1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
Curr Top Med Chem. Author manuscript; available in PMC 2018 March 14.

-, HHS Public Access
£

Published in final edited form as:
Curr Top Med Chem. 2015 ; 15(21): 2233-2238.

The Role of Uric Acid and Methyl Derivatives in the Prevention of
Age-Related Neurodegenerative Disorders

Roy G. Cutlerl”, Simonetta Camandolal, Kelli F. Malott!, Maria A. Edelhauser!, and Mark P.
Mattson1:2

1Laboratory of Neurosciences, National Institute on Aging, Intramural Research Program,
Baltimore, MD, 21224, USA

2Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD, USA

Abstract

High uric acid (UA) levels have been correlated with a reduced risk of many neurodegenerative
diseases through mechanisms involving chelating Fenton reaction transitional metals, antioxidant
quenching of superoxide and hydroxyl free radicals, and as an electron donor that increases
antioxidant enzyme activity (e.g. SOD). However, the clinical usefulness of UA is limited by its’
low water solubility and propensity to form inflammatory crystals at hyperuricemic levels. This
review focuses on the role of UA in neuroprotection, as well as potential strategies aimed at
increasing UA levels in the soluble range, and the potential therapeutic use of more water-soluble
methyl-UA derivatives from the natural catabolic end-products of dietary caffeine, theophylline,
and theobromine.
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1. INTRODUCTION

Increased blood levels of uric acid (UA) have been correlated with longevity between
species, and a reduced risk of many neurodegenerative diseases including Multiple Sclerosis
(MS), Amyotropic Lateral Sclerosis (ALS), Parkinson’s (PD), and Alzheimer’s (AD) among
humans [1-5]. Most studies on the mechanism for neuroprotection by UA has focused on
it’s antioxidant properties, which has been found to be dependent on the presence of
astroglia in most models tested [6—7]. However, a vast number of clinical studies have
reported a positive association of UA with circulating levels of triglyceride, cholesterol, and
glucose, which has been indicated as a possible independent risk factor for developing
lipidemia and associated diseases (e.g. hypertension, cardiovascular disease, type 2 diabetes
mellitus, metabolic syndrome, and gout) [8-9]. The possitive correlation between circulating
UA and triglycerides, cholesterol, and glucose levels is strongest between species [10]. One
hypothesis for this proposed correlation is that UA modulates metabolic efficiency by acting
as a sensitizer of de novo postprandial lipemic response via inhibition of AMP-activated
protein kinase (AMPK), the major negative regulator of SREBP-1c [8, 11]. However, no
clinical studies have been published to support these findings [12].

Uric acid is mainly derived from de novo catabolism of ATP into adenosine during exercise,
RNA turnover, and DNA catabolism from cell death and mitochondria turnover, with
approximately 30% coming from the diet [13-14]. Local and systemic levels of UA acutely
spike as a result of released purines caused by tissue damage (e.g. physical injury, exercise),
inflammation, chemotherapy and starvation catabolysis [14]. Because UA is produced
quickly at the site of metabolic stress and injury indicates a potential for its” use as a first
response factor to buffer damage (i.e. antioxidant and nitric oxide), as an immune homing
and repair signal, and at higher levels as an inducer of apoptosis [15]. Previous mouse
studies have shown roles for purine-mediated signaling (e.g. adenosine, guanosine) in the
repair and apoptosis responses from ischemia or trauma, but little work has been done in
animal models with inactive urate oxidase [16].

The urate oxidase (Uox) gene is found in all living organisms, from bacteria to apes. It is
involved in purine catabolism, which utilizes oxygen and water to catalyze UA into allantoin
and hydrogen peroxide. However, in apes, birds, bats, and some reptiles Uox, which is
mainly expressed in liver peroxisomes and mitochondria, has accumulated multiple
mutations resulting in decreasing enzymatic activity, and eventual loss of transcription
thereby making UA the final end product of purine catabolism [17-18]. Humans have also
evolved a relatively high renal reabsorption (63%) of UA compared to other animals, due to
differences in levels of URAT1, GLUTY, and OAT1, 3, & 4, suggesting that it may be
biologically viewed as a beneficial factor, rather than as a waste product [19]. To protect
against over-production and gout, humans have repressed both xanthine oxidase
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transcription and core promoter activity, resulting in lower production of UA, in addition to
having higher albumin levels that increase UA solubility [20].

