
����������
�������

Citation: Beck, K.-F.; Pfeilschifter, J.

The Pathophysiology of H2S in Renal

Glomerular Diseases. Biomolecules

2022, 12, 207. https://doi.org/

10.3390/biom12020207

Academic Editor: Jerzy Beltowski

Received: 1 December 2021

Accepted: 22 January 2022

Published: 26 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Review

The Pathophysiology of H2S in Renal Glomerular Diseases
Karl-Friedrich Beck * and Josef Pfeilschifter

Pharmazentrum Frankfurt/ZAFES, Institut für Allgemeine Pharmakologie und Toxikologie, Goethe-Universität,
60590 Frankfurt am Main, Germany; pfeilschifter@em.uni-frankfurt.de
* Correspondence: k.f.beck@em.uni-frankfurt.de; Tel.: +49-69-6301-6953

Abstract: Renal glomerular diseases such as glomerulosclerosis and diabetic nephropathy often result
in the loss of glomerular function and consequently end-stage renal disease. The glomerulus consists
of endothelial cells, mesangial cells and glomerular epithelial cells also referred to as podocytes.
A fine-tuned crosstalk between glomerular cells warrants control of growth factor synthesis and
of matrix production and degradation, preserving glomerular structure and function. Hydrogen
sulfide (H2S) belongs together with nitric oxide (NO) and carbon monoxide (CO) to the group of
gasotransmitters. During the last three decades, these higher concentration toxic gases have been
found to be produced in mammalian cells in a well-coordinated manner. Recently, it became evident
that H2S and the other gasotransmitters share common targets as signalling devices that trigger
mainly protective pathways. In several animal models, H2S has been demonstrated as a protective
factor in the context of kidney disorders, in particular of diabetic nephropathy. Here, we focus on the
synthesis and action of H2S in glomerular cells, its beneficial effects in the glomerulus and its action
in the context of the other gaseous signalling molecules NO and CO.
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1. Introduction

For quite a long time, H2S was solely recognized as a smelly and toxic gas, causing
fatal poisoning Fatal poisoning in the processing industry and in bathing accidents in
lakes where the thermocline, which is consequently the H2S-containing layer, is near the
surface. Physiologically, H2S affects the cytochrome c oxidase in the mitochondrial electron
transport chain. Likewise, nitric oxide (NO) and carbon monoxide (CO), were originally
also known as poisonous gases and were characterized as physiologic signalling molecules
only in the 1980s. However, a physiological role for H2S was been demonstrated for the
first time in 1996, when Hideo Kimura’s group showed that H2S possesses physiological
signalling properties as a neuromodulator [1]. In this excellent research paper, Abe et al.
were able to demonstrate that H2S acts via the NMDA receptor enhancing hippocampal
long-term potentiation. Later, on the basis of their similar structure and their similar
properties as signalling molecules, the inorganic gases NO, CO and H2S were denoted as
gasotransmitters [2]. Meanwhile, great efforts in understanding the regulation of gasotrans-
mitter synthesis as well as gasotransmitter-directed signalling were made, and the role of
these signalling molecules in several diseases is currently in the focus of physiological and
pharmacological research.

Kidney diseases are a severe global problem. Nutrition habits in the Western world and
its changes also in developing countries shows a higher incidence of high blood pressure
and type 2 diabetes, two major causes of kidney injury, resulting in many deaths and high
expenses for the public health care systems. Besides diabetes, adverse drug effects, viral
and bacterial infections or autoimmune disorders, such as systemic lupus erythematosus
(SLE), often result in the development of glomerular kidney diseases. Frequent attendant
symptoms of glomerulopathies are expansion of glomerular matrix, podocyte loss, followed
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by disability of the glomerular filtration barrier as well as proteinuria and glomeruloscle-
rosis. As a consequence of diabetic glucose levels and other causes of glomerular injury,
glomerular cells are affected by advanced glycation end products (AGEs), toxins, me-
chanical stress and reactive oxygen species (ROS). This stress situation interferes with the
complex and fine-tuned intraglomerular crosstalk between mesangial cells, glomerular
epithelial cells (podocytes) and glomerular endothelial cells resulting in a disturbance of
glomerular integrity and function [3–6]. In the last decade, the research on H2S in animal
models revealed promising results for the pharmacological use of H2S-releasing drugs for
the treatment of glomerular kidney diseases [7]. Here, we briefly discuss the role of H2S in
glomerulopathies with a focus on the molecular mechanisms of production and action of
this signalling mediator.

