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Abstract

Alzheimer’s disease (AD) is a slowly progressive, neurodegenerative disorder
with an insidious onset that is characterized by severe decline in memory,
thinking and reasoning skills. Advanced age is a prominent risk factor for AD
and other metabolic diseases, such as type II diabetes and atherosclerosis.
Their causal mechanisms are multifaceted and not fully understood. The pre-
cise pathophysiology of AD remains a mystery despite decades of intensive
investigation. Thus far, there is no truly successful AD therapy. Arginase is
the central enzyme of the urea cycle. Recent studies have identified arginase
function in the brain and associated this enzyme with the development of
neurodegenerative diseases. Upregulation of arginase has been shown to con-
tribute to endothelial dysfunction, ischemia-reperfusion, atherosclerosis, di-
abetes, and neurodegeneration. Other state-of-the-art discoveries of the pre-
cise molecular machinery of neurodegeneration have provided new directions
for the rational development of innovative therapeutic strategies in the treat-
ment of common neurodegenerative diseases. In this context, the regulation
of arginase activity appears to be a universal approach in interfering with the
pathogenesis of AD and providing relief for it and other metabolic disorders.
Therefore, the enzyme represents a novel therapeutic target. Arginase inhibi-
tion has been shown to reverse amyloid-driven neuronal dysfunction and
microgliosis and prevent the development of other AD symptoms in rodent
models of AD. Consequently, the methodology represents a promising direc-
tion for clinical development.
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1. Introduction: Alzheimer’s Disease as a Metabolic Disorder

Alzheimer disease (AD) is the most common cause of dementia in the elderly
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[1]. Clinical and pathological studies point to the presence of a long-term prec-
linical stage of the disease, which starts prior to the onset of detectable cognitive
deficiency. There is no complete scientific consensus regarding the etiology of
AD. At present, a prevailing etiologic model of the disease is one that is referred
to as the “amyloid hypothesis”. According to this model, amyloid-beta (Ap) de-
position begins decades prior to the onset of clinical symptoms. This silent pe-
riod of preclinical AD is followed by a buildup of hyperphosphorylated Tau
protein and prominent neurodegeneration [2]. The amyloid cascade hypothesis
is an influential model, regardless of several contradictions in it and the failure
of countless clinical trials that are predicated upon its central doctrine. Never-
theless, during the last decade, numerous studies have been published that focus
on the relationships between AD and metabolic disorders such as diabetes, obes-
ity, and hypertension, etc.

Recent clinical and experimental data prove that neurodegenerative and me-
tabolic diseases display coexisting metabolic dysfunctions [3]. The latest epide-
miological studies indicate the comorbidity of AD and diabetes mellitus beyond
any doubt [4]. Moreover, obesity and AD are likely to have similar causative me-
chanisms [5]. Likewise, there is epidemiologic and clinical-pathological evidence
suggesting that atherosclerosis and AD share a common pathoetiology [6] [7].

Additionally, contemporary, cutting-edge laboratory methods provide con-
vincing data pointing to substantial metabolic changes associated with AD. Gas
chromatography coupled with mass spectrometry of AD patients’ serum re-
vealed substantial metabolic differences between AD patients and healthy con-
trols and elucidated some pathological mechanisms underlying the disease [8].
Significant changes in the levels of 23 metabolites have been detected. Metabolic
pathway analysis has indicated the involvement of critical metabolic pathways,
such as energy deficiencies, oxidative stress, and hyperammonemia. Conse-
quently, nutritional behavior has been suggested as a triggering factor in the
presymptomatic stages of AD [9].

An additional hypothesis emphasizing impairment of bioenergetic metabol-
ism as a key contributing mechanism to the pathogenesis of AD has recently
been proposed [10]. According to this hypothesis, AD is characterized by a
combination of several interrelated pathological events that include bioenergetic,
metabolic, neurovascular, and inflammatory processes. Other researchers point
out that brain hypometabolism occurs decades before clinical manifestation,
suggesting that metabolic dysfunction is an important contributing factor to AD
[11]. Moreover, accumulating data indicate that mitochondrial dysfunction,
which is an early marker of AD, plays a role in neuronal dysfunction [12]. Cy-
tochrome c oxidase activity was shown to be reduced in the brains of AD mice
[13]. There is evidence that AB-driven inhibition of the enzyme activity is a re-
sult of direct binding to one of its subunits [14]. The proposed model of interac-
tion between Ap and cytochrome c oxidase explicates the characteristic meta-

