway
during AGEs formation and in the PKC pathway (Giri et al.,
2018).

In a nutshell, PARP is involved in neural cell damage by
exhibiting damaged inflammation protein. To avoid the
dysfunction, the combined action of antioxidant and nico-
tinamide may provide therapeutic action. Antioxidants in
rodent and xanthine oxide inhibitor may also take part.

Oxidative Damage of -cell and Insulin
Signaling

As hyperglycemia-induced oxidative stress has been marked
as an inhibitor of insulin secretion, it has consecutive effects
on B-cell dysfunction (Oyenihi et al., 2015b). In B-cells, pro-
tons are getting leaked by the activation of uncoupling pro-
tein 2 and lowering the ratio of adenosine diphosphate/ATP
(ADP/ATP). ROS are mainly observed in cell membrane by
recognizing oxidative markers like malondialdehyde and
8-hydroxyguanosine. The death of cell is also marked by low
signaling of nuclear factor-kB (NF-«B).

However, due to hyperglycemia in DPN, additional lipid
level is increased and ROS are also increased that are found
in B-cell dysfunction (Gerber and Rutter, 2017). Glucose also
stimulates ROS in B-cells through glucose transportation be-
cause glucose transport is higher than the glucose phosphor-
ylation. According to glucose fluxing the TCA is enhanced
that shows higher level of ADP/ATP ratio (Thallas-Bonke
et al., 2008). Consequently, ATP sensitive K channel is hy-
perpolarized and thus, Ca™ is raised in intracellular fluid
(Cameron et al., 2005). Finally, insulin secretion occurs.
Apart from this, in mammalian cells, rapid fluxing of glu-
cose increases the mitochondrial oxidative activity because
100% of glucose carbon is oxidized to CO, (Nishikawa et
al., 2000). Although both processes, TCA cycle and glyco-
Iytic flux enhance insulin secretion, they are responsible for
ROS generation in pancreatic P cells and activation of PKC

pathway (Fadupin et al., 2007). This PKC pathway causes
O, formation (Hong and Garvin, 2014). Additionally, lower
glucose level leads to ROS formation in f cells (Sampson et
al,, 2010). At 0-5 mM glucose concentration, O, is formed.
Moreover, consistent studies show that glucose leads to re-
duced GSH oxidation ratio in pancreatic p cells (Gerber and
Rutter, 2017).

On the other hand, oxidative stress enhances resistance in
insulin signaling. T2DM pathogenesis is proceeding as the
consequence of declining insulin secretion. Normally, insu-
lin resistance is associated with physical inactivity, excessive
adipokines, and abdominal obesity (Tangvarasittichai, 2015).
It also causes impaired glucose tolerance in T2DM. Mostly,
overproduction of ROS in liver and adipose tissue causes
insulin resistance in obese mice. Many researchers have
found that antioxidants reduce triglycerides and glucose
levels and retard insulin resistance in KKAy mice (Furukawa
et al., 2017). Also, high levels of insulin become reduced by
supplying coenzyme, Q10 in SHR/cp rats, which is an anti-
oxidant (Tangvarasittichai, 2015). As a result of insulin resis-
tance, the TCA cycle that increases NADH through ETC of
mitochondria and increases O°,” formation (Tangvarasitti-
chai, 2015).

Although the impairment in islet B cell production by sub-
stantial generation of mitochondrial oxidative stress, elevat-
ed antioxidant can demolish ROS-induced { cell death. Also,
antioxidants provide functions against insulin resistance. For
initiating function of CAT, Gpx, and SOD diabetic GK/Par
rat models can be used experimentally which show increased
expression of antioxidant but STZ mouse models only show
SOD expression.