2. Endogenous Synthesis of H2S

H2S-synthesising enzymes such as cystathionine β-synthase (CBS), cystathionine γ-
lyase (CSE) and 3-mercaptopyruvate sulfotransferase (3-MST) were characterized already
in the 1940s and 1950s, but at that time the researchers were focussed on the characterization
of the transulfuration pathway and they had not given much attention to its by-product,
H2S [8]. To our knowledge, the detection of considerable amounts of H2S produced along
the transulfuration pathway in liver and kidney tissues, that drove the hypothesis of a
possible physiological role of endogenously produced H2S, was first described in 1982
in a highly cited paper by Stipanuk and Beck [9]. The amino acid L-cysteine is not only
essential for protein synthesis, but it is also part of the tripeptide glutathione that is re-
garded as the most important physiological antioxidant formed in the body. Furthermore,
thiols of cysteine residues in proteins serve as potent signalling devices by providing the
target for thiol-based redox switches as induced by ROS, NO and H2S [10–12]. The only
metabolic pathway serving for the endogenous synthesis of L-cysteine in mammalians is
the transulfuration pathway [13]. Briefly, CBS forms cystathionine by the condensation of
homocysteine with serine. Cystathionine is then further converted to L-cysteine by CSE. In
turn, L-cysteine serves as a substrate for both CBS and CSE for the production of H2S. It is
worth noting that H2S is not only formed from L-cysteine but also by the transulfuration
pathway with L-homocysteine as a substrate for CSE. 3-MST is a further enzyme predom-
inantly found in mitochondria that synthesizes H2S. It converts 3-mercaptopyruvate to
pyruvate and H2S [14]. For this reaction, 3-mercaptopyruvate is provided by the enzymatic
activity of cysteine aminotransferase (CAT) that converts L-cysteine and α-ketoglutarate
to glutamate and 3-mercaptopyruvate. 3-mercaptopyruvate can also be formed by D-
aminotransferase (DAO), which uses D-cysteine supplied with the daily diet [15]. Recently,
also a non-enzymatic device for the generation of H2S has been described. Yang et al.
demonstrate a direct reaction of L-cysteine with pyridoxal(phosphate) and iron resulting in
the synthesis of pyruvate, ammonia (NH3) and H2S [16]. However, the physiological or
pathophysiological relevance of this phenomenon has to be elucidated in further studies.
Taken together, the synthesis of H2S occurs in a very complex manner by the action of
different enzymatic and most probably also non-enzymatic mechanisms (Figure 1). In addi-
tion, the enzymes involved in H2S production are themselves controlled by transcriptional
or translational processes. For example, CBS is regarded to be constitutively expressed
at the transcriptional level, but its activity is strongly modulated by posttranscriptional
mechanisms e.g., by NO and CO that affect the intrinsic haem group, resulting in decreased
activity or by S-adenosylmethionine that acts as a positive regulator on CBS activity [17,18].
By contrast, CSE expression is induced at the transcriptional level by the transcription
factor-specific protein 1 (Sp1), nuclear factor kappa B (NFκB) and nuclear factor erythroid
2–related factor 2 (Nrf2) [19–21].
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Figure 1. Enzymatic and non-enzymatic synthesis of H2S. The enzymatic synthesis of H2S by
CSE, CBS, 3-MST and DAO as well as the non-enzymatic pathway catalysed by Fe3+ and PLP
are presented. Please note that H2S is also formed by CBS and CSE through other steps of the
transulfuration pathway [13]: This is a modification of Fig. 1C from Beck and Pfeilschifter [6].
CAT, cysteine aminotransferase; DAO, D-amino acid oxidase; 3-MP, 3-mercaptopyruvate; 3-MST,
3-mercaptopyruvate sulfurtransferase; CBS, cystathionine-β-synthase; CSE, cystathionine-γ-lyase;
and PLP, pyridoxal phosphate.

