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Nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S), three major gasotransmitters, are involved
in pleiotropic biofunctions. Research on their roles in hypertension and kidney disease has greatly expanded
recently. The developing kidney can be programmed by various adverse in utero conditions by so-called renal

programming, giving rise to hypertension and kidney disease in adulthood.

kidney disease gasotransmitter carbon monoxide hypertension
developmental origins of health and disease (DOHaD) hydrogen sulfide
asymmetric dimethylarginine heme oxygenase nitric oxide

| 1. Introduction

Gasotransmitters, such as nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H,S), are small
gaseous molecules that penetrate membranes and play key roles in biology. Although these gases are toxic in
excess, they are endogenously generated and exert specific biological functions at the physiological level H[2IE1 A
brief overview of their toxic and physiological levels is given in Table 1 LBl Since it was identified as the
endothelium-derived relaxing factor in the 1980s, NO has rapidly gained attention as one of the most important
signaling molecules in the cardiovascular system 4. A decade later, CO emerged as a gaseous vascular modulator
of the cardiovascular system Bl. H,S, next to NO and CO, has emerged as a third gasotransmitter with key roles in
the regulation of cardiovascular and other systems [€l. All three gases have a significant impact on human health

and potential value as a therapeutic target [LI2I[4],

Table 1. Physiological and toxic levels of NO, CO, and H,S.

Physiological Level Toxic Level
Gas Blood Concentration Exposure Limit IDLH
Nitric oxide (NO) Low nM TMA 25 ppm 100 ppm
Carbon monoxide (CO) nM—-uM TMA 35 ppm/C 200 ppm 100 ppm
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Physiological Level Toxic Level
Gas Blood Concentration Exposure Limit IDLH
Hydrogen sulfide (H2S) High nM—low pM C 10 ppm 1200 ppm  1s; ppm =

Chronic kidney disease (CKD) and hypertension are major non-communicable diseases, which are the leading
causes of global deaths. According to the WHO, one in five women and one in four men have hypertension
worldwide . An estimated ~10% of the global population has CKD [&. Hypertension and CKD are closely
associated with an overlapping and interlinked cause and effect relationship [, such that hypertension can lead to
CKD progression and CKD is the most common cause of secondary hypertension. Of note, hypertension as well as
kidney disease can take their origins in early life, and when identified early, can be healed to prevent more

associated disorders and serious complications.

During kidney development, various early-life adverse environmental conditions can lead to hypertension and
kidney disease in adulthood 9. The idea was recently named “Developmental Origins of Health and Disease”
(DOHaD) [ Conversely, through shifting therapeutic approach from adulthood to early life, namely,

reprogramming, we have the potential to revoke disease processes before disease becomes apparent 12I13],

| 2. Implications of Gasotransmitters in Pregnancy

A variety of adverse conditions during pregnancy can affect fetal development resulting in hypertension and kidney
disease in adult offspring, including maternal malnutrition, maternal exposure to environmental chemicals/toxins,
maternal ilinesses, medication uses in pregnancy, etc. [LOI12I13]114][15][16] Gasotransmitters play a crucial role in the
regulation of maternal hemodynamics, placenta vascular development, embryogenesis, feto-placental vascular
reactivity, and fetal development during pregnancy [18I19  Apnormalities of gasotransmitter production and
signaling in compromised pregnancy are linked to adverse pregnancy and fetal outcomes. A drawing schematic
summarizing the enzymatic production of NO, CO, and HyS, and signaling pathways able to maintain normal

pregnancy and fetal development are depicted in Figure 1. Each gasotransmitter is discussed in turn.
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Figure 1. Schematic illustration of the enzymatic synthesis of NO, CO, and H,S and downstream signaling able to
maintain maternal and feto-placental homeostasis. NO (upper panel) is formed by neuronal NOS (nNOS),
endothelial NOS (eNOS), and inducible NOS (iNOS) from L-Arginine. Heme oxygenase-1 (HO-1) and -2 (HO-2)
enzymes degrade heme to generate CO, iron, and biliverdin (middle panel). Three enzymes have been identified to
enzymatically generate H,S (Lower panel), cystathionine (3-synthase (CBS), cystathionine y-lyase (CSE), and 3-
mercaptopyruvate sulphurtransferase (3MST). CBS and CSE produce H,S using L-cysteine. In an alternative
pathway, 3-mercaptopyruvate (3-MP), the substrate for 3MST to produce H,S, is provided by cysteine
aminotransferase (CAT) using L-Cysteine and D-amino acid oxidase (DAO) using D-Cysteine, respectively. The
blue arrow lines indicate downstream signals of gasotransmitters in the maintenance of homeostasis in pregnancy.
NO and CO both can activate soluble guanylate cyclase (sGC) to increase cGMP, resulting in smooth muscle
relaxation. The large-conductance Ca?*-activated K* channel (BK¢,) can also be regulated by NO and CO to elicit
vasodilatation. Additionally, through the activation of ATP-sensitive K*-channels (Ka7p), H»S can cause vasodilation

in pregnancy.

