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Abstract: Alzheimer’s disease (AD) is an irredeemable chronic neurodegenerative
disorder and the predominant cause of dementia. The disease progression is asso-
ciated with the deposition of amyloid plaques and formation of neurofibrillary
tangles in the brain, yet clinical dementia is the end and culminating stage of the
enduring pathology. Recent evidence suggests that AD is characterized by dis-
tinctive abnormalities apparent on systemic, histological, macromolecular, and
biochemical levels. Besides the well-described characteristic profuse neurofibril-
lary tangles, dystrophic neurites, and AP deposits, the AD pathology includes
substantial neuronal loss, inflammation, extensive DNA damage, considerable
mitochondrial malfunction, impaired energy metabolism, and chronic oxidative
stress. Moreover, severe metabolic dysfunction leading to oxidative stress is a
possible cause and hallmark of AD that is apparent decades before the disease
manifestation. State-of-the-art metabolomics studies have proved that arginine
and branched-chain amino acids metabolism disturbances accompany AD and
contribute to its pathogenesis. Repetitive failures to find an efficient anti-amyloid
or anti-Tau treatment, which would face the challenges of the complex
AD pathology, led to the hypothesis that hyperphosphorylated Tau and deposited
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AP proteins are hallmarks, not the ultimate causes of AD. Accordingly, the
modern scientific vision of AD etiology and pathogenesis must reach beyond
the hallmarks and look for alternative strategies and areas of research.

Keywords: Alzheimer’s disease; arginase; arginine; branched-chain amino acids;
oxidative stress; urea cycle

INTRODUCTION

Alzheimer’s disease (AD) is a severe chronic neurodegenerative disorder and the
leading cause of dementia (1). The gradual progression of cognitive decline is
associated with characteristic brain atrophy, amyloid plaques deposition, and
neurofibrillary tangles (NFT) formation (2). More than 100 years ago, AD has
been described as an extremely rare pathology and, in fact, it was uncommon
before the baby-boomers began to reach retirement age. Nowadays, it looks like
one of the most significant medical, social, and economic challenges that faces the
21st century. Growing life-expectancy, high sugar and fat diet, and sedentary life-
style have led to an epidemic-like and exponential dissemination of the disease
within various social and national strata. Today, more than 50 million individuals
suffer from the stage of AD that we refer to as dementia worldwide, and this num-
ber is expected to triple by 2050 (3).

Despite a century-long rigorous investigation, there is no complete scientific
consensus regarding the causes of AD. The prevailing current view among scien-
tists centers upon the amyloid cascade hypothesis (4, 5). However, growing
clinical and empirical evidence points to extremely complex systemic patho-
physiology accompanying AD-associated cognitive impairment and even con-
tributing to its development decades prior to the clinical manifestation (6, 7).

The recent introduction of novel biomarkers for early detection and clinical
management of AD has improved the diagnostic precision and qualification of
neuropathology. The new techniques provide practical tools for more objective
assessment of the treatment outcomes and early therapeutic strategy correction,
with emphasis on the molecular mechanisms of the disease. Moreover, this
systems-level approach identifies sex and age-specific differences and further
advances the development of personalized medicine.

AD is an incredibly complex illness, which constitutes a combination of
numerous interrelated pathological events that include neurovascular, inflamma-
tory, bioenergetic, and systemic metabolic processes. In addition to the classic,
distinctive hallmarks, the disease is characterized by systemic abnormalities and
brain metabolic aberrations, which are evident at molecular and biochemical
levels. Accordingly, the typical contemporary description of AD-related pathology
includes neuroinflammation, activation of apoptosis, mitochondrial dysfunction,
metabolic impairment, and chronic oxidative stress.

Notably, oxidative damage is considered to be the earliest event in AD
pathology. Reliable data demonstrate an inverse correlation between levels of
oxidative damage and both beta-amyloid (AB) deposition and duration of
dementia (8). Moreover, the formation of intraneuronal NFT is associated
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with reduced oxidative damage as well, which further supports the view that the
onset of oxidative damage is an early event in AD pathogenesis.

Causes of brain oxidative stress include brain hypoperfusion due to advanced
atherosclerosis or endothelial dysfunction, traumatic brain injury (TBI), infec-
tions, autoimmune disorders, insulin resistance (IR), and other diseases leading to
neuroinflammation. Of note, the very first AD patient autopsy disclosed substan-
tial brain atrophy and apparent arteriosclerosis (9). Recent converging evidence
suggests that chronic cerebral hypoperfusion follows progressive aging due to
cerebral atherosclerosis and endothelial dysfunction (10). These two interrelated
pathological processes lead to brain energy crisis and trigger the characteristic
neurodegeneration (11) (Figure 1).