3. H2S and Its Derivatives as Important Signalling Molecules

H2S exerts its toxic effects predominantly by attacking metal complexes such as
the ferric iron of the mitochondrial cytochrome C oxidase and subsequent inhibition of
mitochondrial synthesis of ATP [22]. Furthermore, it hampers oxygen transport in blood by
affecting the ferrous iron of methaemoglobin, the reduced form of haemoglobin resulting
in sulfhemoglobinemia [23]. Remarkably, besides its toxic effects, H2S-induced attacks
on heme groups may also act as a regulatory signalling device [24]. Furthermore, H2S
possesses important cytoprotective properties by its action as a potent antioxidant. Firstly,
H2S is able to directly scavenge superoxide anions [25] and peroxynitrite [26] and acts
consequently as a potent mediator against oxidative and nitrosative stress. Secondly, H2S
triggers the expression of protective enzymes such as superoxide dismutases, catalase
or glutathione peroxidase mainly by activating the redox-sensitive transcription factor
Nrf2 [27] (Figure 2).
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The third mechanism by which H2S directly modifies proteins is the formation of
thiol-based redox switches on cysteine residues. Meanwhile, the conversion of cysteine
thiols (-SH) to cysteine persulfides (-SSH), a process often referred to as S-sulfuration by
H2S is regarded as the most relevant physiological mechanisms of H2S signalling [11,28].
The discovery that H2S (or rather its derivatives) directly affect the activity of a targeted
protein established H2S besides ROS and NO, as a further important player in the orchestra
of thiol-based redox switch-dependent cellular signalling devices [6,12]. At this point, it is
important to note that due to the oxidation level of its sulfur atom (−2), H2S is not able to
react directly with the sulfur of a cysteine thiol (with the same oxidation level) to produce
persulfides. Meanwhile it is evident that polysulfides (H2Sn) also referred to as sulfane
sulfur with oxidation levels of −1 or 0 are the crucial compounds that are responsible for
S-sulfuration of thiols [29] (Figure 2). H2Sn is synthesized in the body by the activity of
3-MST or by partial oxidation of H2S by reactive oxygen or nitrogen species [29,30] and NO
is considered as the most important mediator that reacts with H2S to produce H2Sn [31,32].