1.1. Loss of Urate Oxidase in Hominoids

The range of circulating UA in most mammals is relatively low (0.5-2.0 mg/dL). However,
humans and higher primates (Great Apes: Orangutan, Chimpanzee, Bonobo, Gorilla; Lesser
Apes: Gibbons) have higher levels of UA (0.2-7.0 mg/dL) than most mammals due to the
silencing of the Uox gene through a series of mutations that occurred in our ancestors during
the Miocene period [21]. Uox expression was also lost via independent mutationsin some
species of New World monkeys, while in most Old World monkeys UOX enzyme activity is
strongly reduced [22]. The fact that the inactivation of UOX occurred over millions of years
rather that in a single step, strongly suggests the need for the co-evolution of adaptive
compensatory mechanisms that allowed our ancestors to overcome the negative impact of
large increases of circulating UA levels (e.g. acute uratenephropathy). However, since in
humans and closely related primates 90% of filtered UA is reabsorbed in the kidney rather
than excreted [23], the evolutionary advantages provided by the gradual rise of UA levels
must have overcome its potential harmfulness. Several hypotheses have been suggested over
the years to explain what benefits UA may have provided to early hominoids. Because UA
stimulates the renin-angiotensin system [24], promoting salt retention and increasing blood
pressure, it was proposed that UA might have allowed hominoids to stabilize their blood
pressure during the transition to an erect posture [24]. UA is one of the most important
antioxidants in plasma accounting for more than two-thirds of all its free radical scavenging
capacity [25]. The increased antioxidant capacity would have led to decreased age-specific
cancer rates and lengthening of life span [25]. In this scenario, the inactivation of Uox
became necessary to substitute for the lost ability of higher primates to synthesize ascorbate
due to aprior mutation in L-Gulonolactone oxidase [25].

Another hypothesis is that UA may have a role in intelligence. The first observations that
gout mainly affected the upper social classes date back to the first century when Gaius
Suetonius Tranquillus called gout morbusdivitum. In 1683, Sydenham noted that gout was
more frequent amongst the intelligentsia of society [26]. The possibility that UA may have
contributed to the intellectual development of humans was proposed by Orowan in 1955
[27]. One possible mechanism by which UA might affect brain function is by stimulating
neurons in a manner to structurally related purines such as caffeine and adenosine. In this
view, UA would enhance neuronal network activity in the cerebral cortex during the
evolution of higher primates, thereby contributing to their superior intellectual prowess.
Although it is highly unlikely that the expansion of the cerebral cortex in hominoids is the
direct result of the higher levels of UA, there is evidence that UA influences central nervous
system functions. Several studies have found significant correlations between UA levels and
higher intelligence in children and young adults [28-29], school performance [30], learning
ability [31], achievement-driven behavior [32] and leadership [33]. In addition, UA levels
correlate with increased exploratory behavior in mice and impulsivity in humans [34], as
well as hyperactivity in children [35].
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1.2. Uric Acid and Neurodegenerative Disorders

Hyperuricemia (>7mg/dL) may cause gout and acute and chronic nephropathy due to
deposits of urate crystals. Furthermore, hyperuricemia is associated with hypertension,
cardiovascular disease and metabolic syndrome [36—38]. While elevated levels of UA appear
to negatively impact peripheral organs, the opposite may be true for the central nervous
system. Low levels of UA have been linked to a variety of neurological disorders including
MS, PD, ALS, and many forms of dementia including AD [1-5].