Initial studies with focal ischemic insults and chronic cerebral hypoperfusion
in rats have shown increased amyloid precursor protein (APP) translation levels
followed by local AP deposition in the brain parenchyma (12). Furthermore,
chronic vascular insufficiency induces cleavage of the APP into AB-sized fragments
in a rodent model (13). The used model of chronic blood-vessel occlusion dem-
onstrated progressive accumulation of AP peptide in the aged rats. Of note,
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Figure 1 Main pathogenic factors of AD development. Cerebral hypoperfusion, metabolic
stress, traumatic brain injury (TBI), and insulin resistance (IR) are the main causes of AD
development.
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AP deposition pattern displayed a gradual shift from neurons to the extracellular
matrix, mimicking the characteristics of sporadic AD. The described hypoxia-
induced response is attributed to a significant increase in the activities of APP
amyloidogenic proteases (B- and y-secretases), although nonamyloidogenic
a-secretase activity declines (14). Additionally, proinflammatory cytokines, and in
particular tumor necrosis factor (TNF), prompt transcription of the APP gene via
direct regulation of its promoter, which leads to overproduction and deposition of
AB (15).

Brain tissue dreprivation of arginine has been suggested as a possible patho-
genic mechanism leading to oxidative damage (16). Arginine deprivation leads
to endothelial nitric oxide synthase (NOS3) substrate deficiency and enzymatic
“uncoupling” due to induced arginase activation (16, 17). Uncoupling changes
NOS3 enzymatic profile radically. As an alternative to oxidizing arginine to
citrulline and NO, uncoupled enzyme reduces molecular oxygen to superoxide
anion, which leads to neuronal oxidative stress (18).

Additionally, recent metabolomics studies have indicated characteristic
branched-chain amino acids (BCAAs) deficiency as a metabolic signature of AD
(19). BCAAs play an important role in glutamine/glutamate brain metabolism
and provide nitrogen for at least one-third of the cerebral glutamate (20).
Therefore, perturbations of BCAAs levels have a substantial impact on brain func-
tion and tip the scale between excitation and inhibition. Of note, BCAAs supple-
mentation has been intensively investigated preclinically, demonstrating a
therapeutic potential in different animal models of atherosclerosis (21), obesity
(22), metabolic syndrome (23), and AD (24).

According to our model (Figure 2), AD is a spectrum of disorders, which has
a mutual downstream pathway and pattern of manifestation with deviant biologi-
cal reactions that eventually culminate in clinical dementia. We comprehend brain
amyloidogenesis as a natural evolutionary conserved reaction to oxidative and
metabolic stresses, which can be induced by numerous factors including nutrient
imbalances. This view corresponds with the notion of AP antioxidant functions in
the aging and AD brain (27) and an influential concept, which deals with intra-
neuronal accumulation of AP, is a protective cellular mechanism to cope with
oxidative insults (28). Moreover, amyloid aggregation and formation of extracel-
lular amyloid plaques, where amyloid is in an insoluble form, are also an adaptive
mechanism of the brain (29). This bioprocess reduces the concentration of the
soluble toxic oligomeric and fibrillar species, which impair synaptic function and
induce an inflammatory response. For that reason, there is a gradual reduction of
AP concentration in the cerebrospinal fluid (CSF) of AD patients (30), the index
that is inversely correlated with the cognitive decline (31).

EARLY- AND LATE-ONSET AD ARETWO DIFFERENT ENTITIES

Advanced age is the main risk factor of AD (32). Nevertheless, its early onset is
relatively common, representing about 5% of all cases (33). The very first case
described by Alois Alzheimer was a woman who died at just 55 years from the
disease. In fact, this case should be classified as an early-onset AD (EOAD)
incident. This form is defined in the literature by clinical symptoms appearing
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Figure 2 Proposed model of AD pathogenesis. The diagram presents oxidative stress induced
by mitochondrial dysfunction, inflammation, or metabolic stress as the principal pathogenic
AD event. Oxidative stress leads to an elevation in ROS levels and accumulation of oxidation
products in neurons, which results in overexpression and increased processing of APP gene
and eventually plaque formation (25), hyperphosphorylation of Tau and NFT pathology,
which in turn produces more ROS and results in neurodegeneration and cellular death (26).
AB directly induces the production of ROS and further exacerbates oxidative stress and
impairs endogenous antioxidant system including the activity of SODs.

before the age of 61 years (34). Generally, EOAD is inherited following dominant
Mendelian fashion, although it represents a genetically heterogeneous group (35).
Epidemiological data suggest that autosomal dominant familial AD (FAD) with
PSEN1, PSEN2, and APP mutations accounts for about 0.5% of all AD cases (36);
yet, the share of familial form in the group of EOAD rises to 13% (34). Late-onset
AD (LOAD) demonstrates a high heritability, with much more genes implicated in
its development; however, the progression of LOAD is believed to be driven by a
combination of genetic and environmental factors (37), and thus it remains to be
principally idiopathic.