4. Physiology of Synthesis and Action of H2S in the Glomerulus

Several disorders, such as diabetic nephropathy (often referred to as diabetic kidney
disease, and IgA nephropathy, or autoimmune diseases, such as lupus erythematosus, may
cause symptoms of glomerular disease, such as haematuria, proteinuria or edema, that are
classical clinical consequences of a disturbed glomerular filtration barrier. Mesangial cells,
glomerular epithelial cells (podocytes) and glomerular endothelial cells communicate in
coordinated crosstalk in the glomerulus. Meanwhile, besides the role of growth factors,
chemokines and inflammatory cytokines, the impact of gasotransmitters such as NO, CO
and H2S has been more and more recognized as an important facet in this complex sig-
nalling network. Therefore, it is evident that gasotransmitters and the well-coordinated
control of their production plays a crucial role in the interaction of glomerular cells [3,6].
Glomerular mesangial cells are located in the glomerular extracellular matrix and are impor-
tant for the structure of the glomerular capillary tuft and for the function of the glomerular
ultrafiltration apparatus [3]. Various pathological conditions such as high blood pressure,
hyperglycaemia or infections disturb this delicate balance and result in the activation of
mesangial cells, followed by a massive production of cytokines and chemokines and subse-
quent infiltration of neutrophils and macrophages. In this inflammatory context, mesangial
cells and immune cells produce excessive amounts of ROS and NO, which further affect the
function and viability of all glomerular cells [5,33,34]. These inflammatory cascades may
end in irreversible destruction of the glomerulus and subsequent renal failure. However,
if this detrimental inflammatory process often along with uncontrolled proliferation of
mesangial cells and massive formation of ECM is terminated spontaneously or by appropri-
ate and duly pharmacologic intervention, glomerular function can be restored by removal
of dispensable mesangial cells and degradation of excess ECM. Therefore, it is desirable
to expand our knowledge regarding the detailed molecular signalling mechanisms that
decide between healing and loss of function to develop tailor-made strategies for the treat-
ment of glomerulopathies. The use of gasotransmitter releasing compounds, in particular
H2S—due to its properties as an anti-oxidant—reveals promising aspects for the treatment
of glomerular diseases [35,36]. The expression of CSE and CBS has been demonstrated
in glomerular endothelial cells, podocytes and mesangial cells derived from different
species [6]. Less is known about the occurrence of 3-MST in glomerular cells. However,
using a non-hypothesis-driven approach by 2D protein electrophoresis, the existence of
3-MST has been shown in whole glomeruli extracts of diabetic KKY mice [37]. All these
findings suggest that the three main H2S-producing devices are active within the glomeru-
lus and it is obvious that the different spatial and temporal expression and activity of three
different enzymes in three different neighboured cells of different origins may serve as a
delicate regulatory mechanism for the synthesis of H2S under physiologic and pathologic
conditions (Figure 3). The expression of CSE and CBS in mouse mesangial cells was first
reported in 2011 [38]. Sen and colleagues observed a marked increase in H2S formation
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in mesangial cells that were transfected with expression vectors containing CBS or CSE
that resulted in a reduced inflammatory situation as observed by lower expression levels
of chemokines as exemplified for macrophage inhibitory protein 1 (MIP-1) and monocyte
chemoattractant protein-1 (MCP-1). Endogenous expression of CSE as well as CBS protein
was demonstrated by immunoblotting. CSE protein expression was also found in the rat
mesangial cell line HBZY-1 [39]. Remarkably, CSE expression was downregulated if the
cells were kept in high glucose-containing medium and reduced H2S production under
high glucose conditions may be one explanation for the important role of H2S observed
in diabetic nephropathy. In another study, the same group demonstrated the expression
of both, CSE and CBS mRNA, in HBZY-1 cells [40]. In contrast to the reports mentioned
above, we could demonstrate CSE mRNA and protein expression as well as CSE activity
but not CBS expression in primary rat mesangial cells [21]. In this study, we showed that
treatment of mesangial cells with platelet-derived growth factor BB (PDGF-BB) induced
CSE expression and activity. In addition, we found that PDFG-BB-induced formation of
ROS and subsequent activation of the redox-dependent transcription factor Nrf2 triggered
the induction of CSE expression. By immunohistochemistry, we observed also a marked
upregulation of Nrf2 that was paralleled by enhanced CSE expression in the glomeruli from
nephritic rats in a model of anti-Thy-1-induced glomerulonephritis. This indicated that en-
hanced CSE expression in an inflammatory environment may also occur in vivo. In mouse
glomerular endothelial cells, high glucose conditions reduce CBS and CSE mRNA and
protein expression that was paralleled by a reduced expression of the autophagy related
genes Atg3, Atg5 and Atg7, accepted as markers for autophagy [41] (Figure 3). In turn,
NaSH induced autophagy and this was dependent on adenosine monophosphate-activated
protein kinase (AMPK) activity. CSE is also expressed in mouse podocytes as documented
by two independent reports. Interestingly, as with mesangial cells and glomerular endothe-
lial cells, a downregulation of CSE under high glucose conditions can also be observed in
mouse podocytes. Interestingly, the high glucose-dependent downregulation of nephrin
and zona occludens protein 2 (ZO-2) that goes along with the downregulation of CSE could
be rescued by NaSH supplementation [42]. Since nephrin and ZO-1 are commonly used as
markers for podocyte viability, one can speculate that H2S serves as a protective device in
glomerular epithelial cells. In cultured mouse podocytes, Lee et al. observed that inhibition
of phosphodiesterase 5 by tadalafil reduced high glucose-stimulated matrix production [43].
Tadalafil also stimulated CSE expression and this was paralleled by the phosphorylation of
AMPK. Inhibition of CSE activity also diminished AMPK phosphorylation, indicating that
H2S is involved in this signalling mechanism. Remarkably, inhibition of NO synthesis also
inhibited H2S production and AMPK phosphorylation, demonstrating a delicate crosstalk
between NO and H2S as well as their generating enzymes. Taken together, all glomerular
cells possess one or more enzymes that are able to produce H2S (Figure 3) and it is tempting
to speculate that a balanced H2S generation in different glomerular cell types contributes
to the intraglomerular cross-talk under physiological and disease conditions.
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5. The Role of H2S in Glomerular Pathophysiology and Disease
5.1. Diabetic Nephropathy

