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Abstract

Molecular hydrogen (H,) can scavenge hydroxyl radical and diminish the toxicity of peroxynitrite; hence,
it has interesting potential for antioxidant protection. Recently, a number of studies have explored the
utility of inhaled hydrogen gas, or of hydrogen-saturated water, administered parenterally or orally, in
rodent models of pathology and in clinical trials, oftentimes with very positive outcomes. The efficacy of
orally ingested hydrogen-rich water (HW) has been particularly surprising, given that only transient and
rather small increments in plasma hydrogen can be achieved by this method. A recent study in mice has
discovered that orally administered HW provokes increased gastric production of the orexic hormone
ghrelin, and that this ghrelin mediates the favorable impact of HW on a mouse model of Parkinson’s
disease. The possibility that most of the benefits observed with HW in experimental studies are mediated
by ghrelin merits consideration. Ghrelin is well known to function as an appetite stimulant and
secretagogue for growth hormone, but it influences physiological function throughout the body via
interaction with the widely express GHS-R1a receptor. Rodent and, to a more limited extent, clinical
studies establish that ghrelin has versatile neuroprotective and cognitive enhancing activity, favorably
impacts vascular health, exerts anti-inflammatory activity useful in autoimmune disorders, and is
markedly hepatoprotective. The stimulatory impact of ghrelin on GH-IGF-I activity, while potentially
beneficial in sarcopenia or cachectic disorders, does raise concerns regarding the long-term impact of
ghrelin up-regulation on cancer risk. The impact of ingesting HW water on ghrelin production in humans
needs to be evaluated; if HW does up-regulate ghrelin in humans, it may have versatile potential for
prevention and control of a number of health disorders.

Antioxidant and Clinical Potential of Molecular Hydrogen

A great deal of research has been conducted in the last few years, primarily in Japan, to evaluate the
presumed antioxidant benefits of inhaled hydrogen gas and of water near-saturated with molecular
hydrogen (up to 0.8 mM, or 1.6 ppm), administered parenterally or orally. This research is rooted in the
discovery that H2 can act as an efficient scavenger of hydroxyl radicals and oppose the oxidizing activity
of peroxynitrite." > A great many intriguing findings in a wide range of experimental systems — and in
clinical studies - have been reported, as recently summarized.” *

Water near-saturated with molecular hydrogen (henceforth referred to as “hydrogen water”) is commonly
produced by electrolysis of water: 2H,0 — O, +2H,

or by dunking metallic magnesium in water:
Mg+ 2H,0 — Mg™? (OH), + H,

A rather bizarre aspect of the recent hydrogen research is the fact that oral administration of hydrogen
water has achieved effects no less impressive than those observed with continual inhalation of hydrogen
gas — yet oral administration of hydrogen water produces only a transient and modest increase in plasma
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hydrogen, as compared to the impact of hydrogen gas.> Another discordant observation is that many gut
bacteria can generate hydrogen — an effect potentiated by oral administration of lactulose — that should
produce much higher systemic levels of hydrogen than are achievable with water ingestion; yet lactulose
has failed to reproduce the impact of orally administered hydrogen water.” These findings are difficult to
square with the hypothesis that the benefits of hydrogen water ingestion reflect an antioxidant effect
mediated by systemic hydrogen.

These considerations recently led researchers at Kyushu University to speculate that the key effects of
hydrogen water ingestion were in fact mediated by modulation of hormone production within the
proximal GI tract.® They gave mice hydrogen water as their regular drinking water, and then measured
mRNA levels of gastrin, somatostatin, and ghrelin in their stomachs; they found that ghrelin expression
was more than doubled. They also measured plasma ghrelin levels in these mice and found that these
were nearly doubled after 4 days of hydrogen water administration. Curiously, this impact of hydrogen
water on ghrelin production was abrogated by co-administration of the betal-specific antagonist atenolol;
betal-adrenergic activity is known to boost the stomach’s production of ghrelin.” How H2 mediates its
stimulatory effect on ghrelin production — whether by antioxidant activity or an agonist effect — and why
this effect is contingent on betal adrenergic activity, have not yet been clarified.