bolic dysfunction detected in AD brains.
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Current therapeutic schemes address symptoms and focus on manipulating
with cholinergic and glutamatergic neurotransmission. The U.S. Food and Drug
Administration (FDA) has approved only two classes of medicines. Cholineste-
rase inhibitors belong to the first class, and the N-methyl-D-aspartate (NMDA)
receptor antagonist memantine to the second (Table 1). All of them are pallia-
tive drugs that just ameliorate the cognitive decline but do not stop the devel-
opment of the disease. Moreover, there are severe side effects associated with the
drugs. Unfortunately, most of the clinical trials with beta-secretase 1 (BACE1)
inhibitors have been terminated due to severe side effects. Moreover, monoclon-
al antibodies targeting A have not demonstrated considerable efficacy [15].
State-of-the-art emerging strategies are focused on the preclinical stage, with the
aims of reducing the rate of A accumulation and neuroinflammation and nor-
malizing the disordered neuronal metabolism (Table 1) [16].

Dozens of AD clinical trials are currently running in the U.S. Several of them
test protocols that interfere with mitochondrial metabolism and energy balance,
which is disordered in AD. Some utilize medicines (such as insulin) that are well
known and widely used to treat other metabolic disorders. Others try to improve
brain glucose metabolism by applying the hormone incretin [17]. These point to

a trend toward the development of innovative drugs that are primarily capable of

Table 1. Current FDA-approved drugs and drugs in clinical trials (incomplete list) for the
treatment of AD.

Current FDA-approved treatment for AD FDA approval (year)

Donepezil 2006
Acetylcholinesterase inhibitors
Rivastigmine 2000
NMDA antagonists Memantine 2003
Novel medicines in clinical trials Status
BACEL inhibitors E2609 Phase IIT
Inhibitors of APP production Posiphen Phase I
Tau immunotherapy ABBV-8E12 Phase II
Apimmunotherapy LY3002813 Phase II
114-HSD1 blocker Xanamem Phase II
p38 MAPK Alpha Inhibitor Neflamapimod Phase I
Butyrylcholinesterase inhibitors Bisnorcymserine Phase I
Angiotensin-receptor blockers Telmisartan Phase I
Ap oligomer receptor antagonist CT1812 Phase I
Mitochondrial activity and energy modulator Oxaloacetate Phase I
Modulators of muscarinic receptors VU319 Phase I
Nonsteroidal estrogen S-equol Phase I
Nonsteroidal anti-inflammatory drugs Salsalate Phase I
Bcr-Abl kinase inhibitor Nilotinib Phase I
Modulators of protein kinase C Bryostatin Phase II
Insulin administered as a nasal spray Insulin Phase II/III
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interfering with the pathogenesis of AD and the associated disordered brain me-
tabolism. Nevertheless, the lack of comprehensive analysis and specific metho-

dology limit the development of effective AD therapy.

2. L-Arginine Metabolism and Alzheimer’s Disease

L-arginine is a semi-essential, cationic amino acid that is heavily involved in vital
physiological processes. Further to its principal role in protein biosynthesis,
L-arginine is the final enzyme in the urea cycle, which converts toxic ammonia to

urea for excretion (Figure 1), and it is a precursor of nitric oxide [18]. Moreover,
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Figure 1. Metabolic fates of L-arginine in the AD brain. L-arginine is cleaved by arginase
to form urea and ornithine. Arginase is the final enzyme of the urea cycle. The primary

function of the urea cycle is to produce urea from the nitrogenous waste products of pro-
tein metabolism. Two moles of ammonia are proceeded and one mole of urea is produced
in one turn of the five-step cycle. The urea cycle comprises N-acetylglutamate synthase
(NAGS), which is an allosteric cofactor for the catalytic enzyme carbamoyl phosphate
synthase (CPS1), and four other catalytic enzymes: ornithine transcarbamylase (OTC),
argininosuccinate synthetase (ASS1), argininosuccinate lyase (ASL), and ARGI. NAGS,
CPS1 and OTC are localized in the mitochondria, while ASS1, ASL, and ARG1 are in the
cytosol. Two enzymes, OTC and CPS1, are present in very low concentrations in the
mammal brain. Consequently, the brain lacks an effective urea cycle and the removal of
ammonia relies upon glutamine synthesis by cytosolic glutamine synthetase (GS) [88].
Another mitochondrial enzyme, glutamate dehydrogenase (GDH), catalyzes the deami-
nation of glutamate to a-ketoglutarate (¢-KG) and ammonia (NH,). There are three
transporters in the mitochondrial membrane that are critical for the correct functioning
of the urea cycle: 1) the mitochondrial ornithine transporter (ORNT1); 2) the mitochon-
drial aspartate/glutamate carrier (Citrin); and the mitochondrial cationic amino acid
transporter type 1 (CAT-1). Red arrows represent elevated levels of the substances; blue
arrows designate reduced ones. The saturation of the circles’ color reflects the level of ac-
tivation (this is an arbitrary scale).
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it is an obligatory precursor for the synthesis of L-ornithine, L-proline, polya-
mines, creatine, etc. [19].