Various kidney diseases of different origin are accompanied with glomerular injury
which often results in the complete loss of kidney function. To our knowledge, the role
of H2S is best characterized in diabetic nephropathy. Already in 2012, Csaba Szabo sum-
marized the literature on H2S and diabetic nephropathy and came to the conclusion that
H2S exerts detrimental effects in the onset of type 1 diabetes by augmenting β-cell death
in pancreatic islets [44]. However, in the course of type 1 and type 2 diabetes, H2S exerts
protective effects on endothelial dysfunction accompanied with high glucose levels [44].
In this context, it is important to note that H2S plasma levels are often reduced in diabetic
kidney disease and other chronic kidney disorders; therefore, from a pharmacological view,
the treatment of kidney diseases with H2S-releasing molecules could also be denoted as a
substitution therapy [45]. Recently, it has been demonstrated that treatment of streptozo-
tocin diabetic rats with the H2S donor NaSH ameliorated classical symptoms of diabetic
nephropathy such as glomerular basement membrane thickening and mesangial matrix
deposition. In addition, the authors observed diminished NFκB signalling and enhanced
expression of protective genes after activation of the redox-sensitive transcription factor
Nrf2 [46]. Diabetic nephropathy displays inflammatory and profibrotic symptoms and
results in redox stress by enhanced ROS production and this goes along with the activation
the renin-angiotensin system (RAS). Remarkably, administration of H2S-releasing agents
affects all these processes, further indicating H2S as a protective signalling molecule [45].
Meanwhile, a protective role of the more novel H2S donors GYY 4137 and S-propargyl-
cysteine, also referred to as ZYZ-802, has been demonstrated in diabetic nephropathy
using diabetic Akita mice and a model of streptozotocin-induced nephropathy, respec-
tively [47,48]. Treatment of Akita mice with GYY 4137 restored reduced renal miR-194
expression and subsequently attenuated fibrosis. The anti-fibrotic effects of miR-194 were
also confirmed in cultured glomerular endothelial cells using an miR-194 mimic [47]. Also
the novel H2S donor S-propargyl-cysteine potently reduced fibrosis as observed by reduced
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mRNA expression of fibronectin and type IV collagen in streptozotocin-induced nephropa-
thy. Moreover, in this animal model, S-propargyl-cysteine potently reduced inflammatory
signalling processes [48].

5.2. Hyperhomocysteinemia-Induced Glomerular Sclerosis

Since hyperhomocysteinemia occurs often in the context of lowered activity of the
H2S generating enzyme CBS, it is worth dedicating a whole section on this disorder. Ho-
mocysteine is a non-proteinogenic amino acid that is a natural by-product of amino-acid
metabolism. High plasma levels (above 15 µM) of homocysteine were recognized as im-
portant risk factors for the development of several disorders such as cardiovascular and
kidney diseases as well as neurodegeneration [49–51]. Hyperhomocysteinemia arises from
folic acid and vitamin B12 deficiency, adverse effects induced by drugs affecting the folic
acid metabolism such as methotrexate or trimethoprim and by an unhealthy life-style with
smoking, alcohol, overweight and physical inactivity. In addition, hyperhomocysteine-
mia is also a hereditary disorder that results from genetic defects of the genes for CBS
or methylenetetrahydrofolate reductase (MTHFR), genes that metabolize homocysteine
by transulfuration or remethylation, respectively [52,53] (Figure 4). High homocysteine
levels decrease glomerular function by directly affecting glomerular cells by oxidative
stress, endoplasmic reticulum stress, homocysteinylation and hypomethylation and conse-
quently to a dysregulated extracellular matrix homeostasis, which finally may end-up in
the development of severe glomerulosclerosis (reviewed in [54]). Remarkably, in a mouse
model of hyperhomocysteinemia with a heterozygous depletion of the CBS gene (CBS (+/−)