EOAD frequently manifests with distinguishable cognitive profile from LOAD.
No evident amnesia characterizes the disease course, sometimes presenting
just with language discrepancies, apraxia, and other uncommon functional
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deficits (38). Moreover, a specific memory impairment itself presents distinct
patterns in EOAD and LOAD cases, with significantly more impaired semantic
memory in LOAD than in EOAD patients (39). Recent objective data have dem-
onstrated that EOAD CSF and fludeoxyglucose F 18 (!8F-FDG) positron emission
tomography (PET) features substantially contrast with LOAD. CSF t-Tau shows
significantly higher levels in EOAD patients (40). Moreover, '®F-FDG PET scans
of EOAD patients present the asymmetric patterns of hypometabolism with a
localization that prominently differs from LOAD. Likewise, dementia severity in
relatively young patients strongly correlates with amyloid plaques burden, but
this direct relation progressively weakens with age and even disappears in the
ninth decade of life (41). Of note, the term “dementia” itself is an umbrella term
for cognitive impairment that interferes with one’ ability to conduct routine daily
affairs, and therefore extremely varies between different social groups.

Remarkably, at a molecular level, the Ap oligomeric subtypes show a distinct
pattern in each of AD forms. Amyloid pentameric species in the insoluble fraction
are more abundant in EOAD than in LOAD (42). Additionally, elevated inflamma-
tory markers, together with impaired renal function, distinguish LOAD, which
points to substantial differences in pathogenesis and development between the
two clinical forms of the disease (43).

These observations indicate that EOAD afflicting presenile populations repre-
sents a categorically separate pathological entity, which is characterized by dis-
tinctive pathophysiological mechanisms accountable for its unambiguous genetic
background and uncommon clinical manifestation. In our opinion, only this form
presents classic AD or presenile dementia of Alzheimer type.

In opposition to presenile form, the etiology of LOAD disease is much more
heterogeneous, with a combined contribution of numerous genetic, age-related,
and environmental factors. Unlike EOAD, LOAD often presents in comorbidity
with diabetes and hypertension (44). Of note, no two patients have the same
combination of the disease-related factors; therefore, the clinical appearance and
the treatment strategies for this form have to be accurately personalized. Moreover,
despite the apparent differences between presenile and senile forms of AD, taxo-
nomically they are still the same illness. In our opinion, LOAD is a syndrome, but
not a stand-alone disease. It is a concurrence of correlated with each other con-
vergent symptoms, and concurrence literally means syndrome (45). Thus, we
suggest that the presence of the same confluent hallmarks, which characterize the
EOAD and LOAD, does not reflect their mutual etiology and pathogenesis; there-
fore, attempts to link these two forms of AD to a single common causative agent
are futile. For that reason, this chapter deals only with more common LOAD,
which has a distinct metabolic signature.

LOAD AS A SYSTEMIC METABOLIC DISORDER

Converging evidence points to severe metabolic dysfunction as a leading cause
and hallmark of AD (46). State-of-the-art metabolomics and imaging studies
dealing with the immense complexity of the AD phenotype have disclosed this
aspect of the disease. Gradual decline in cerebral metabolic rate is one of the earli-
est indicators that distinguish patients with mild cognitive impairment (MCI) and
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poses the clinical suspicion of prodromal AD (47), which suggests a key role of
metabolic dysfunction in initial mechanisms of AD development. Likewise,
advanced analyses of the brain tissue could detect explicit metabolic perturba-
tions associated with AD, both in humans (48) and mice (49).

A recent human postmortem unbiased lipidomics and metabolomics study
has disclosed 34 metabolites, which distinguish frontal cortices’ composition of
AD patients from healthy controls (50). The authors identified six biochemical
pathways, which are significantly altered in AD brains. The list of the pathways
by their significance rate includes alanine, aspartate, and glutamate metabolism;
arginine and proline metabolism; cysteine and methionine metabolism; glycine,
serine, and threonine metabolism; purine metabolism; and pantothenate and
CoA biosynthesis (50).

Metabolomics profiling of human plasma, which combines high-resolution
mass spectrometry and advanced chemometrics and pathway enrichment analy-
sis, indicates differentially affected polyamine and arginine metabolism in MCI
subjects converting to AD (51).