Compelling evidence has demonstrated a negative correlation between levels of UA and MS.
An evaluation of the medical records of more than 20 million patients included in Medicare
and Medicaid database revealed a lack of MS patients with gout [39] suggesting that UA
may protect against MS [39]. Additional epidemiological studies confirmed this initial
observation, and revealed that UA levels fluctuate during active (lower) and remission
(higher) phases of MS [2, 40]. Administration of UA either before or after the symptoms of
experimental allergic encephalomyelitis promoted long-term survival of the mice [39]
suggesting a potential therapeutic benefit of UA-elevating treatments in MS. Recent pilot
clinical trials showed that MS patients treated with inosine, a precursor of UA, had a
decreased relapse rate, reduced number of gadnolinium-enhanced lesions and better
neurological scores than untreated MS patients [41, 42]. ALS is a progressive fatal
neurodegenerative disorder affecting lower and upper motor neurons. The evidence that UA
may influence the progression of ALS came from recent epidemiological studies which first
showed decreased levels of UA in ALS patients compared to matched controls [4], and
subsequently linked higher UA baseline levels with slower progression and prolonged
survival [43-45]. Similarly to ALS, the functional decline in Huntington’s disease is
negatively correlated with baseline UA levels [46]. Postmortem and epidemiological studies
found lower UA levels in serum and substantia nigra of PD patients compared to age-
matched controls [1, 47]. Increased levels of UA are associated with a lower risk of PD [47]
and predict the clinical outcome of PD. Higher blood and/or cerebrospinal fluid UA levels
are associated with a slower progression [48] and less cognitive impairment in PD patients
[49]. Furthermore, it was also observed that diets with a high purine content are associated
with a lower risk of PD and slower progression of the symptoms [50], while mutations in the
transporter SLC2A9 that decrease UA levels predict earlier age at onset and rate of PD
progression [51-52]. Preliminary trials with inosine supplementation in PD patients revealed
an inverse relationship between long-term increases in serum UA concentrations and rate of
clinical progression in women but not in men [53]. Patients with AD and dementia have
significantly reduced levels of UA and other antioxidants [3, 54, 55]. A recent population-
based study showed that gout is inversely correlated with AD [56], and high UA associates
with a slower progression and lower cognitive impairment [57-58].

The role-played by UA in prevention and post neurological damage from stroke has been
more controversial. Several studies have shown that exogenous administration of UA or UA
analogs is beneficial in animal stroke models [59-61]. However, in humans both positive and
negative associations have been observed. Supportive of a beneficial role for increased UA
in acute ischemic stroke are the results of a recent small clinical trial where in addition to
thrombolytic therapy patients received UA or placebo. Although the overall difference

Curr Top Med Chem. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cutler et al.

Page 5

between the UA and placebo groups in the primary end-point did not reach statistical
significance (p=0.09), likely because of the low power of the study, a clear increase of an
excellent clinical outcome at 90 days was observed in women (13%) but not in men [62].
The gender differences highlighted by both PD and acute stroke trials are likely a reflection
of the lower basal levels of UA in women versus men. They also warrant consideration of
sex differences in the design, as well as the analysis and interpretation of future trials of UA-
elevating interventions in neurological disorders.

1.3. Relevance for New Drug Targets in the Prevention of Age-Related Neurodegenerative

Diseases

The protective properties of UA against age-related diseases has been reported to utilize
several different mechanisms, including acting as a primary antioxidant by chelating Fenton
reaction transitional metals secondary antioxidant in quenching superoxide and hydroxyl
free radicals, and; electron donor that increases antioxidant enzyme activity (e.g. SOD) [19].
Although UA levels in brain tissue per weight has been reported to be a magnitude lower
than blood levels, recent data indicates high levels are present in areas of high metabolic
stress such as synaptic terminals [63]. Many reports from epidemiological and lab model
data has indicated a neuroprotective function for UA [19], however, mechanisms to increase
UA in the brain and its” beneficial limits requires further exploration [53]. One of the most
exciting areas of research has been in the neuroprotective properties of dietary
methylxanthines (i.e. caffeine, theobromine, theophylline) that crosses the blood brain
barrier and is then metabolized into very water-soluble methyl UA derivatives [60, 64—65].
Future research is needed to test the transitional metal chelating, antioxidant quenching, and
electron donor to antioxidant enzyme, properties of these water-soluble methyl UA
derivatives (e.g. 1,7-dimethyl-UA) vs. UA.