mice) it has been demonstrated that CBS (+/−) mice as expected show a lower expression
of CBS but also of CSE and this was accompanied by reduced levels of H2S. Importantly,
administration of the H2S donor NaSH with the drinking water in CBS (+/−) mice reduced
hyperhomocysteinemia and glomerulosclerosis and normalized collagen deposition in
renal cortical tissue [55,56]. In cultured mouse mesangial cells that were double transfected
with expression vectors bearing the genes for CSE and CBS, the same group demonstrated
a protective effect of H2S on homocysteine-induced inflammation [38]. Furthermore, H2S
mitigates homocysteine-mediated apoptosis and matrix remodelling by Akt/FOXO1 sig-
nalling in mesangial cells [57]. In the mouse model of CBS (+/−) hyperhomocysteinemia,
homocysteine thiolactone, a highly reactive homocysteine metabolite has been demon-
strated to directly affect eNOS by N- homocysteinylation and consequently reducing the
bioavailability of NO. Administration of the H2S donor NaSH reduced the symptoms of hy-
perhomocysteinemia and restored bioavailability of NO [58]. In summary, the therapeutic
use of H2S-generating drugs may have a protective effect in hyperhomocysteinemia-related
glomerular diseases.

5.3. Acute Kidney Injury

Patients in intensive care units that were hospitalized due to heart, liver or kidney
complications are often affected by acute kidney injury (AKI). AKI is characterized by
a rapid loss of renal function, that develops within hours or a few days. Besides initial
conditions of illness as mentioned above, AKI may evolve from sepsis, different forms
of glomerulonephritis, ischemia/reperfusion injury and adverse effects of drugs such as
NSAIDs or cytostatic agents used for the treatment of cancer, in particular cisplatin [59].
Depending on its origin, AKI affects preferentially either glomerular or tubular structures
of the kidney. A protective role of hydrogen sulfide in AKI on all kidney segments,
including the tubules, is reviewed elsewhere [7,60,61]. The effects of AKI in the context
of different forms of glomerulonephritis is, so far, poorly understood. However, the
different observations in cultured glomerular cells and in a rat model of anti-Thy-1-induced
glomerulonephritis mentioned before showing a tight regulation of the synthesis and action
of H2S, strongly suggest a protective role, as well, for H2S in the course of different forms
of glomerulonephritis. However, this aspect of H2S action has to be demonstrated using
suitable animal models in the future.
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6. The Role of H2S in the Context of Gasotransmitter Signalling by NO and CO