Animal studies support and advance these findings. Multivariate statistical
analysis of metabolite profiles of the brain, liver, and kidney tissues from APP/PS1
and wild-type (WT) mice indicates systemic nature of AD-associated pathophysi-
ology (52). Liver and kidney samples from 6-month-old mice were fingerprinted
using a high-throughput multi-platform metabolomics approach based on gas
chromatography/mass spectrometry and reversed-phase liquid chromatography.
Several observations pointed to the systemic character of the disorder with
severely impaired glucose metabolism, mitochondrial dysfunction, and abnormal
metabolism of BCAAs (52). Another longitudinal research performed in APP/PS1
transgenic and wild-type mice (6, 8, 10, 12, and 18 months of age) with deep
profiling of the brain and plasma metabolome proved severely disturbed poly-
amines and BCAAs metabolism (53).

Growing clinical evidence points to a widespread AD-related systemic disorder
characterized by severely affected peripheral parenchymal organs and blood in
similar magnitude as the brain (54). Remarkably, the scope and features of
AD-associated metabolic abnormalities resemble advanced pathology observed in
obese and diabetic patients (55). These common aberrations led to the hypothesis
that AD represents a unique form of diabetes. A novel term “type 3 diabetes” has
been coined and accepted in the scientific literature (56). This term reflects a
substantial overlap at molecular and biochemical levels between AD and diabetes
mellitus type 2 (57). Diabetic elderly patients were shown to develop extensive
vascular abnormalities, which are associated with classic AD pathology (58).
Likewise, recent data evidently and causatively relate obesity and AD (59).

Remarkably, several common treatment strategies for the abovementioned
metabolic diseases are extremely effective, which proves mutual pathophysiology.
Various preclinical and clinical studies have verified that a long list of drugs that
are conventional in the treatment of diabetes, atherosclerosis, and other metabolic
disorders improves the overall status, behavioral and cellular functions of AD
patients. For instance, insulin-based therapy has emerged as a promising approach
to halt AD-associated cognitive decline (60). Wang et al. evidenced a substantial
effect of metformin upon neurogenesis and spatial memory acquisition in
mice (61). A significant neuroprotective effect of metformin was demonstrated in
rodents on a high-fat diet (HFD) (62). A recent meta-analysis study has proved
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that metformin use is associated with reduced risk of dementia in patients with
diabetes (63). In order to evaluate the potentials of the drug as a disease-modifying
medicine in AD, a randomized 2-month-long placebo-controlled crossover study
was performed, verifying the metformin-associated improvement in executive
functioning (64).

Additionally, animal and human studies with thiazolidinediones have shown
the potential to treat AD and diabetes. The treatment improves memory via facili-
tation of synaptic transmission and reduction of neurodegeneration (65, 66).
Likewise, a broad variety of antioxidants are shown to be promising in atheroscle-
rosis, AD (67), and diabetes mellitus (68). It is worth mentioning that chronic
curcumin treatment improves the function of insulin-producing p-cells, reduces
AB-associated cytotoxicity, mitigates Tau protein hyperphosphorylation, and alle-
viates neurodegeneration (69, 70).

Curiously, despite the lack of consensus about the AD etiology and patho-
genesis, and absence of disease-modifying therapy, the disease prevalence in
the western world has declined gradually over the last two decades (71).
Several population-based studies have suggested that despite the growing
absolute number of elderly people with dementia, age-specific risk of dementia
is declining (72). In the USA alone, the proportion of elderly people with
dementia has decreased by about 24% between 2000 and 2012 (73). A similar
trend was observed in England between 1991 and 2011 (74).

One possible explanation for the phenomenon might be recent considerable
achievements in treatments of cardiovascular diseases and diabetes. The innova-
tive widespread prevention and treatment strategies for these disorders include
intensive medication with novel effective medicines. Therefore, the progress in
the control of main dementia risk factors substantially assisted in reducing the
prevalence of dementia among the target age groups.

Recent evidence suggests that AD-associated cognitive impairment is the out-
come of extremely complex pathophysiology. In the light of new findings, more
thorough consideration of the complexity of AD as a syndrome is required.
Moreover, strategies targeting B-amyloid or Tau protein are not adequate to cure
the disease; therefore, attempts to treat single hallmarks of AD, such as plaques
and tangles, are futile.