A new, unbiased approach focusing on lipidomics and metabolomics was ap-
plied to analyze the changes in postmortem brains in patients suffering from AD
[20]. Several significantly altered metabolites, such as aspartate, glutamate, ci-
trate, and malate, which distinguished AD from controls were detected. The
L-arginine metabolic pathway was identified as highly implicated in the devel-
opment of AD. In another study, advanced pathway enrichment analysis was
applied to detect mutual pathways for AD, Parkinson’s disease (PD), and amyo-
trophic lateral sclerosis [21]. The disease-metabolite-pathway associations
pointed out significant involvement of L-arginine metabolism. Similar results
indicating the dysregulation of L-arginine metabolism have been acquired in a
rodent model of AD [22].

L-arginine is provided via nutritional intake and via de novo synthesis. The
average nutritional L-arginine uptake is approximately 5 - 6 g/day [23]. There
has been long-standing scientific interest in using the amino acid for the treat-
ment of various diseases. L-arginine supplementation has been shown to stimu-
late immune responses and promote wound healing [24], particularly in elderly
patients [25]. The effect of oral supplementation with a high dose of arginine on
the metabolism of elderly people was examined. No adverse effects were ob-
served at a dosage of 17 g/day of arginine [26]. Moreover, it was demonstrated
that arginine supplementation improves performance in elderly male cyclists
and enhances their exercise capacity [27]. Other studies show that dietary sup-
plementation with arginine attenuates the increased platelet reactivity in hyper-
cholesterolemic patients [28] and prevents atherogenesis [29].

L-arginine and its derivatives were trialed in patients suffering from various
neurological disorders. L-arginine administration within 30 minutes of a stroke
has been shown to reduce the severity of stroke-like symptoms [30]. Additional-
ly, 1.6 g of L-arginine supplemented daily for three months in the diet of patients
with senile dementia significantly improved cognitive function [31].

A set of laboratory studies was carried out to decipher the mechanism behind
L-arginine neuroprotection. It was verified in various in vitro models that
L-arginine enhances cell proliferation and reduces apoptosis [32]. The reverse
was also shown: deprivation of L-arginine induces oxidative stress-mediated
apoptosis [33]. The antiapoptotic and neuroprotective properties of the amino
acid were confirmed in cultured PC-12 cells [34], in motor neurons with excito-
toxic injury, and in a transgenic amyotrophic lateral sclerosis mouse model [35].

It is worth mentioning that L-arginine is conveyed from the circulating blood
into the brain via Na*-independent cationic amino acid transporter (CAT1), ex-
pressed at the blood-brain barrier (BBB) [36]. The influx transport of the
amino acid at the rat BBB is saturable with a Michaelis-Menten constant value
of 56 uM. Notably, the physiological serum concentration of L-arginine in ro-

dents is about 170 pM; in humans, it is about 100 uM [37]. Since L-arginine in
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mammals is derived mostly from renal de novo synthesis and dietary intake,
CAT1 at the BBB functions as a sole conduit to the brain [38]. Thus, regardless
of its capability to pass the BBB, the capacity of its transporter is restricted [39].
This makes systemic administration inadequate to show all of its possible neuro-
trophic properties. In order to overcome this limitation, Fonar et al (2017) by-
passed the BBB via chronic intraventricular administration of the amino acid in
a mouse model of AD [34]. The animals treated with L-arginine showed signifi-

cantly improved spatial memory acquisition.