In recent decades, it became more and more evident that the three gasotransmitters
NO, CO and H2S are important members of a complex redox signalling network. All these
small molecules act on similar targets; therefore, it is not surprising that they are potentially
able to replace each other under certain circumstances. It is particularly noticeable that NO,
CO and H2S share not only common properties as anti-oxidants and vasodilators under
physiological but also pathophysiological conditions. More recent research demonstrated
that gasotransmitters also potently affect the gene expression pattern in a cell. In particular,
the transcription factors NF-κB and Nrf-2 are meanwhile established molecular targets
of gasotransmitters. Matthews and colleagues were the first that demonstrated the effect
of a gasotransmitter on NF-κB activity. In an in vitro approach using recombinant NF-κB
subunits p50 and p65, they found that the NO donors sodium nitroprusside (SNP) and
S-nitroso-N-acetylpenicillamine (SNAP) potently S-nitrosated the p50 subunit at cysteine
62. They then found that this thiol-based redox switch resulted in a marked inhibition of
NF-κB-binding activity as assessed by gel electrophoretic mobility shift assay (EMSA) [62].
Remarkably, NF-κB is also sensitive to S-nitrosation on the p65 subunit (cysteine 38) [63].
For their studies, they used respiratory epithelial cells and peritoneal macrophages as well
as RAW 264.7 macrophages. Remarkably, S-nitrosation of p65 and subsequent inhibition
of NF-κB-binding activity and NF-κB -mediated gene expression was achieved in cells
forced to endogenously produce NO, demonstrating that—in comparison to the NO-donors
used by Matthew et al.—physiological NO levels are sufficient to inhibit inflammatory
signalling by the transcription factor NF-κB. The research on the role of H2S-induced
thiol-based redox switches on NF-κB subunits and NF-κB activity appears more complex,
leading to, at first glance, contradictory results. Interestingly, S-sulfuration at cysteine
38 of the p65 subunit of NF-κB was been shown to support NF-kB activity in murine
macrophages by Sen and colleagues already in 2012 [64]. This finding supported the
prevailing hypothesis at that time that S-nitrosation has a more inhibitory effect and
S-sulfuration has a more activating effect on enzyme activity. However, the contrary
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effect has been demonstrated by Du et al. [65]. The authors reported that—also in murine
macrophages—S-sulfuration of p65 at cysteine 38 attenuated translocation of NF-κB into
the nucleus und subsequent reduction of NF-κB -dependent gene expression as exemplified
for monocyte chemoattractant protein (MCP-1). These contradictory results reported in two
independent publications suggest that the effects of thiol-based redox switches is dependent
on a complex composition of different redox devices in a cellular environment. The third
gasotransmitter, namely CO, is not able to directly affect proteins by the production of thiol-
based redox switches, but it inhibits NF-κB signalling most probably by the synthesis of HO-
1 via the Nrf2 pathway and subsequent S-glutathionylation of the p65 subunit [66]. Taken
together, all gasotransmitters are able to exert anti-inflammatory effects by affecting NF-κB
signalling, but this strongly depends on the specific redox environment (Figure 5). A second
important target for gasotransmitter action is Nrf2. Nrf2 was originally discovered as a
redox-dependent transcription factor in 1995 [67,68] and has been meanwhile recognized
as a target of the gasotransmitters NO, CO and H2S. Thiol-based redox switches on Keap1,
the natural inhibitor of Nrf2, have been first identified in pheochromocytoma (PC12) cells
incubated with the NO donor SNAP [69] as well as in mouse embryonic fibroblasts in the
presence of the H2S donor NaSH [70]. These modifications on Keap1 forced translocation
of Nrf2 into the nucleus and both gasotransmitters induced classical target genes of Nrf2
such as heme oxygenase 1 (HO-1) or glutathione reductase, respectively. Remarkably, in a
comparable manner with the NF-κB system mentioned above, NO and H2S share a common
cysteine residue in Keap1 (Cys151) to produce redox-based thiol switches, indicating a
common route for these gasotransmitters in Nrf2-mediated protective signalling processes.
Also glomerular cells, namely human podocytes and human mesangial cells react with
the H2S donors AP39, AP106, AP72, AP67 and GYY4134 with an enhanced expression
of HO-1 that serves in many studies as a marker for Nrf2 activation. However, a direct
interaction of H2S with the Keap1/Nrf2 system was not demonstrated in this report [71].
As already mentioned, CO is not able to form thiol-based redox switches. However, an
activation of Nrf2-mediated gene expression has been demonstrated in human hepatocytes
and in a mouse model of focal cerebral ischemia and this allows the conclusion that
all gasotransmitters modify the gene expression pattern via the Keap1/Nrf2 axis into a
protective direction [70,72] (Figure 5).
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Figure 5. Possible effects of H2S on the classical symptoms of glomerular disease in comparison to
other gasotransmitters. Gasotransmitters exert similar effects on blood pressure, oxidative stress and
inflammation. Note that different effects of H2S-mediated S-transulfuration on NF-κB have been
reported [64,65]. In contrast to NO and CO, H2S elevates cGMP levels not by activation of sGC, but
by inhibition of PDE5. PDE5, phosphodiesterase 5; sGC, soluble guanylyl cyclase; cGMP, Cyclic
guanosine monophosphate.
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A third important signalling device, which is strongly affected by gasotransmitters and
plays also a fundamental role in the regulation of gene expression is the soluble guanylate
cyclase (sGC)/cGMP axis [73]. In glomerular cells, a protective role of NO in activating sGC
and subsequent formation of cGMP has been recognized already 20 years ago [6,74,75]. To
our knowledge, a role of another gasotransmitter, namely CO in the sGC/cGMP axis of the
kidney, has only been demonstrated for the regulation of the tubulo-glomerular feedback [76].