2. NEUROPROTECTIVE MECHANISMS OF URIC ACID

Given its high metabolic rate (20% of the daily oxygen intake), and elevated content of
unsaturated fatty acids, the brain is particularly susceptible to oxidative damage. The
dysfunction of antioxidant defense mechanisms in quenching inflammation has been
reported to be involved in most age-related neurodegenerative disorders [66]. Cytoplasm and
mitochondrial superoxide dismutase (SOD1 and 2) have been shown to be abundant cellular
components in cell bodies, dendrites and axons in motor neurons, astroglia, and central
nervous system neurons, including pyramidal cells in the cerebral cortex and sectors CA3—4
of the hippocampus [67]. Whereas, extracellular superoxide dismutase (SOD3) has been
shown to be secreted and bound to heparin sulfate on the cell surface in the hilar region of
the hippocampus, suprachiasmatic nuclei of the hypothalamus, and the lateral habenular
nucleus of the thalamus, as well as neurons throughout the cortex and striatum [68].
Although SOD degrades the superoxide radical at a rate that is 4 to 5 times faster than
antioxidants such as vitamin C or E, it can be deactivated by physiological levels of
hydrogen peroxide during oxidative stress. Hink, and colleagues show that UA can not only
protect SOD from inhibition by hydrogen peroxide, but at physiological levels acts to
increase enzymatic activity 2 to 3 fold, likely as an electron donor [69]. The distribution of
cells and regions with a high abundance of SOD3 matches up with those containing the
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neuronal isoform of nitric oxide synthase, indicating a mechanism for preservation and
buffering of nitric oxide bioactivity [69]. Peaks of nitric oxide can cause degeneration of
neurons via inactivation of protein disulfide isomerase and S-nitrosylation mediated
neuropeptide misfolding [70, 71]. An increase in levels of carbon dioxide during metabolic
stress (e.g. exercise or ischemia) catalytically enhances peroxynitrite anion nitration of
proteins (e.g. tyrosine), for which UA has an unusually high specific activity to block this
reaction [72]. Buffering nitric oxide levels has been shown to reduce ischemic reperfusion
damage in mouse models [73]. Uric acid reacts with superoxide, nitric oxide, and
peroxynitrite to produce allantoin, 6-aminouracil, and triuret respectively [74, 75].
Removing UOX also has the benefit of sparing the utilization of 1-oxygen and 1-water that
could then be used for respiration, and in sparing the production of 1-hydrogen peroxide and
1-carbon dioxide that would have otherwise acted to decrease energy efficiency [25,67]. In
addition, by limiting the evolution of superoxide prevents its’ reaction with nitric oxide and
thus the formation of peroxynitrite. Peroxynitrite has been shown to be a strong activator of
AMP-activated protein Kinase (AMPK), which is a master regulator of cellular energy
homeostasis by turning off anabolic pathways and turning on catabolic energy producing
pathways [76]. During metabolic stress, lower blood glucose and increased peroxynitrite can
activate AMPK thereby blocking liver anabolism of lactate, amino acids, and glycerol into
glucose (i.e. gluconeogenesis) [77]. The use of UA in buffering AMPK mediated shut down
of gluconeogenesis (e.g. liver and kidneys) during times of acute metabolic stress as a means
to maintain blood and brain glucose levels is hypothesized by the authors as possibly being a
major driver for the loss of UOX in hominoids.