Previous studies had established that oral hydrogen water is protective in mouse models of Parkinson’s
disease.*° The Kyushu researchers therefore attempted to determine whether ghrelin — known to have
potent and versatile neuroprotective activity'® "' — mediated this benefit of hydrogen water. They were
able to confirm that hydrogen water ingestion protects mice from MPTP-mediated damage to the
substantia nigra pars compacta — a commonly employed mouse model of Parkinson’s disease. They then
demonstrated that administration of atenolol or of a peptide (D-Lys® GHRP-6) that inhibits the ghrelin
receptor (GHS-R1a) eliminated the protective impact of hydrogen water in the MPTP-treated mice.

These findings evidently suggest that ghrelin may mediate many if not all of the neuroprotective and other
benefits of hydrogen water. They also rationalize the failure of hydrogen production lower in the GI tract
to confer protection and the remarkable impacts of the relatively small amounts of H2 that can be

administered by water ingestion.

Since clinical trials with hydrogen water have demonstrated interesting benefits — most notably,
symptomatic benefit in Parkinsons’s disease'” — it is reasonable to suspect that the impact of hydrogen
water on ghrelin in mice is also clinically pertinent. From this perspective, it is of interest to examine the
ghrelin research literature, in an effort to predict the health impacts of regular hydrogen water ingestion.

Physiological Role of Ghrelin

Ghrelin is a 28-amino acid peptide produced by proteolytic cleavage of its precursors pre-pro-ghrelin and
pro-ghrelin; this occurs primarily in specialized cells within the gastric mucosa."® For ghrelin to express
its characteristic hormonal activity, a post-translational modification involving conjugation of octanoic
acid to Ser-3 of pro-ghrelin is required, mediated by the hormone ghrelin-O-acyltransferase (GOAT),
which is coexpressed in ghrelin-producing cells. Ghrelin’s physiological effects are believed to be
mediated principally by its interaction with the growth hormone secretagogue receptor-1a (GHS-R1a), so-
called because one of the key effects of this receptor is to promote growth hormone secretion by the
pituitary." This is a seven-pass G protein-coupled receptor, expressed not only in the pituitary, but also
the hypothalamus, hippocampus, and other regions of the brain, as well as in a high proportion of the
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body’s tissues; hence, ghrelin can exert a wide range of physiological effects. Des-acyl ghrelin (ghrelin
lacking an octanoate substituent) also circulates in plasma, but fails to activate GHS-R1a; it may however
interact with other receptors not yet characterized.'> '

Ghrelin serves as a signal of caloric deprivation; its production is suppressed by insulin and leptin and
boosted by sympathetic activity (which increases during hypoglycemia or psychic stress).'” '® Glucagon,
which is elevated during fasting, also promotes ghrelin synthesis.'” Ghrelin can be transported through
the blood-brain barrier,'”* and it acts within the hypothalamus to increase appetite and suppress
sympathetic activity; hence it tends to stimulate eating while lowering metabolic rate. Its ability to
stimulate release of growth hormone (GH) may aid retention of lean mass during caloric deprivation.
Ghrelin production is up-regulated by fasting or chronic calorie restriction in rodents; during the first two
days of fasting in humans, its morning level is not elevated, but it rises gradually to a peak at night > **
During more prolonged fasting, this nighttime peak is lost, possibly owing to waning sympathetic
activity.” ** The role of ghrelin as a possible mediator of the benefits of calorie restriction or alternate-
day fasting regimens in rodents has so far received little attention; it is clearly responsible for some of the
neuroprotective effects of these regimens in mice.”*

The ability of ghrelin to regulate appetite has fostered two lines of endeavor — the development of GHS-
R1a antagonists for treatment of obesity, and development of GHS-Ra agonists for treatment of cachectic
syndromes and sarcopenia. The latter strategy seems likely to come to clinical fruition, as preliminary
studies are promising.”’ The former strategy likely will meet the same fate as cannabinoid antagonists,
which failed because of adverse side effects;* %’
both systemically and in the brain. With aging, the amplitude of GH secretion declines, and this is
associated with a decline in gastric production of ghrelin.*® Clinical trials have found that administration
of a GHS-1Ra agonist to elderly subjects can restore the amplitude of their GH secretion to more youthful
levels; this may have implications for age-related sarcopenia.’’ A two-year modified-crossover trial
evaluated the ghrelin mimetic MK-677 in healthy adults over 60.>' Lean mass did indeed increase during

ghrelin exerts a number of positive physiological effects,

active treatment relative to placebo by an average of 1.6 kg (p=0.021). However, body fat also increased
a bit more in those receiving MK-677; this difference averaged 0.7 kg, which missed statistical
significance (p=0.13). Reassuringly, in those subjects who received MK-677 for two consecutive years,
no further increase in body fat occurred after 6 months, consistent with fact that a perceived increase in
appetite in the MK-677 group had largely vanished several months into the trial. Hence, it does not
appear that a chronic up-regulation of ghrelin production would be likely to cause a progressive and large
gain of body fat. A slight but statistically significance reduction in insulin sensitivity was noted in the
MK-677 group, likely reflecting a small gain in body fat and the direct impact of GH. Effects of
hydrogen water consumption on body composition have not been reported.