A CONTRIBUTION OF THE UREA CYCLE AND POLYAMINE
METABOLIC PATHWAY IN THE DEVELOPMENT OF AD

The human brain weighs just 2% of the entire body weight but consumes about
a fifth of the total glucose-derived energy, and consequently is highly vulnerable
to oxidative stress (75). Neurons particularly are strongly dependent upon oxi-
dative phosphorylation as an energy source, compared to other cells. As a gen-
eral rule, oxidative stress increases with aging (76), which is followed by
escalation of protein oxidation and extensive lipid peroxidation in susceptible
organs and, particularly, in the brain. In the course of the progression of age-
related or AD-related neurodegeneration, neurons gradually lose their capacity
of maintaining an appropriate redox balance. This imbalance leads to progressive
accumulation of reactive oxygen species (ROS), mitochondrial dysfunction, and,
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eventually, to neuronal injury (77). Moreover, A deposits are directly associated
with the free-radical generation, forming a vicious circle of AD pathogenesis
(78, 79) (Figure 2).

Antioxidants are capable of transferring electrons to and from oxidizing
agents, inhibiting free radicals production and reducing potential cell damages
(80). Generally, antioxidants are classified into enzymatic agents (superoxide
dismutase [SOD], catalase, glutathione peroxidase, glutathione reductase, etc.)
and non-enzymatic agents (coenzyme Q10, carotenoids, vitamins E and C, and
arginine) (81).

Arginine is a potent free radical scavenger (82) and protects neurons against
oxidative stress through its antioxidant potentials (83). Its cationic nature contrib-
utes to the unique protonative properties and ability to react directly with the
superoxide anion radical (84). Thus, arginine and its derivatives regulate mem-
brane peroxidation processes (85). Although the human cells are capable of syn-
thesizing arginine, its external supplementation is necessary for infants and the
elderly, making arginine conditionally essential (86). Moreover, some clinical con-
ditions lead to depletion of endogenous arginine resources, which escalates the
demand for it. Among these conditions are severe infections, burns, wounds,
intensive physical activity, and sterility (87).

Several recent studies have explored the association between age-related
cognitive function decline and aberrations in brain arginine metabolism. An
animal study has disclosed altered arginine metabolic profile even prior to any
memory deficit (88), which proves the parallel development of brain arginine
metabolism aberrations and behavioral deficits in AD mice. Moreover, behav-
ioral deficits and brain profile alternations follow the changes in plasma arginine
metabolic profile, which advocates the use of arginine-centric antemortem bio-
markers for the early diagnosis of AD (88). More recent data from the same
laboratory have demonstrated a significantly altered brain arginine metabolism
in a mouse model of tauopathy (89). Noticeable changes were observed in orni-
thine, polyamines, and glutamate concentrations, which further suggest a shift
of arginine metabolism to the direction of arginase—polyamine pathway in AD
rodent models brain.

Additional evidence indicates severe arginine metabolism disturbances in vari-
ous brain areas and points to significantly escalated arginase activity in the hip-
pocampi of AD patients (90). Another study has reported decreased levels of
arginine in the cortices of AD patients (91). Moreover, innovative capillary elec-
trophoresis—mass spectrometry metabolomics investigations of AD patients’ CSF
detect a decline in arginine levels (92, 93). Remarkably, urine levels of arginine in
amnestic MCI patients are also significantly lower than in normal controls (94).
Additionally, these patients demonstrate a reduced global arginine bioavailability
ratio, the index, which is positively correlated with the Mini-Mental Status
Examination score, making urinary arginine levels a potential diagnostic bio-
marker for MCI. Of note, numerous animal studies have further implicated altered
arginine metabolism in the pathogenesis of AD (95, 96).

Arginine was shown to mitigate hydrogen peroxide-induced apoptosis and
protect against AP ,s.35-induced toxicity in cultured PC-12 cells (97). The amino
acid supplementation improves cognitive function in demented elderly (98).
Additionally, its administration within 30 min of a stroke significantly decreases
the frequency and severity of symptoms (99).
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Arginine overcomes biological barriers via ubiquitously expressed high-affinity
permeases or cationic amino acid transporters (CATs), which are involved in the
transport of the cationic amino acids (arginine, lysine, histidine, etc.) (100).
Arginine is generally transported from the circulating blood into the brain via
CAT1, which is excessively expressed at the blood—brain barrier (BBB) (101, 102).
The amino acid influx transport in the rat model has been proven to be saturable
with a Michaelis—Menten constant (Km) value of 56 pM. Of note, the physiologi-
cal serum concentration of arginine is about 170 pM in rodents and about 100 uM
in men (103). Consequently, the capacity of its transport system is substantially
limited (104) that makes traditional arginine supplement insufficient to demon-
strate all of its possible effects. Therefore, the pharmacological targeting of
enzymes that metabolize arginine in order to improve its availability is a likely
beneficial method to treat neurological conditions (17).