Oxidative Stress and Diabetes-Associated

Other Neurodegenerative Diseases

Oxidative stress and diabetes-associated AD

Due to insulin function disorder in nerve, AD and T2DM
are overwhelming diseases and they are also age-associated
diseases (Chatterjee and Mudher, 2018). The impaired con-
trol of blood glucose occurs by insulin producing pancreatic
B cells (Chatterjee and Mudher, 2018). According to clinical,
epidemiological, and genetic data, T2DM and AD including
impaired glucose metabolism were interacted. According to
pathophysiological mechanisms, function of AGEs and mi-
tochondrial damage result in T2DM and AD (Ahmad et al,,
2017).

For insulin supplying in the brain, the regulation of glu-
cose utilization and metabolism is important. In the early
stage of AD, cognitive dysfunction occurs if there are any
deficits in energy metabolism. For glucose metabolism,
glucose transporter 4 provides function of insulin receptors
(Hoyer, 2004). Thus, glucose metabolism glucose transporter
4 has an important role in the generation of energy for cog-
nitive disorder. On the other hand, ROS causes AP-induced
membrane lipid peroxidation which hampers significant
decrease in glucose transport (Zhu et al., 2012). As a result,
DNA, RNA, and protein p molecules functionally become
inactive in AD patients (Hoyer, 2004).
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From another point of view, aging is the most common
risk factor in AD. According to growing evidence, insulin
resistance in T2DM causes brain insulin/IGF resistance and
thus mild cognitive impairment is associated with AD (Chat-
terjee and Mudher, 2018). What so ever, only several fields
are broadly expanded to study the relationship between defi-
ciency of brain insulin resistance and cognitive impairment
in AD. An experimental study shows that insulin resistance
by oxidative stress promotes AP aggregation. Insulin resis-
tance causes A deposition, accelerates trafficking of amyloid
beta precursor protein (ABPP) from the trans Golgi network
to the plasma membrane and also inhibits its intracellular
degradation. Where amyloid beta protein precursor-amyloid
beta causes GSK-3p and hyper phosphorylation of tau pro-
tein (Chang et al., 2018).

Oxidative stress and diabetes-associated PD

Generally, PD is one of the age-related neurodegenerative
diseases, where it is marked by the loss of dopamine pro-
ducing substantia nigra pars compacta cell (Schernhammer
et al,, 2011). As a consequence, loss of dopamine causes the
broad spectrum of motor disorder like sensory dysfunction,
cognitive impairment, and behavioral abnormalities in older
adult patients (Schernhammer et al., 2011). PD has also ap-
peared with adult onset diabetes which was firstly noted two
decades ago. Diabetes has been associated with dysfunction
of motor neuron in PD patients. A study of American people
showed that about 40% diabetic patients have the risk of PD.
Another study of Finish people showed that 324 out of 591
men and 309 out of 507 women have the risk of PD with dia-
betes (Schernhammer et al., 2011). Comparatively, men have
the higher risk of PD with diabetes than woman.

Although the relationship between PD and DM has not
been established yet, some hypothetical issues are related to
diabetes and PD. For instance, dysregulated insulin signaling
and mitochondrial oxidative stress are well documented in
DM and PD signaling pathways.

Oxidative stress and diabetes-associated ALS

The biological mechanism of T2DM is linked to ALS.
T2DM patients at the age of 30 years have the risk of de-
veloping ALS. An animal study showed that the gene, TAR
DNA-binding protein 43 was mutated in 4% of familial ALS
which induces glucose and energy metabolism (Mariosa
et al., 2015). Furthermore, in zebra fish models of ALS, the
overexpression of progranulin (multifunctional protein)
mediates insulin resistance and rescues mutant TDP-43-
induced axonopathy (Mariosa et al., 2015). The differences
between ALS with TIDM and T2DM are based on two
pathophysiological conditions. The one is identified by in-
sulin resistance and the other is destruction of B-cells in the
pancreas. At the age of 50, T2DM increases the risk of spo-
radic ALS.