3. Implications of Gasotransmitters in Hypertension and
Kidney Disease

3.1. Gasotransmitters and Hypertension
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Several lines of evidence indicate that NO, CO, and H,S play key roles in the pathogenesis of hypertension. The
first are observations on knockout mice lacking genes responsible for gasotransmitter synthesis. First, eNOS
knockout mice displayed hypertension 29, The importance of H,S-generating enzymes in hypertension has also
been demonstrated using CSE, CBS, or 3MST knockout mice 2122123124 Another report showed male HO-2

knockout mice are prone to develop renovascular hypertension 221,

The second line of evidences report dysregulated gasotransmitter signaling pathways in human and experimental
models of hypertension. Prior research has addressed impaired L-Arginine—ADMA-NO pathway in the
development of hypertension [28]. Dysregulated HO-1-CO pathway was reported to induce vascular dysfunction
and hypertension in various animal models 2. Likewise, deficiencies in H,S-generating enzymes and/or activity in
hypertension has been established in various animal models, including the NO-deficient rats (28], the Dahl salt-

sensitive rats 22, the spontaneously hypertensive rat (SHR) %, and the renovascular hypertensive model E1],

Third, several therapeutic strategies targeting different gasotransmitters have demonstrated to be significant
promising for beneficial effects against hypertension in various animal models [281271[32](33][34]

3.2. Gasotransmitters and Kidney Disease

The gasotransmitter generating enzymes iNOS, eNOS, nNOS, HO-1, HO-2, CSE, CBS, and 3MST were detected
in kidney cells comprising podocytes, glomerular endothelial cells, tubular cells, and mesangial cells, but not all of
them are constitutively expressed in every cell type 2381 For example, eNOS is expressed in the glomerular
endothelial cells, peritubular capillaries, and vascular bundles, while nNOS is mainly detected in the tubular
epithelial cells of the macula densa [B€l. Of note, INOS and HO-1 are not constitutively expressed in the kidney but

only expressed under certain pathophysiological conditions like inflammation 2.

In the kidney, NO performs important signaling functions including the modulation of renal sympathetic neural
activity, control of renal hemodynamics, regulation of pressure-natriuresis, blunting of tubuloglomerular feedback,
and inhibition of tubular sodium reabsorption 8. Accordingly, impaired NO signaling has been implicated in the
pathogenesis of kidney diseases. As reviewed elsewhere 3738l kidney injury is attributed to NO deficiency in a
variety of CKD models, such as diabetic nephropathy, chronic glomerular nephritis, the 5/6 nephrectomy model, the

aging kidney, the Zucker obese rat, chronic allograft nephropathy, etc.

The beneficial actions of CO in the kidney have also been recognized 2. Inhibition of superoxide production,
activation of sGC, stimulation of NO production, and stimulation of p38 mitogen-activated protein kinase (MAPK)
pathway are all examples of the beneficial effects of CO in the kidney to protect the kidney B2, Deficiency or
inhibition of HO-1 in animal models worsens renal structure and function, while increased expression is protective
40 5o far, evidences from animal models indicate that several kidney diseases have been associated with
impaired HO-1 or -2 system, including diabetic nephropathy 41, |upus nephritis (42, nephrotoxic nephritis 3],

ischemia-reperfusion injury 4, obstructive nephropathy 2! and CKD [48],
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H,S regulates basic physiologic mechanisms of the kidney such as sodium reabsorption, glomerular filtration, and
renal homeostasis “Z. In some animal models of kidney disease, such as CKD 8! acute kidney injury (2,
cisplatin nephropathy 29, obstructive nephropathy 21, and diabetic nephropathy 22, it can serve as an agent that

ameliorates kidney injury.
3.3. Crosstalk between NO, CO, and H,S in the Kidney and BP Control

Although NO and H,S share the same sGC—cGMP pathway to elicit relaxation in kidney cells B3, they act at
different levels, with NO increasing production of cGMP through stimulation of sGC and H,S inhibiting cGMP
degradation B4, In rats, inhibition of NO by L-NAME, causes hypertension that can be prevented by the
administration of sodium hydrosulfide (NaHS, a H,S donor), which also rescues NO bioavailability 22!, These data

support the notion that there exists a NO/H,S crosstalk in the control of blood pressure (BP).