Arginase cleaves arginine to produce urea and ornithine at the last step of the
urea cycle, which generally protects the cells against ammonia toxicity, while
ornithine and its downstream derivatives participate in collagen formation,
induce cell proliferation, and influence other vital physiological processes
(Figure 3). A substantial increase in arginase activity contributes to vascular dys-
function in the atherosclerotic (apolipoprotein E deficient) mice by interfering in
the function of the neurovascular unit, which leads to BBB leakage and neuroin-
flammation (105).

Arginine is the immediate precursor of NO and other bioactive molecules
(Figure 3). Nitric oxide synthases (NOSs) utilize arginine as a substrate to produce
NO and citrulline (106). Consequently, the bioavailability of arginine is a regulat-
ing factor for NO synthesis (107). Arginine-derived NO serves as a potent antioxi-
dant agent protecting cells from damage caused by ROS (108). It causes
vasodilation and improves blood supply to neurons, which reduce their suscepti-
bility to oxidative stress (109). Likewise, NO moderates Ca** influx into the neu-
rons, protecting them from excitotoxicity (110). Remarkably, under physiological
conditions, the molecule represents a key endothelium protective factor (111) but
becomes detrimental under oxidative stress. Substrate deficiency leads to NOS3
uncoupling and deviation from NO synthesis, converting it to a superoxide-
producing enzyme (112). A significant reduction of NOS activity in AD brains,
with a decrease in the levels of NOS1 and NOS3 proteins, has been reported (90).
Moreover, AD-associated arginase overactivation substantially limits mutual sub-
strate availability, and is followed by a decrease in NO production (113). This
mechanism is particularly important in the statuses with limited extracellular
resources of arginine, like advanced age, for example.

The arginase expression is induced by various stimuli, including cytokines,
catecholamines, lipopolysaccharide, TNE oxidized low-density lipoprotein, and
hypoxia (114, 115). In the brains of the AD model mice, arginase 1 (Argl) was
shown to be not only localized in the cells but also distributed in the extracel-
lular space. In the hippocampus, it displays a spatial correlation with AP deposi-
tion, and Ibal expression (16). In addition, activation of arginase 2 (Arg2) is
associated with translocation from the mitochondria to the cytosol (116, 117)
(Figure 3).

Recent evidence points to escalated Arg2 gene expression in AD brains (118).
Moreover, Arg2 deficiency reduces the rate of hyperoxia-mediated retinal neuro-
degeneration (119), suggesting the contribution of arginase in the neuronal
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Figure 3 Arginine metabolic pathways and their deviations in AD brain. Arginine is primary
substrate metabolized by nitric oxide synthases (NOS1 and NOS3 under physiological
conditions), arginase 1 (Arg1) and arginine decarboxylase (ADC). Arginase 2 (Arg2) plays a
role in extra-urea cycle arginine metabolism. Arginine is cleaved by arginase to form urea
and ornithine at the final step of the urea cycle. The urea cycle consists of N-acetylglutamate
synthase (NAGS), which is an allosteric cofactor for catalytic enzyme carbamoyl phosphate
synthase (CPS1), and other four catalytic enzymes: ornithine transcarbamylase (OTC),
argininosuccinate synthetase (ASS1), argininosuccinate lyase (ASL), and arginase 1 (Arg1).
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
human brain. As a result, the brain urea cycle is not efficient and to remove ammonia and
relies on alternative glutamine synthesis by glutamine synthetase (GS). Glutamine
concentration rises in AD brain. Glutamate dehydrogenase (GDH) catalyzes the deamination
of glutamate to a-ketoglutarate (a-KG), which concentrations also increase in AD brain, and
ammonia (NH3). The mitochondrial ornithine transporter (1), citrin (2), and the
mitochondrial cationic amino acid transporter type 1 (3). Red arrows indicate elevated levels;
blue arrows designate reduced ones. The intensity of the circles’ color reflects the level of
activation (arbitrary scale). Argininosuccinate lyase (ASL), argininosuccinate synthetase (ASS),
nitric oxide (NO), ornithine decarboxylase (ODC), spermidine synthase (SPDS), spermine
synthase (SPMS), agmatinase (AGM), ornithine aminotransferase (OAT).
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degeneration via overactivation of the N-methyl-D-aspartate receptors (120).
Accordingly, targeting Arg2 has been proposed as a means of decelerating
age-related diseases treatment (121).