Because of its” intrinsic antioxidant properties, the neuroprotective effects elicited by UA
have mostly been considered the result of a direct decrease in ROS-dependent damage.
However, recent studies suggest that UA may have additional modalities of action. For
example, it was shown that UA modulates glutathione (GSH) synthesis; Aoyama and
colleagues [78] demonstrated that administration of UA or caffeine could promote cysteine
uptake and GSH synthesis in hippocampal neurons. Similarly, in dopaminergic cell line
protection against oxidative damage by UA have been shown to require UA-dependent
activation of Nrf2, which, in turn, increased the expression of heme-oxygenase-1 and of the
rate-limiting enzyme for the synthesis of the GSH (i.e. gamma-glutamyl-cysteine ligase)
[79]. In addition to the ability to regulate GSH synthesis, it was also recently shown that UA
treatment induces the up-regulation of the glial glutamate transporter EAAT-1, and that
blockage of EAATS nullify UA neuroprotection against glutamate toxicity [63]. This effect
on the glial glutamate transporter is particularly interesting given the great number of
neurodegenerative disorders involving glutamate excitotoxicity [66].

2.1. Strategies to Increase Uric Acid Levels

The association of UA with risk of cardiovascular disease indicates a J shaped curve, with
the lowest risk for males at 3.5 mg/dl and females 5.0 mg/dl [80]. However, the clinical
usefulness of UA for the treatment of neurodegenerative disorders is limited by the fact that
it is not orally bioavailable is poorly soluble in water at physiological pH levels, and readily
crystallizes under saturating conditions. The fact that UA is the end-product of purine
catabolism could be used as a potential strategy to overcome its reduced bioavailability.
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Dietary supplementation with UA precursors can boost its endogenous levels. To date the
best-characterized supplement to increase UA levels within the normal range is inosine.
Inosine is used to treat a variety of autoimmune diseases [81], and following the discoveries
linking UA levels with neurodegenerative disorders is now being investigated in clinical
trials for PD [82] and ALS (https://clinicaltrials.gov/ct2/show/NCT02288091). An
alternative to inosine could be using ATP supplements. ATP supplements have been
developed and marketed to enhance physical performance in athletes. While the supplements
are safe when tested in scientific settings, they have failed to change circulating levels of
ATP but have consistently lead to increased UA levels [83, 84].

One approach that has been used to circumvent the solubility problems is the development
of analogs that maintain high antioxidant activity together with increased solubility. For
example, 1,7-dimethyl UA and 6,8-dithio UA have been shown to ameliorate focal ischemic
brain injury in mice [60]. Interestingly, 1,7-dimethyl UA is actually the major and natural
metabolite of caffeine, which can cross the blood brain barrier. There have been numerous
reports of the age-related neuroprotection and cognitive benefits of dietary consumption of
methylxanthines (i.e. caffeine, theophylline, and theobromine) contained in coffee, tea, and
cocoa [83-84].

CONCLUSION

As the result of mutations of the Uox gene that occurred during late primate evolution,
circulating UA levels are much greater in apes and humans than lower mammalian species.
The adaptive value of elevated UA levels is poorly understood, but may involve increased
antioxidant capacity to support endurance, and neurostimulatory effects in the brain. The
results of epidemiological studies suggest that individuals with low UA levels are more
vulnerable to neuronal dysfunction and degeneration in age-related brain disorders including
PD, AD and stroke. Experiments using animal models, and preliminary clinical trials in
humans, suggest that interventions that increase UA levels can protect neurons against
degeneration and improve the clinical outcome in PD and stroke. Randomized controlled
clinical trials of UA-elevating agents (e.g., inosine), more soluble UA analogs, and natural
metabolites of UA (e.g. 1,7-dimethyl UA) will be required to determine efficacy of UA-
based approaches to the prevention and treatment of neurodegenerative disorders. Future
studies aimed at understanding how UA and its metabolites affect cellular signaling
pathways involved in energy metabolism and neuroplasticity will likely reveal previously
unappreciated biological activities of UA.
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