According to another hypothesis, accumulation of glu-
tamine is associated with diabetes in ALS (Trudeau et al.,
2004). Due to the aggregation of glutamate, the functional
activity of neurotransmitter receptors becomes altered in

236

diabetes. Additionally, over-stimulation of glutamate causes
neural cell death in ALS and is named glutamate excitotox-
icity. As a consequence, increased intracellular Ca®* causes
ROS generation (Shah et al., 2016). On the other hand, un-
der the normal physiological condition, excessive Ca’* causes
cellular dysfunction (Shah et al., 2016). Increased oxidative
stress might be the cause of insulin resistance, B-cell dys-
function and impaired glucose tolerance in T2DM (Evans
et al,, 2003). At the same time, oxidative damage in ALS pa-
tients causes mutations in antioxidant enzymes, SOD1 which
initiates 20% of familial ALS. In addition to this, in the pres-
ence of excessive ROS, the morphological and functional de-
fects are found in mitochondria of ALS patients which show
axonopathy in ALS.

The over-stimulation of glutamate causes neuronal cell
death in ALS and is named oxidative glutamate excitotox-
icity. The increased extracellular glutamate level stimulates
ionotropic glutamate receptors. As a result, NMDA receptors
increase massive Ca’* influx into the cells which causes nerve
cell death (Lewerenz and Maher, 2015). In addition to this,
when glutamate inhibits cysteine import through cysteine/
glutamate antiporter system, GSH level is depleted (Wallis et
al., 2018). When consumption of molecular oxygen is greatly
reduced, ROS is formed (Munro and Treberg, 2017).

In summary, the increased risk factors of diabetes in ALS
are still unknown. For further investigations about the rela-
tionship between diabetes and ALS, clinical studies are nec-
essary in diabetes patients. However, antioxidant function
of H,S can mitigate oxidative stress in neurodegenerative
diseases.

H,S

As an endogenous biological compound, H,S is produced
by CBS, CSE, and 3MST, where CBS and CSE are primary
precursors of H,S production. CBS, as a cytosolic enzyme,
shows highest expression in the brain. CBS is also a pyri-
doxal-5'-phosphate and S-adenosyl methionine-dependent
enzyme, where pyridoxal-5-phosphate and S-adenosyl me-
thionine act as cofactors in physiological system. CBS is also
regulated by post-transcriptional modification in the liver
and kidney and located in mitochondrial HCT116 cells, and
CBS has the stimulatory effects on GAPDH (Qu et al., 2008).
Homocysteine is catalyzed by CBS.

The enzymes, 3MST and CAT also take part in H,S syn-
thesis whereas 3MST is mostly found in astrocytes and CAT
is found in vascular endothelial cells. 3MST helps to produce
H,S by forming sulfane sulfur, whereas 3MST undergoes
transulfuration via 3-mercaptopyruvate in the mitochondria
and minority of 3MST is present in the cytoplasm (Shefa et
al., 2018). To observe the bound sulfane sulfur, the experi-
mental study showed that cys247 (C247S) mutant remained
at the basal level but arginine (R187G) mutant increased
from the basal level which denotes 50% of H,S activity com-
pared to wild type (Balasubramanian et al., 2019). As 3MST
is a pyridoxal-5'-phosphate independent enzyme, it acts as
an alternative source of H,S generation instead of CBS (Bala-
subramanian et al., 2019).
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Every enzyme including CBS, CSE, 3MST, and CAT con-
tributes to H,S production enzymatically and endogenously.