Inhibition of ornithine decarboxylase (ODC) with a-difluoromethylornithine
has been proved to be neuroprotective in a rodent model of AD (16). The authors
speculated that arginine deprivation is a critical AD pathogenic factor, which
eventually leads to neuronal death and cognitive deficits. We have hypothesized
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that upregulation of arginase activity and consequent arginine and NO deficiency,
in the brain areas characterized by excessive amyloid deposition, contribute to the
clinical manifestation of AD (17). Accordingly, we targeted arginase, but not ODC,
with its uncompetitive inhibitor, norvaline, to ameliorate the symptoms of the
disease (117).

Norvaline has been proven to be a potent inhibitor of urea synthesis in iso-
lated rat liver cells (122). Tt also inhibits arginase in vivo via negative feedback
inhibition mechanism due to its structural similarity with ornithine (123).
Moreover, the inhibition process is enantiomer dependent because its stereoiso-
mer, D-norvaline, does not affect NO production (113). The potency of norvaline
to amplify the rate of NO production has been evidenced in vitro (113). In addi-
tion, the substance was effectively used in a rat model of artificial metabolic
syndrome (23).

Remarkably, norvaline also effectively inhibits ornithine transcarbamylase
(OTC) activity, the mitochondrial enzyme converting ornithine to citrulline
(124) (Figure 3). OTC is extensively expressed in AD brains, but not in controls,
which is followed by about ninefold increase in OTC activity in the CSF (125).
Epidemiological studies have revealed that single nucleotide polymorphism of
the OTC gene promoter is associated with AD morbidity, suggesting that the
OTC gene is a minor genetic AD determinant (126). OTC activation leads to
apparent ornithine deficiency (90) and, in turn, arginase activation via product
inhibition insufficiency. Thus, the vicious circle of metabolic changes acts in the
AD brain (Figure 3). Accordingly, norvaline is capable of correcting the
AD-related arginine metabolism aberrations by inhibiting two central enzymes
of the urea cycle.

A PUTATIVE ROLE OF BCCAS IN THE DEVELOPMENT OF AD

BCAAs are the amino acids possessing branched aliphatic side-chains. There are
three proteinogenic BCAAs—valine, leucine, and isoleucine, which are essential
amino acids—and several non-proteinogenic BCAAs, including 2-aminoisobutyric
acid and 2-aminopentanoic acid (norvaline) (127). It is worth mentioning that the
vast majority of essential amino acids are metabolized in the liver; however,
BCAAs escape the first-pass hepatic catabolism and are mainly oxidized in skeletal
muscles, adipose tissue, and the brain (128).

BCAAs catabolism initiates with a transamination reaction catalyzed by the
branched-chain aminotransferases (BCATs). The family of BCATs consists of two
isoforms: mitochondrial BCAT2 and cytosolic BCAT1. BCATs are mutual to all
three BCAAs, and transamination by BCATs is the exclusive reaction for BCAAs
only. The products of the reaction are glutamate and three different branched-
chain a-ketoacids (BCKAs). Of note, other non-proteinogenic BCAAs (for instance,
norvaline) are competent to be substrates for BCAT in rodents and humans (129).

There are indications that BCAAs play a different role in the brain compared to
other tissues. BCAT1 and BCAT?2 are expressed prominently in the brain cells,
where the enzymes maintain the continuous supply of the principal excitatory
neurotransmitter glutamate. Remarkably, BCAT1 is present predominantly in neu-
rons, while the appearance of BCAT2 is limited to astrocytes (130, 131).
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In the mammalian brain, BCAAs are involved in several vital processes. Among
them are key neurotransmitters’ metabolism, protein synthesis, and energy
production (132). Glutamate is the principal excitatory neurotransmitter of the
mammalian brain (133), and its concentrations are substantially higher in brain
than in plasma (134). Glutamate does not cross the BBB in considerable quanti-
ties, except in regions with fenestrated capillaries (135); therefore, neuronal
glutamate has to be continually synthesized from constantly accessible and reli-
able precursors. Its synthesis requires an efficient amino group donor, which is
transported rapidly into the brain and is readily transaminated. BCAAs meet these
needs optimally. Their unique properties and availability allow them to play a
central role in glutamate metabolism. It was estimated that at least one-third of the
cerebral glutamate contains nitrogen derived from the BCAAs (20). Consequently,
perturbations in the levels of BCAAs meaningfully influence the whole function of
the central nervous system, and the balance of excitation and inhibition, in
particular.