3. Nitric Oxide

L-arginine is a mutual substrate for arginase and nitric oxide synthase (NOS),
which produce urea, and nitric oxide (NO) with L-citrulline, respectively [40].
There are three currently known types of NOS: neuronal nitric oxide synthase
(NOS1), endothelial nitric oxide synthase (NOS3), and inducible nitric oxide
synthase (NOS2) [41]. In addition, there are two distinct types of arginase: argi-
nasel (ARG1) and arginase 2 (ARG2). The bioavailability of L-arginine is a re-
gulating factor for NO synthesis; thus, its production is seriously dependent
upon arginase activity, which easily depletes the substrate [42].

NO is a signaling molecule involved in the regulation of the cardiovascular,
nervous, and immune systems [41]. Moreover, reduced bioavailability of NO
was shown to be involved in various vascular disorders, including hypertension,
atherosclerosis, diabetes, and ischemia-reperfusion injury [43]. Consequently, it
was hypothesized that anomalous NO signaling contributes to the pathogenesis
of various neurodegenerative pathologies such as stroke/excitotoxicity, AD, mul-
tiple sclerosis (MS), and PD [44].

There are data showing a severe reduction of NOS activity in AD brains, with
a decrease in the levels of NOS1 and NOS3 proteins [45]. Venturini ef al. (2012)
demonstrated that amyloid peptide strongly inhibits the NOS1 and NOS3 activ-
ity in cell-free and cellular systems; this provides a novel, intriguing molecular
mechanism for AD development [46].

A growing body of evidence indicates that NO possesses neuroprotective
properties. First, it triggers vasodilation and increases blood supply to neurons,
which reduces their susceptibility to oxidative stress [47]. Moreover, NO regu-
lates Ca** influx into the neurons via inhibition of NMDA receptors at glutama-
tergic synapses, protecting the cells from overstimulation and, subsequently, ex-
citotoxicity [48]. Additionally, L-citrulline, which is a byproduct of the reaction
and is catalyzed by NOS, was shown to possess neuroprotective properties as
well [49].

In order to explore the potential role of NO in the development of AD,
APP/NOS27"" mice were designed [50]. The mice express the human Swedish
mutation (APPSw; Tg2576) on a homozygous mouse NOS2 knockout back-
ground and exhibit the behavioral deficits and biochemical hallmarks of AD.
Working with this model of AD, Kan et al (2015) demonstrated that ARG1 is
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highly expressed in regions of Af accumulation [51]. It was proven that phar-
macologic disruption of the arginine utilization pathway by irreversible inhibi-
tion of ornithine decarboxylase (ODC) with a-difluoromethylornithine (DFMO)
protects the mice from AD-like pathology and reverses memory loss. The au-
thors suggest that L-arginine depletion is responsible for neuronal cell death and
cognitive deficits in the course of AD development.Another knockout (NOS3™7")
mouse model was shown to develop Alzheimer’s-like pathology [52]. Moreover,
a negative correlation between capillary-expressed NOS3 and Alzheimer’s lesion
burden was reported [53].

Recent experimental data provide evidence that L-arginine administration re-
stores NO synthesis, which leads to improvement of vascular function in cardi-
ovascular disorders [29] [54] [55]. These findings prove the crucial role of
L-arginine bioavailability in vascular pathologies and neurodegenerative diseas-
es. Even though the particular causes of the reduction in L-arginine availability
are still unspecified, emerging evidence suggests that catabolism of L-arginine by

arginase is involved.

4. Arginase

Arginase is a manganese metalloenzyme that catalyzes the hydrolysis of
L-arginine to L-ornithine and urea. Two distinct genetic isoforms of arginase
have been identified that share approximately 60% amino acid sequence homol-
ogy [56]. The arginases are homotrimericmetalloenzymes stabilized in confor-
mation by two Mn?* ions per monomeric structure [57].

Arginases are ubiquitous in early life-forms and currently existing phyla [58].
Plants, bacteria, and yeasts have a single form of arginase localized in mitochon-
dria (ARG2). Vertebrates process nitrogen by another cytosolic isoform of argi-
nase (ARG1) [59]. The isoenzymes demonstrate distinctive cell and tissue pat-
terns of distribution. In humans, ARG1 is generally presented as a cytosolic en-
zyme of the liver and is also expressed in various regions of the brain. ARG2,
described in the literature as a kidney-type arginase, is ubiquitously expressed at
a low level within the mitochondria of various organs [60].