GH of course functions to amplify secretion of IGF-I from the liver. Up-regulation by GH secretion by
ghrelin during fasting prevents a notable decline in IGF-I levels.” Since IGF-I is thought to have
promotional activity for a number of types of cancer, there is a theoretical concern that measures which
enhance ghrelin production or activity might in the long term increase cancer risk.>*** This deduction is
however complicated by the fact that many cancers and pre-cancerous tissues express GHS-R1a
receptors, which in some but not all cases exert an anti-proliferative effect.>>>” Also, calorie restriction,
which is known to prevent and retard cancers in rodents, is associated with elevated ghrelin.** It appears
that the long-term impact of ghrelin agonists — let alone hydrogen water — on cancer risks in rodents has



received little research attention to date. To the extent that hydrogen water can exert antioxidant effects
on some tissues, it may tend to counter inflammatory mutagenesis.

Ghrelin’s Role in Cognition and Neuroprotection

Ghrelin plays a physiological role in promoting efficient cognition in the hippocampus and has a broad
range of neuroprotective activities. Indeed, ghrelin may prove to be a key mediator of the neuroprotection
associated with alternate-day fasting or daily calorie restriction. Within the hippocampus, ghrelin and
ghrelin receptor agonists have been shown to bind to neurons and promote dendritic spine formation,
enhancing long-term potentiation, spatial learning and memory.”* *** These effects appear to be
mediated, in part, by activation of PI3K and nitric oxide synthase, and by increased insertion of AMPA
receptors into post-synaptic membranes.”’*' Ghrelin also stimulates neurogenesis in the hippocampus.**
At least one study has examined the impact of hydrogen water ingestion on hippocampus-dependent
learning; although hydrogen water did not influence learning in non-stressed mice, it prevented the
adverse impact of chronic restraint stress on learning and memory.*

Calorie restriction in mice — associated with a 4-fold increase in plasma ghrelin when calories are reduced
by 40% - has been shown to exert anxiolytic and antidepressant effects that are eliminated by ghrelin
inhibition.* Chronic social defeat stress in mice likewise raises ghrelin levels, and the depressant impact
of this stress is greater in mice that lack the GHS-R1a receptor.”* These findings suggest that the
elevation of ghrelin in response to stressors helps to curb the impact of such stress on depression and
anxiety.””* A ghrelin-mediated increase in serotonin turnover and expression of serotonin receptors in
the amygdala may play a role in these effects.*” On the other hand, some studies in which ghrelin has
been injected into specific portions of the brain report increased anxiety in mice.’*> Perhaps such
studies are less pertinent than those in which systemic ghrelin levels are elevated; in any case, the impact
of ghrelin on anxiety requires further clarification.

Ghrelin and ghrelin receptor agonists have shown marked neuroprotective effects in rodent models and
cell culture models of excitotoxicity, epilepsy, stroke (with reperfusion), Parkinson’s disease, Alzheimer’s
disease, and encephalomyelitis.'> >**° Ghrelin administration also alleviates diabetic neuropathy in
rodents.”” ** Intraneuronal effects such as activation of the PI3K-Akt pathway, increased production of
IGF-I within the brain, an anti-apoptotic effect on the Bcl-2/Bax ratio, up-regulated mitophagy, and
increased expression of UCP-2 (which inhibits mitochondrial production of superoxide), are believed to
play a role in this protection.” **' A suppression of microglial activation also contributes in this regard,
but this may be secondary to neuronal protection.”” The utility of ghrelin in Parkinson’s models may
reflect not only neuroprotection, but also an up-regulatory impact of ghrelin on dopamine synthesis and
release in healthy neurons.”” Decreased ghrelin secretion has been reported in patients with Parkinson’s
and Alzheimer’s, and this might play a role not only in neurodegeneration, but also the weight loss that
commonly accompanies these disorders.”*> A markedly decreased expression of both ghrelin and GOAT
has been observed in the temporal lobe of Alzheimer’s patients.®® As noted, oral hydrogen water has been
shown to suppress the death of dopaminergic neurons in mice treated with either 6-hydroxydopamine or
MPTP.% " *® Moreover, in a double-blind pilot clinical trial enrolling patients with levodopa-treated
Parkinson’s disease, 48 weeks of ingesting hydrogen water was associated with an improvement in the
Total Unified Parkinson’s Disease Rating Scale, whereas this index worsened in those receiving ordinary
water; this difference was statistically significant (p<0.05).® Hydrogen has also shown protective effects