GSH mediated neuroregenerative potential of H,S in the
brain

The GSH system is especially vital for the protection of cellu-
lar damage by ROS. The antioxidant function of H,S is mea-
sured by the enhancing levels of GSH. GSH is formed cyste-
ine transport, where cysteine is reduced in the extracellular
space. For the synthesis of GSH, the interaction between
astroglial and neuronal cells occurs. When cysteine can de-
termine neuronal GSH, in the presence of astroglial cells, the
increased GSH levels indicates that astrocytes provide cys-
teine to neurons by releasing GSH (Yin et al., 2016). Under
oxidative stress condition, glutamate stimulates H,S to pro-
duce GSH. Glutamate is responsible for oxidative damage of
neurons. In this case, glutamyl cysteine synthatase enzyme is
inhibited by H,S in the CNS (Yin et al., 2016). GSH synthesis
is associated with cysteine molecule via the transulfuration
pathway. Moreover, free radicals are scavenged by the GSH
levels through activating KATP channels. GSH also pro-
tects HT22 cells from glutamate oxidative toxicity (Jia et al.,
2013).

GSH maintains thiol redox potential by sulthydryl group
and regenerates from oxidized group, GSSH. Apart from this,
GSH is consumed by GST or by release from cells. Moreover,
GSH detoxifies H,0,-induced oxidative stress via the action

Figure 2 Cellular function of H,S as an antioxidant in DPN.

of catalyzing enzyme, Gpx (Rahman et al., 1999). As a result,
astrocytes can recruit the function of CAT by H,0O, disposal
but GSH does not fully compensate for the loss of CAT reac-
tion (Dringen et al., 2000). Thus, GSH provides rapid func-
tion by removing peroxides from astroglial cells (Sekar et
al,, 2018). Dringen et al. (2000) reported that GSH protected
cells against H,O, at the ratio of astroglial cells to neurons of
1:20. However, H,S has the great importance in brain cells to
demolish free radicals as well as vulnerable stage of neurons.

Neuroprotective Role of H,S in

Neurodegenerative Diseases

Antioxidant function of H,S in DPN

Antioxidant can act as oxidative stress scavenger through
decomposing H,0, and inhibiting enzymes. Except CAT,
Gpx, and SOD, GST, peroxiredoxin, flavonoids, lipoic acids,
thioredoxin, glutaredoxins also paly the important role in
the attenuation of ROS (Marengo et al., 2016). GSH gives
function with GST to produce hydrophilic substances. The
cellular function of H,S as an antioxidant in DPN is shown
in Figure 2.

H,S provides antioxidant function through enzymatic ac-
tivity against oxidative stress. SOD is one of them. The total
amount of SOD depends on the generation of O’,” and an-
tioxidant capacity (Fujita et al., 2009). Generally, SOD con-
verts O°,” into H,0, and oxygen. Then H,0, is converted to

The beneficial action of H,S through mediating superoxide dismutase (SOD), glutathione (GSH), and catalase (CAT) in hyperglycemia-induced
oxidative stress. Superoxide dismutase (SOD) binds with alpha lipoic acid (ALA) to exert antioxidant effects by increasing GSH level. On the other
hand, GSH is reduced by H,O, formation and it is converted into oxidized GSSH. The ratio of nicotinamide adenine dinucleotide phosphate hydro-
gen (NADPH) to nicotinamide adenine dinucleotide phosphate (NADP) is altered by polyol pathway. Glutathione peroxidase (Gpx) can attenuate
the balance to provide antioxidant function. In the case of CAT, it also provides similar antioxidant mechanism by removing H,O, formation. As a
consequence, oxidized GSSH is decreased and GSH is increased. DPN: Diabetic peripheral neuropathy; H,S: hydrogen sulfide; NADPH: nicotin-
amide adenine dinucleotide phosphate; PKC: protein kinase C; ROS: reactive oxygen species.
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water molecule by CAT and GPx. In the case of DPN, the ac-
tivity of both extracellular SOD1 and SOD?2 is reduced in pe-
ripheral blood. Moreover, transgenic mice expressing SOD1
and SOD2 genes are resistant to diabetes-induced neuropa-
thy. A previous study invovling mouse models revealed that
low dose of STZ induces low grade of B cell damage. On the
other hand, low dose of STZ leads to a decrease in podocyte
marker in C57BL/6 mice rather than in the wild-type mice
(Breyer et al., 2007).