The primary metabolic function of arginases in ureotelic animals is the re-
moval of excess ammonia via the urea cycle. This is the central role of ARGI in
the hepatic tissue [61]. The presence of both ARG1 and ARG2 in the brain, es-
pecially in hippocampal neurons, has been confirmed by immunocytochemical
analysis of rat [62] and mouse brain sections [63]. Moreover, it has been estab-
lished that ARG2 is the predominant isoform of the human frontal cortex [64].
Consequently, it has been suggested that arginases of the brain do not function
in the same manner as in the liver, because of the relative deficiency of other
urea cycle-critical enzymes in the brain tissue. It has been reported that at least
two critical for the urea cycle enzymes, ornithine transcarbamylase (OTC) and
carbamoyl phosphate synthetase 1 (CPS1), are present in very low concentra-

tions in the mammal brain [65]. Moreover, it has been established that arginase
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activity in the rodent brain comprises less than 0.1% of the activity in the liver
[66]. Of note, the typical arginase activity for the liver is 14 uM of urea produced
per min per mg of protein; however, for brain tissue, it is only 0.0135 uM of urea
min/mg [61].

It is worth mentioning that the expression of two isoforms of arginase can be
impelled in different tissues via exposure to a variety of cytokines and catecho-
lamines [67]. ARG2 in endothelial cells is inducible by many stimuli, including
lipopolysaccharide (LPS), tumor necrosis factor alpha (TNFa), oxidized
Low-Density Lipoprotein (LDL), and hypoxia [68]. Moreover, it has been dem-
onstrated that activation of ARG2 is associated with its translocation from the
mitochondria to the cytosol [69]. Data acquired in our lab confirm the expres-
sion of mitochondrial ARG2 in the cytoplasm of the hippocampal neurons of the
AD mouse model (Figure 1) [63]. It is noteworthy that arginases are present in
various extracellular fluids and capable of hydrolyzing L-arginine in plasma, sa-
liva, etc. [70].

Even though arginase has been shown to be a neuroprotective factor and to
support neuroregeneration in vitro [71] [72], recent studies suggest that arginase
plays a role in the pathogenesis of AD and other metabolic diseases [73]. First,
significantly decreased levels of L-arginine in the cortices of AD patients have
been observed [74]. Additionally, the activity and expression level of NOS and
arginase are meaningfully altered in AD brains in a region-specific manner.
Namely, the activity of arginase is significantly higher and that of NOS is lower
in the hippocampi of AD patients [45].

There are recent data showing that the postmortem brains of AD patients
contain significantly higher concentrations of urea, which is a product of the
reaction catalyzed by arginase, compared to the control group [75]. Likewise,
other neurodegenerative diseases were specified as having high brain urea con-
centrations and misbalanced expression of the related genes. For example, it has
been reported that the brains of patients suffering from Huntington’s disease
(HD) contain about threefold more urea compared to healthy controls [76]. This
finding has been verified in a transgenic sheep model of HD [77]. Consequently,
a hypothesis was proposed that links the build-up of urea in the brain to toxic
levels, causing brain damage and, finally, dementia [77].

Additionally, there are indications that the expression of the ARG2 gene is
significantly higher in AD brains compared to control brains [78]. Consequent-
ly, a potential association of the ARG2 gene with the risk of developing AD has
been hypothesized. Furthermore, it has been demonstrated that ARG2 deficiency
reduces the rate of hyperoxia-mediated retinal neurodegeneration [79], suggest-
ing the involvement of arginase in the pathogenesis of neuronal degeneration via
excessive activation of the excitotoxic NMDA receptors [80]. At the molecular
level, a mutual positive regulation has been demonstrated between ribosomal
protein S6 kinase beta-1 (S6K1) and ARG2 in endothelial inflammation
processes and aging [81]. It has therefore been suggested that ARG2 and mecha-

DOI: 10.4236/aad.2018.74009

126 Advances in Alzheimer’s Disease


https://doi.org/10.4236/aad.2018.74009

B. Polis, A. O. Samson

nistic target of rapamycin (mTOR-S6K1) pathways play an important role in
promoting oxidative stress, inflammation, senescence, and death, which even-
tually leads to metabolic disorders [82]. Therefore, targeting ARG2 has recently
been proposed as a means of treatment for decelerating age-related diseases [83].

Moreover, upregulation of arginase has been associated with other diseases of
the neural system, such as PD, multiple sclerosis, stroke, traumatic brain injury,
and several retinal diseases [59] [84]. Remarkably, L-ornithine levels are de-
creased in AD brains [8]. L-ornithine is the product of the reaction catalyzed by
arginase, which is upregulated in AD. However, ODC and OTC are upregulated
in AD brains as well. These enzymes easily deplete the mutual substrate, which
leads to relative L-ornithine deficiency [85].