Gonzalez-Dominguez et al. utilized gas chromatography coupled with mass
spectrometry to profile low-molecular-weight metabolites in serum of newly diag-
nosed sporadic AD patients who had not received any medication yet (136).
Alterations of 23 metabolites were detected, including significantly decreased
valine levels. In a more recent study including hundreds of participants conducted
by Toledo et al., lower plasma valine levels were shown to correlate with the rate
of cognitive decline. Likewise, the coefficient for valine was negatively associated
with actual ventricular volume changes. Accordingly, an increase in valine con-
centration was associated with a significantly decreased risk of AD (137). Another
study by Tynkkynen et al. utilized innovative profiling of blood metabolites via
nuclear magnetic resonance and mass spectrometry (19). Remarkably, lower lev-
els of all three BCAAs were strongly associated with an increased risk of dementia
and AD in a combined meta-analysis with a replication sample.

In our original studies in a rodent model of AD, we provided the mice with
arginase inhibitor non-proteinogenic BCAA norvaline, which is an isoform of
valine (117). The animals treated with norvaline demonstrated significantly
improved spatial memory acquisition, associated with an increase in hippocampal
spine density, and reduced neuroinflammation. Moreover, the rate of the brain
amyloidosis was significantly diminished due to a reduction in the expression
levels of the APP, which was followed by a significant increase in [Cu-Zn] super-
oxide dismutase levels, suggesting improvement of the internal antioxidant mech-
anisms (24). Further investigations will shed light on the potential of BCAAs to
halt AD progression.

CONCLUSION

Scientific society has already sought a potent AD-modifying medication for more
than a century. Unfortunately, its best efforts have been to no avail. A cornucopia
of agents has been trialed, hoping to preclude the impending calamity, but with
no conclusive results. The primary cause of the continual failures is the mislead-
ing and highly controversial hypothesis, which besets the development of ade-
quate AD therapy.
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The chronic absence of an AD-modifying drug, despite multibillion dollar
research and development investment, puzzles the best scientific minds and
enigmatizes the entire field of knowledge. Continual failure to rise to the
challenges of the multifaceted AD pathology and offer an efficient disease-
modifying therapy predicated upon the dominant during the last 30 years
amyloid cascade hypothesis, with aggressive anti-amyloid or anti-Tau treat-
ments, led to the suggestion that hyperphosphorylated Tau and deposited A
proteins are just hallmarks and not the ultimate causes of AD (139, 140).
Accordingly, treatment strategies targeting beta-amyloid or Tau protein are not
competent to cure the disease (140). As a result, a novel trend in academic
research and preclinical drug development is directed toward the discovery of
therapeutic agents targeting altered brain metabolism and energetics (141).
Recently proposed novel strategies based on a universal approach to the prob-
lem of AD and a progressive vision of the disease etiology and pathogenesis
reaching beyond the conventional hallmarks provide a hope to halt the loom-
ing epidemic.

Current metabolomics techniques are based on a comprehensive understand-
ing of AD pathophysiology, which is predicated upon the detailed knowledge of
its peculiarities, the disease onset coincidences, and the precise order of the
pathology development. In this context, an emerging metabolic hypothesis of AD,
which is strongly supported by empirical evidence, and treats the classic hall-
marks of the disease as the epiphenomena of the major complex pathology, has
promising potential to offer a competent therapeutic solution.

Moreover, this new concept proposes a novel approach to the clinical classifi-
cation and the treatment strategy for two distinct forms of AD. There is a consen-
sus about the considerable differences between EOAD and LOAD. These two
forms of AD have dissimilar courses, different genetic backgrounds and clinical
manifestations, and are followed by unrelated metabolic impairments. Therefore,
they have to be treated as separate entities.

In categorizing LOAD as a brain expression of a systemic complex metabolic
disorder, which shares similarities and pathogenic pathways with diabetes melli-
tus, obesity, and atherosclerosis, we suggest common treatment and preventive
strategies for all these pathologies. Therefore, regular physical and mental activity,
diet, blood glucose, cholesterol levels monitoring and regulation, and antioxi-
dants supplementation have particular importance in AD prevention and
treatment. Moreover, novel emerging potent medicines, which have been success-
fully trialed in patients with various systemic metabolic diseases, might be
extremely effective in AD patients as well.

We suggest that inclusive AD treatment strategies, targeting both brain and
systemic abnormalities, are more effective than strategies that target CNS abnor-
malities alone. Such approaches should include an auxiliary intervention into the
metabolic pathways and personalized correction of misbalances. Likewise, the
systemic management of AD comorbidities and mutual risk factors is a central
part of preventive AD therapy.

In addition, we argue that, in the case of LOAD, early prevention is the best
healthcare salutary strategy. Consequently, the most critical current objectives
are the empowerment of people with the ability to change their lifestyle, and the
arming of doctors with the appropriate tools and medicines to halt the AD
development.
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