Loss of GSH due to redox modification has also negative
impact on gene expression. GSH has a negative expression
due to oxidative stress. Additionally, as a result of reduced
GSH, sorbitol started to accumulate because of hypergly-
cemic vascular damage (Sandireddy et al., 2014). The oxi-
dized form of GSH is GSSH and in the presence of NADPH
and glutathione reductase, whereas NADPH is oxidized
into NADP". Several lines of evidence have shown that in
STZ-induced diabetic rats, GSH provides antioxidant func-
tion twice a week and protects against motor and sensory
nerve conduction velocity where, motor and sensory nerve
conduction velocity reduce the endoneural blood flow (Chen
etal., 2018).

CAT is another kind of antioxidant that provides protec-
tion against pancreatic B cell damage from H,O, oxidation.
In the hyperglycemic condition, enzymatic deficiency leads
to damage of { cells. The CAT deficiency causes the defi-
ciency of glucose-6-phosphate dehydrogenase. In the case
of DPN, the combined action of antioxidant mostly effective
as SOD provides antioxidant effects by binding with alpha
lipoic acid. Not only that but also SOD, GSH, and CAT play
combined roles in other neurological disorders.

Antioxidant function of H,S in AD, PD, and ALS

H,S and AD

Oxidative damage of DNA in AD mostly occurs in the ce-
rebral cortex and cerebellum. H,S protects AD brain from
oxidative damage by the activity of GSH (Figure 3). In this
case, N-acetylcysteine acts as a precursor of GSH because Af
shows impaired memory functions in AD patients compared
with controls. In addition to this, H,S inhibits Ap-induced
cell injury through MAPK and JNK signaling pathway
(Zhang et al., 2013). In addition to this, AD is exacerbated by
4-hydroxynonenal in the absence of aldehyde dehydrogenase
(ALDH2) but the upregulation of ALDH2 by FA is protective
or toxic remains unclear. Michel et al. (2010) demonstrated
that mitochondrial ALDH2 activity was significantly in-
creased in the putamen of AD patients. Upregulated ALDH2
increases 1-methyl-4-phenylpyridinium (MPP")-induced
oxidative stress in dopaminergic neuron by heme oxygenase
interaction. This upregulation of ALDH2 expression by FA
is also blocked by H,S (Chen et al., 2017). Apart from this,
NaHS downregulates glucose regulated protein 78 expres-
sion, suppresses hippocampal chomologous protein expres-
sion, reduces hippocampal cleaved caspase-12 expression,
and enhances the generation of hippocampal endogenous
H,S in STZ-exposed diabetic rats (Zou et al., 2017).
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H,S and PD

H,S also plays a role as an antioxidant in PD. PD is very
common in the population of over 65 years of age that is
characterized by nigral dopaminergic loss (Babizhayev et al.,
2015). ROS are largely responsible for dopaminergic loss.
The striatal dopamine and the dysfunctional neurons show
a variety of motor symptoms as a result of oxidative insults
(Yue et al., 2016). To overcome the motor neuron disorder
in PD, an experimental study showed that H,S protects
MPP"-induced oxidative damage in PC12 cells where NaHS
acts as a donor of H,S (Yin et al., 2009). Additionally, upreg-
ulated ALDH?2 increases MPP'-induced oxidative stress in
dopaminergic neuron by heme oxygenase interaction while
H,S can attenuate this toxicity (Tang et al., 2012). The en-
dogenous reduced level of H,S was observed in PD with loss
of tyrosine-hydroxylase positive nerve. 6-OHDA-induced
dopamine nerve shows the reduced level of endogenous
H,S. In rotenone-induced rats, H,S donor, NaHS treatment
inactivates microglia in the SN and increases proinflam-
matory factors, tumor necrosis factor and nitric oxide (Hu
et al,, 2010). Moreover, H,S mediates cell survival through
S-glutathionylation by oxidant-sensitive cysteine molecule.
Increased level of GSH is not only retard dopaminergic loss
but also helps to identify the mutant proteins which are
linked to PD progression (Figure 3).