Inoue et al (2013) studied changes in the concentration and localization of
molecules having a low molecular weight. To do so, they utilized a postmortem
human brain metabolic profiling methodology, using ultra-performance liquid
chromatography coupled with electrospray time-of-flight mass spectrometry
analysis [86]. The multivariate statistical analysis of metabolites in brain tissues
link the pathological changes that occur in AD brains with the deviated meta-
bolic pathway of polyamines. The researchers found a significant increase in
downstream metabolites of ornithine, potentially implicating ODC activity in
AD pathology (Figure 1). Another study confirms significantly (p < 0.02) in-
creased levels of spermidine in the brains of AD patients [87].

The empirical data collected in recent years indicate a complex anomaly of
L-arginine metabolism in the brains of AD patients. The findings point to new
rational therapeutic avenues leading to the amelioration of symptoms and halt-
ing the progression of AD. In this context, pharmacological fine-tuning of argi-

nase activity appears to be a reasonable approach.

5. Arginase Inhibitors

Since the expression and activity of arginases have been shown to be upregulated
in various diseases, including atherosclerosis, diabetes mellitus, and AD, specific
inhibitors have been designed to be clinically investigated.

There are several highly potent and specific inhibitors now available to probe
arginase function and modulate the balance between NOS and arginase path-
ways. Some of the substances are rationally synthesized; some are natural,
plant-derived compounds with high arginase inhibitory competence, such as pi-
ceatannol-3’-O-f-d-glucopyranoside. All of these small molecules represent a
promising cluster of medicines for the treatment of metabolic and cardiovascu-
lar diseases [73]. An incomplete list of these chemicals is presented in Table 2.
Unfortunately, several effective synthesized arginase inhibitors are relatively
toxic substances, which limit their clinical application [89]. However, several
products of L-arginine metabolism possess arginase-inhibiting properties and
represent a promising cluster of substances. For example, L-ornithine and

L-citrulline have been shown to inhibit arginase efficiently. L-citrulline has been
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Table 2. Arginase inhibitors.

Description and type of inhibition

Inhibits
aibitor (with respect to L-arginine)
2(S)-Amino-6-boronohexanoic acid A potent, specific,
hydrochloride hydrochloride (ABH) competitive arginase inhibitor

A boronic acid-based arginine analog, which
acts as a selective, slow-binding, reversible,
competitive arginase inhibitor

(2R)-2-amino-3-(2-boronoethylsulfanyl)propan
oic acid (BEC) hydrochloride

Intermediate in the conversion of arginine to
NG-Hydroxy-L-arginine (NOHA) acetate salt NO and citrulline by NO synthase. Acts as
reversible competitivearginase inhibitor

More potent than a NOHA inhibitor,

Nor-NOHA diacetate salt which exhibits 10-fold selectivity for
human ARG2 over ARG1
Chloroquine Competitive arginase inhibitor
Piceatannol-3’-O-$-d-glucopyranoside (PG) Competitive arginase inhibitor
L-ornithine Competitive arginase inhibitor
L-norvaline Non-competitive inhibitor

proven to be an allosteric modulator of arginase activity [90]. L-ornithine inhi-
bits arginase by competing with L-arginine on the active sites of arginase [91].
Another non-proteinogenic amino acid, L-norvaline, demonstrates potency sim-
ilar to that of L-ornithine; however, since it acts via a non-competitive inhibition
mechanism [92] [93], its application is very attractive. The substance has been
successfully applied already in rats with streptozotocin-induced diabetes [94],
[95].

6. Arginase Inhibition and AD

The idea to block L-arginine depletion and reverse its deprivation, thereby halt-
ing memory loss and reducing other AD symptoms, has been previously ex-
plored. In the abovementioned study, Kan ef al, demonstrated that ARG1 is
highly expressed in regions of Ap deposition [51]. The authors proved that
pharmacologic disruption of the arginine utilization pathway by irreversible in-
hibition of ODC with DFMO protected mice from AD-like pathology and re-
versed memory loss. The authors suggested that L-arginine depletion is respon-
sible for neuronal cell death and cognitive deficits in the course of AD develop-
ment. It is worth mentioning that DFMO is a relatively toxic and irreversible in-
hibitor of ODC. In order to avoid undesirable side effects, it was provided to-
gether with putrescine in a mouse model of AD.