One of the NO-based cellular signaling pathways is via protein S-nitrosylation, the covalent addition of NO moiety
to the sulfur atom of cysteine residues B8l S-nitrosylation of specific proteins has been shown to be protective
against kidney injury B8 As observed for NO, H,S also employs post-translational modifications, namely, S-
sulfhydration B2, Endogenous H,S physiologically S-sulfydrates proteins on the thiol group of cysteine residues
(e.g., glutathione), leading to the formation of the —SSH moiety. These observations lead to a hypothesis that there
might be competition between S-nitrosylation and S-sulfhydration for the same cysteine residues in proteins, thus

allowing the two gasotransmitters to regulate each other (241,

CO could also target sGC and regulate NO-mediated vasodilatation B8 which was supported by a report showing
that transgenic mice overexpressing cell-specific HO-1 exhibit hypertension coinciding with decreased cGMP
production in response to NO 22, Additionally, CO could interfere with NOS activity and reduce NO generation as a
consequence, thereby limiting NO-mediated vasodilation €9, Although much is known about the CO and NO
signaling pathways in the kidney, we so far do not fully understand how these two gaseous signaling systems

interact with each other.

Moreover, all three gasotransmitters are involved in activation of nuclear factor erythroid 2-related factor 2 (NRF2)
(Figure 2). NRF2 is a major regulator of HO-1 transcription responding to oxidative stress “9. Upon activation, the
NRF2-HO-1 pathway protects chronic kidney disease progression related to reduction of oxidative stress, inhibition
of transforming growth factor-B (TGF-B)-driven fibrosis, reduction of inflammation and apoptosis 1. Under basal
conditions, NRF2 levels are kept low through the interaction with Kelch-like ECH associated protein 1 (KEAP1).
Upon binding, the NRF2-KEAP1 interaction stabilizes the complex allowing for ubiquitylation, and ultimately
proteasomal degradation of NRF2 Bl Of note, NO and H,S can activate NRF2 via S-nitrosylation and S-
sulfhydration of KEAP1, respectively (62631 |n addition to NRF2, NO can regulate other redox-regulatory
transcription factors, like nuclear factor kB (NFkB) and hypoxia-inducible factor-1a (HIF-1a), via S-nitrosylation 2],
As NFkB mediates inflammation and HIF-1a induces HO-1 expression, NO can interact with the NRF2-HO-1-CO
signaling pathway in many different ways to prevent CKD progression. NFKB can also be S-sulfhydrated by H,S
(63l These observations indicate crosstalk mechanisms between NO, CO, and H,S are important determinants for

kidney disease (Figure 2).
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Figure 2. Schematic illustration of the crosstalk among NO, CO, and H,S and downstream nuclear factor erythroid
2-related factor 2 (NRF2)—heme oxygenase-1 (HO-1) signaling able to protect chronic kidney disease progression.
Activation of the NRF2—-HO-1-CO signaling pathway suppresses nuclear factor kB (NFkB) and transforming growth
factor-3 (TGF-B), consequently inhibiting oxidative stress, inflammation, fibrosis, and apoptosis. NO and H,S can
activate NRF2 via S-nitrosylation and S-sulfhydration of Kelch-like ECH associated protein 1 (KEAP1),
respectively. Via S-nitrosylation, NO can also inhibit NFkB-induced inflammation and activate hypoxia-inducible
factor-la (HIF-1a), a HO-1 inducer. Additionally, NFKB can also be regulated by H,S via S-sulfhydration. NO and

H,S also reduce TGFp-mediated fibrosis.
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Although the beneficial actions of gasotransmitters against established kidney disease and hypertension have

been established, their roles in mediating programmed responses behind developmental origins remain unclear.

For this reason, this review will next outline the potential early-life interventions targeting NO, CO, and H,S

signaling that may pose new opportunities for the therapeutic protection of hypertension and kidney disease.
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