in rodent models of Alzheimer’s disease. When mice are injected intracerebroventricularly with amyloid
beta 1-42, subsequent daily i.p. injection of hydrogen-rich saline alleviates oxidative stress and
inflammation in the brain, and prevents the deterioration in Morris water maze performance seen in the
mice receiving control saline.”” And, in senescence-accelerated mice (SAMPS), daily ingestion of
hydrogen water for 30 days was found to prevent the usual age-related decline in water maze
performance; 18 weeks of such treatment was found to inhibit the neurodegeneration in the hippocampus
ordinarily seen in these mice.”"

Ghrelin Promotes Vascular Health

Ghrelin is also of notable interest for its vascular-protective effects.”””> These appear to stem largely
from the fact that ghrelin stimulates increased expression and increased activation of the nitric oxide
synthase in endothelial cells and endothelial progenitor cells, an effect which may in part be attributable
to activation of PI3K and AMPK in these cells.”*® Antioxidant and anti-inflammatory effects of ghrelin
on vascular endothelium are attributable in part to decreased NADPH oxidase activity and reduced
activation of NF-kappaB.”® *""® Ghrelin also acts directly to oppose the contraction and migration of
vascular smooth muscle cells, and inhibits the osteoblastic transformation of these cells that gives rise to
vascular calcification.* ** In the heart, ghrelin exerts an anti-apoptotic effect on cardiomyocytes, and
enhances ventricular function in the context of congestive failure.** A number of clinical studies have
correlated ghrelin levels inversely with indices of atherosclerosis, after correction for pertinent
covariates.”*> Ghrelin infusion tends to improve endothelium-dependent vasodilation and lower blood
pressure and peripheral resistance although, curiously, intracoronary infusion of ghrelin constricts
coronary arteries.’” * * > n rats exposed to chronic hypoxia or injected with microcrotaline, daily
ghrelin injections attenuate the development of pulmonary hypertension and right ventricular
hypertrophy.”®*” When 10 patients with chronic heart failure received 2 i.v. injections of ghrelin for 3
weeks, left ventricular ejection fraction, left ventricular mass, peak workload and peak oxygen
consumption during exercise, lean mass, and muscle strength all increased, while left ventricular end
diastolic volume and plasma norepinephrine decreased; no such changes were noted in 8 untreated
patients serving as controls.”®

The impact of hydrogen water on the vascular system has also received some evaluation. Regular
ingestion of hydrogen water was found to inhibit atherogenesis in atheroma-prone apolipoprotein E
knockout mice.” Similarly, hydrogen water consumption suppressed intimal hyperplasia in arterialized
vein grafts in rats.'” In patients with metabolic syndrome, 8-10 weeks of hydrogen water ingestion was
associated with favorable effects on serum lipid profile (reduced LDL cholesterol and apoB, increased
HDL cholesterol), like those seen in a pre-clinical study with Syrian hamsters.'"'** (Long-term
administration of the ghrelin mimic MK-677 likewise decreased LDL cholesterol.’') A favorable effect

. . . . .. . 101-103
on systemic oxidative stress was also observed during hydrogen water administration.