In our current research (which is ongoing in our lab), we inhibit arginase us-
ing L-norvaline, which acts via a negative feedback inhibition mechanism [63].
Accordingly, we do not administer polyamines to the animals. Instead, we pro-
vide the mice with L-norvaline dissolved in water in their home cages; this is a

much less invasive methodology compared to the forced gavage feeding used by
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Kan et al.

A report was recently published with results from a single case-study in which
DFMO was administered, for the first time, in an attempt to slow the progres-
sion of AD [96]. A 74-year-old woman with multidomain amnestic mild cogni-
tive impairment, who was unable to tolerate an acetylcholinesterase inhibitor,
participated in the trial. The patient, with a 5-year history of cognitive decline,
was placed on DFMO (500 mg twice a day) for 12 months. The patient did not
react to the treatment. Moreover, she continued to experience cognitive decline
during the course of the trial, including progressive worsening of orientation,
social functioning, and the ability to engage in the regular activities of daily liv-
ing. The objective measures of episodic memory and executive functioning also
demonstrated progressive deterioration. Florbetapir positron-emission tomo-
graphy (PET) imaging revealed elevated total neocortical standardized uptake
values, both at baseline and at 12 months. This shows that application of DEMO
was not effective in halting either amyloidosis or cognitive decline.

Of note, DFMO is a potent, irreversible “suicide” ODC inhibitor [97]. Its abil-
ity to inhibit arginine is very limited. Using in vitro experiments, Selamnia et al.
(1998) established that DFMO is a weak arginase inhibitor with Ki = 3.9 mM
[98]. Consequently, relatively high concentrations of the substance are required
to inhibit arginase activity. Thus, there are possible nonspecific effects of its ap-
plication as an arginase inhibitor. Moreover, the age of the patient and the de-
velopment of pathology were very advanced to block amyloidosis and improve
cognitive function. In our opinion, arginase inhibitors should be trialed on au-
tosomal gene carriers for early-onset AD, who are in the preclinical disease stag-
es.

According to our hypothesis, upregulation of arginase activity and consequent
L-arginine and NO deficiency in the brain lead to the manifestation of AD pa-
thology. We therefore targeted arginase and not ODC to ameliorate the symp-
toms of the disease. We used a triple-transgenic mouse model of AD (3xTg-AD),
harboring the PS1(M146V), APP(Swe), and tau(P301L) transgenes. The mice
exhibit synaptic deficiency with both plaque and tangle pathology [99].

Animals treated with L-norvaline for two months did not display short- or
long-term memory deficiency compared to the wild-type (WT) mice. Moreover,
the observed cognitive effect was associated with significantly reduced
F-amyloidosis and microgliosis. Likewise, the treatment reversed dendritic spine
deficiency in the cortices and hippocampi and amplified the expression levels of
pre- and postsynaptic proteins.

It has previously been demonstrated that L-norvaline amplifies the rate of NO
production and reduces urea production [100]. L-norvaline has been used suc-
cessfully to treat artificial metabolic syndrome in a rat model [101]. Moreover,
there are reports that L-norvaline inhibits S6K1 as well and possesses an-
ti-inflammatory properties [102]. We showed that L-norvaline treatment leads

to a 53% reduction of the levels of RAC-alpha protein-serine/threonine kinase
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(Akt1) in the brain. This kinase is located upstream to mTOR and S6K1; there-
fore, downregulation of Aktl can negatively influence S6K1 activity. Upregula-
tion of the mTOR-signaling pathway was shown to play an essential role in the
pathogenesis of AD [103]. Accordingly, mTOR-signaling inhibition is a novel
therapeutic target for AD [104].

It is noteworthy that L-norvaline is competent to be a substrate for branched-
chain amino acid aminotransferase (BCAT) [105]. The branched-chain amino
acids include leucine, isoleucine, and valine. There are data showing that the le-
vels of valine are significantly reduced in the plasma of AD patients [8]. BCAT
catalyzes the conversion of branched-chain amino acids and a-ketoglutarate into
branched-chain a-keto acids and glutamate. Therefore, BCAT activity is a criti-
cal factor in the regulation of glutamine and glutamate production.