Particularly in the vascular system, a protective role for CO and H2S by increasing
cGMP levels is well understood. Morita and colleagues demonstrated, already in 1995, that
CO endogenously generated along with enhanced HO-1 expression and activity elevates
cGMP levels by a sGC-dependent mechanism in smooth muscle cells [77]. In contrast, H2S
stabilizes cGMP by inhibition of cGMP-specific phosphodiesterases in aortic rings [78]
and H2S supports NO-induced sGC activation as a reductant that forms bivalent (ferrous)
iron in the haem moiety of sGC [79]. Generally, all gasotransmitters force the formation
of cGMP, support protective anti-oxidant mechanisms by the activation of Nrf2-mediated
gene transcription and—with some exceptions—inhibit inflammatory signalling processes
by the inhibition of NF-κB (Figure 5). Not all of these issues mentioned in this chapter have
so far been demonstrated in glomerular cells or in animal models of glomerular diseases.
Nevertheless, cGMP, NF-κB and Nrf2 are important signalling molecules in glomerular
cells and it is obvious that gasotransmitter-induced protective signalling is also evident in
the renal glomerulus.

In addition to the concerted action of gasotransmitters on common targets, it is im-
portant to note that the synthesis of at least one enzyme for the synthesis of a certain
gasotransmitter, namely the inducible NO synthase (iNOS), HO-1 and CSE are regulated
by the redox-sensitive transcription factors NF-κB and Nrf2 and this may provide a direct
control mechanism to maintain homeostasis of the gasotransmitter composition in a cell.
The induction of iNOS by the transcription factor NF-κB has been demonstrated also in
glomerular cells such as rat mesangial cells and mouse glomerular endothelial cells [80–82].
Remarkably, Nrf2 triggers the expression of both HO-1 and CSE in rat mesangial cells
that were exposed to enhanced production of ROS after stimulation with PDGF-BB [21].
A more detailed description is given in [6] of NF-κB- and Nrf2-induced expression of
gasotransmitter-producing enzymes in general and especially in glomerular cells.

7. Conclusions

Glomerular kidney diseases are usually treated with dietary reduction of salt intake, di-
uretics, vasodilating drugs such as AT-1 receptor antagonists or angiotensin-converting en-
zyme inhibitors. To address inflammatory symptoms, glucocorticoids, immunosuppressive
drugs or anti-inflammatory biologics are widely used. Based on these well-established ther-
apeutic strategies, the administration of H2S-releasing compounds or a regimen that forces
the endogenous synthesis of H2S would represent an additional approach to treat a variety
of glomerular kidney diseases. Due to its ability to directly activate KATP [83] channels or
to elevate cGMP levels by the inhibition of PDEs [78], H2S acts as a powerful vasodilator
(Figure 5). Furthermore, H2S is a potent anti-inflammatory agent. Therefore, it is obvious
that pharmacological control of H2S-synthesis and action may support the treatment of
glomerular diseases with other vasodilating or anti-inflammatory compounds. In addition,
H2S acts as a direct anti-oxidant and targets Nrf2 to induce anti-oxidant/protective gene
expression. Indeed, as shown in several animal models, Nrf2 inducing agents such as
oltipraz or sulforaphane are able to alleviate symptoms of kidney diseases [84]. A promising
activator of Nrf2, namely bardoxolone methyl, has been shown to improve the glomeru-
lar filtration rate in patients suffering from diabetic nephropathy. However, the possible
appearance of cardiovascular problems in some patients should be taken seriously, before
this drug can enter the market [85]. Taken together, H2S is a promising gaseous mediator,
which possesses vasodilatory, anti-inflammatory and anti-oxidant properties. However,
the effects of H2S are highly concentration-dependent and this has to be considered in the
development of suitable H2S donors. Moreover, H2S affects a series of targets in the body
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that may result in severe adverse effects. For example, the effects of H2S on KATP channels
in pancreatic b-cells may worsen the symptoms of diabetes [86]; therefore, more extensive
research is needed to exclude such effects in the treatment of diabetic nephropathy with
H2S donors. Several H2S-releasing molecules, many of them derivatives of nonsteroidal
anti-inflammatory drugs such as ibuprofen or naproxen, are currently under investigation
for the treatment of various diseases in animal models but also in clinical studies. Moreover,
for the treatment of glomerular kidney diseases promising results from animal models do
exist, but to our knowledge, so far, there are no results from clinical trials available [60].
Further studies are definitely needed to evaluate the role of H2S in glomerular kidney
disease with a special focus on its interplay with other gasotransmitters and ROS.
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