H,S and ALS

ALS is one of the factors that affect motor neuron degen-
eration which shows neuronal damage in the upper and
lower motor neurons. In ALS, oxidized proteins and SOD1
mutations are responsible factors and the mutated genes are
Gly37, Gly85, and Gly93 (Johnson et al., 2012). The high
level of H,S in SOD1G93A showed altered metabolism in
familial ALS (Shefa et al., 2018). Increased H,S level was
found in ALS patients and it was identified as glia-released
inflammatory factor that contributes to motor neuron death
(Davoli et al., 2015). Although GSH suppresses oxidative
stress, an in vitro study showed that depletion of GSH causes
motor neuron death in ALS (Islam, 2017). Moreover, accord-
ing to the study by Basso et al. (2009), NSC-34 cells contain-
ing Gly93Ala SOD1 showed 30% increased level of cellular
GSH in ALS through short term expression and on the other
hand, prolonged expression showed 30% decreased GSH
levels (Johnson et al., 2012). To remove the oxidative modi-
fication of SOD1 in ALS (Figure 3), the S-glutathionylation
of cys111 residue was essential because it suppressed protein
damage and accumulation.

Conclusions

Diabetes-induced peripheral as well as motor neuron dis-
orders are related to metabolic pathways that are associated
with oxidative stress in the mitochondria because ROS is
generated from the mitochondria. This oxidative stress is
increased when antioxidant function is reduced. In DPN,
hyperglycemia-induced oxidative stress causes the accumu-
lation of ROS through auto-oxidation of protein, lipid, and
glucose by utilizing cellular pathways that involved polyol,
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Figure 3 Antioxidant function of H,S against oxidative stress in diabetes-induced neurodegenerative diseases.

Oxidative stress increases cellular dysfunction in type 2 diabetes mellitus (T2DM), Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis (ALS). At the stage of hyperglycemia and in the early stage of insulin resistance, AD develops because of B cell failure, and lower level of
insulin shows impaired central nervous system (CNS) signaling. As a consequence, brain glucose metabolism becomes reduced and neurodegener-
ative disease AD develops. Insulin resistance is also associated with the elevated level of amyloid beta (A) accumulation and hyperphosphorylation
of tau protein which are decreased by increased level of superoxide dismutase (SOD) in the mitochondria. Similarly, oxidative stress is responsible
for diminishing nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) in T2DM. On the other hand, reactive oxygen species (ROS)
generates in substantia nigra compacta. The level of DA neurons is higher than that of other neurons because oxidative metabolism of dopamine
(DA) takes place in axon terminal. Antioxidant function of H,S is mediated by increased level of SOD which suppresses the 6-hydroxydopamine
(6-OHDA)-induced ROS formation that ultimately reduces the risk of PD. At the same time, H,S donor, sodium hydrogen sulfide (NaHS) increases
B-cell oxidation to decrease dopaminergic loss but reduced glutathione (GSH) is produced weakly in DA neurons. In the case of ALS, oxidative
damage to ribonucleic acid (RNA) is seen in the CNS and SOD1 is over-expressed in mutant SOD1G93A. CAT: Catalase; H,S: hydrogen sulfide;

OS: oxidative stress; RNS: reactive nitrogen species.

PKC, AGEs, and PARP. Reduction of ROS by antioxidant,
H,S reduces the hyperglycemic effect which minimizes dia-
betic complications including other neurodegenerative mo-
tor neuron diseases. At a large extent, oxidative stress is the
fundamental factor for neural damage in DM. For obtaining
therapeutic outcome of different functions of antioxidant,
H,S might be an effective source. Also, for proper maintain-
ing of H,S against oxidative stress, the metabolic function of
H,S should proceed under neurodegenerative disease condi-
tion through mediating proper cell signaling.
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