Glutamine supplementation has been shown to moderate tau phosphorylation
and reduce inflammation in a mouse model of AD [106]. It is worth mentioning
that glutamine levels tend to decline in the brains of AD patients [107], and they
are significantly decreased in the temporal lobe of the AD patients. Sweat et al
(2004) proved via IHC analysis of the rodent brains that BCAT is strongly ex-
pressed in the mossy fiber pathway of the hippocampus and dentate gyrus,
where it is localized at axons and nerve terminals [108]. Moreover, Li et al
(2018) showed that the defect of the branched-chain amino acid metabolism
promotes the development of AD [109]. Additionally, they demonstrated that
the expression of the BCAT1 isoform is significantly downregulated in the brain
tissues of diabetic, aged, and AD mice.

We provided evidence that chronic L-norvaline administration leads to a sig-
nificant increase in expression levels of vesicular glutamate transporter 3 (by
458%) and vesicular glutamate transporter 1 (by 349%) in the hippocampi of AD
mouse models [63]. These findings suggest elevation in the levels of glutamate
produced by BCAT from L-norvaline in the brain. Moreover, superoxide dis-
mutase [Cu-Zn] (SOD) levels were elevated by 19% in the brains of the treated
animals. These enzymes play a critical role in cellular response to oxy-
gen-containing compounds. It was convincingly demonstrated in a rat model
with NMDA excitotoxic lesions that overexpression of superoxide dismutase
[Cu-Zn] leads to neuroprotection and improved functional outcome [110].

Additionally, we observed significantly elevated (by 24%) levels of phosphati-
dylinositol 3-kinase regulatory subunit alpha. Yu et al verified that this kinase
plays a role in protection against H,0,-induced neuron degeneration [111]. Re-
markably, the levels of reelin signal transducer, homolog 1 (DABI1) increased
significantly (by 37%) following the treatment. The reelin pathway has been pre-
viously identified as protective in AD, and high DAB1 mRNA expression has
been shown to correlate positively with AD protection [112]. Moreover, cytoch-
rome ¢ oxidase subunit 4, which is essential for the assembly and respiratory
function of mitochondria [113], was elevated by 31%. Earlier, we mentioned cy-

tochrome c oxidase deficiency as a characteristic metabolic dysfunction detected
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in AD brains; therefore, increase in the levels of this protein, which is critical for
electron transfer, may be partially responsible for the strong behavioral pheno-

type following L-norvaline treatment.

7. Conclusion

In conclusion, we stress the manifold benefits of L-norvaline application in AD
and list its diverse modes of activity. Namely, L-norvaline is an arginase inhibi-
tor and a potent inhibitor of the mTOR pathway. Additionally, the amino acid is
a substrate for BCAT; thus, the application of L-norvaline leads to an increase in
glutamate levels at the synapses. Moreover, L-norvaline activates pathways in-
volved in cellular response to oxygen-containing compounds. All the mentioned
modes of L-norvaline activity have the potential to improve the symptoms of AD
and even interfere with its pathogenesis (Figure 2). We have shown that
L-norvaline represents a promising neuroprotective molecule and possesses

multiple potential biological qualities that might be tailored for the treatment of
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Figure 2. Metabolic effects of L-norvaline in the 3xTg-AD mouse brain. L-norvaline

treatment leads to a reduction of the quantities of Ag fibrils and prefibrillar oligomers
(Apo), an increase in the expression levels of vesicular glutamate transporter 1 and 3
(VGLUT-1 and VGLUT-3, respectively), synaptophysin (SYP), nitric oxide synthase 3
(NOS3), superoxide dismutase [Cu-Zn] (SOD), disabled-1 (Dabl) protein, phosphatidy-
linositol 3-kinase regulatory subunit alpha (PIK3R1), and cytochrome c oxidase subunit 4
(COX4I1). At the same time, L-norvaline reduces the levels of arginase 1 (ARG1) and ar-
ginase 2 (ARG2), RAC-alpha serine/threonine-protein kinase (Aktl), and inhibits ribo-
somal protein S6 kinase beta-1 (S6K1). Moreover, its application prevents translocation
of ARG2 from mitochondria to the cytoplasm. Red arrows represent elevated levels of the
proteins; blue arrows designate reduction compared to the vehicle-treated controls.
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a range of neurodegenerative disorders. Additional research is required to dis-

cover the optimal concentration of the substance for providing the best neuro-

protection. Likewise, other AD models can be utilized to validate the results, elu-

cidate, and confirm the precise neuroprotective mechanisms.
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