Ghrelin Suppresses Inflammation and Autoimmunity

Ghrelin exerts certain anti-inflammatory effects, and may have potential for control of autoimmunity.
Notably, ghrelin acts on monocytes and T lymphocytes to suppress their production of IL-1b, IL-6, INF-
alpha — pro-inflammatory cytokines which can induce anorexia during infection and also often during
cancer progression.'** This effect evidently aids ghrelin fundamental “mission” of promoting eating — but
it also helps to quell inflammation. Ghrelin also modifies the number and activities of T cells in such a
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way as to oppose autoimmunity; the levels and activity of Th1 and Th17 lymphocytes are reduced,
whereas T regulatory lymphocyte are induced.'”> ' Ghrelin administration has shown protective
efficacy in experimental autoimmune encephalomyelitis — a murine model of multiple sclerosis — as well
as in an autoimmune colitis induced in mice with trinitrobenzene sulfonic acid.'”"'"” Orally administered
hydrogen water has shown efficacy in a mouse model of rheumatoid arthritis triggered by injection of
anti-type II collagen antibody.'® Moreover, in an open trial of hydrogen water in 20 patients, in which the
water was administered for 4 weeks, followed by a 4-week washout period and then 4 further weeks of
hydrogen water, a disease activity scale (DAS28) fell progressively and significantly from 3.83 at
baseline to 2.26 at trial’s end, with 4 patients achieving total relief of symptoms at this time.'” Since this
disorder often follows a relapsing-remitting course, it of course will be necessary to follow up this pilot
study with controlled trials before any solid conclusions can be drawn — but these preliminary results are
at least encouraging and are consistent with the favorable impact of hydrogen water on a mouse model of
this disorder.

The anti-inflammatory effects of ghrelin may be particularly pertinent to the liver. Ghrelin administration
has shown protective activity in rodent models of non-alcoholic fatty liver disease, liver damage induced
by carbon tetrahydrochloride or acetaminophen, and hepatic ischemia-reperfusion. ''"'* Since TNF-alpha
is a key mediator of hepatic inflammation in many syndromes, ghrelin-mediated suppression of this
cytokines seems likely to play a role in these benefits. Also, ghrelin appears to mitigate risk for hepatic
fibrosis by a direct effect on stellate cells.'”” Observations of plasma ghrelin levels in patients with non-
alcoholic steatohepatitis and chronic hepatitis C infection revealed that ghrelin levels tended to correlate
inversely with risk for hepatic steatosis and advanced fibrosis.''> ''® Patients with chronic hepatitis C who
achieved a sustained virological response to therapy tended to have higher ghrelin levels.'"”
Administration of hydrogen water has likewise proved protective in mouse models of liver injury induced
by a methionine-choline deficient diet, or by injection of carbon tetrachloride or tetracetamide;
inflammation, fibrosis and hepatocarcinogenesis were inhibited by hydrogen water in these studies.
A controlled pilot clinical trial of hydrogen water in patients chronically infected with hepatitis C
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observed a significant reduction of markers of oxidative stress in those receiving the hydrogen water;
liver function and HCV DNA levels also declined in this group, although this benefit did not achieve
statistical significance relative to the group not receiving the water.'*

Overview

This brief review suggest that a chronic up-regulation of ghrelin levels or activity has potential for
preventing and controlling neurodegenerative disorders, promoting vascular health, ameliorating
autoimmunity, and protecting the liver. Hence, ghrelin secretagogues or mimics may have a bright
furture in preventive and therapeutic medicine. The ability of ghrelin activity to restore youthful pattersn
of GH secretion in older people may prove useful in the management of sarcopenia and in cachectic
syndromes. The tendency of ghrelin or ghrelin mimetics to increase appetite and thereby increase body
fat does not appear to be of much clinical importance, as this appetite-stimulating effect tends to wane
after several months, such that fat gain tends to level off after a modest increase.

Still worrisome, however, is the potential impact of ghrelin on risk for IGF-I-promoted cancers. There
are no data currently touching on this, but caution is in order. The cancer-protective benefits of moderate-
protein vegan diets may be in large measure traceable to decreased IGF-I bioactivity. Any cancer risk



associated with ghrelin up-regulation presumably would be minimized if measures which achieve such
up-regulation are reserved for older people whose GH secretion has begun to drop; in this case, ghrelin
would simply be restoring more youthful levels of GH and IGF-1. Older people would also seem more
likely to benefit from the neuroprotective and vascular protective benefits of ghrelin.

Clinical studies are evidently now needed to determine whether regular administration of hydrogen water
can boost ghrelin levels in humans the way it does in mice. Such studies should evaluate the dose-
dependency and durability of this effect and determine whether consuming hydrogen water during fasting
metabolism has a more important effect in this regard than when hydrogen water is consumed with meals.
And further hydrogen water studies in rodents should determine the extent to which ghrelin mediates the
range of benefits of hydrogen water ingestion documented in rodents. We should not lose sight of the fact
that hydrogen does have genuine antioxidant potential; inhalation of hydrogen gas may well find a
clinical role in the acute care of health crises in which oxidative stress plays a prominent pathogenic role,
such as sepsis or vascular accidents.'*'"'*
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