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Abstract
While the extensive hunt for therapeutics combating Alzheimer’s disease (AD) has fallen short of delivering effective treatments,
breakthroughs towards understanding the disease mechanisms and identifying areas for future research have nevertheless been
enabled. The majority of clinical trials with β- and γ-secretase modulators have been suspended from additional studies or
terminated due to toxicity issues and health concerns. The lack of progress in developing innovative AD therapies has also
prompted a resurgence of interest in more traditional symptomatic treatments with cholinesterase inhibitors and N-methyl-D-
aspartate receptor antagonists, as well as in the research of immune response modulators. Recently, evidence has emerged
showing that inhibitors of arginine metabolism and in particular blockers of arginase, an enzyme that catalyzes the breakdown
of L-arginine, could present an effective therapeutic candidate for halting the progression of AD and boosting cognition and
memory. In this commentary, we present a brief overview of reports on arginase inhibitors in AD mouse models and discuss
emerging advantages and areas for careful consideration on the road to clinical translation.
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Abbreviations
AD Alzheimer’s disease
NMDA N-Methyl-D-aspartate
Aβ β-Amyloid
DMT Disease-modifying therapies
APP Amyloid precursor protein
BACE β-Secretase
GACE γ-Secretase
NO Nitric oxide
3xTg-AD Triple transgenic AD mouse

ARG Arginase
NOS Nitric oxide synthase
ASL Argininosuccinate lysate
ADC Arginine decarboxylase

Alzheimer’s disease (AD) is a chronic neurodegenerative
condition characterized by progressive loss of higher brain
functions, deposition of intraneuronal neurofibrillary tan-
gles, and accumulation of extracellular amyloid plaques in
the brain. The principal constituent of tangles is the hyper-
phosphorylated protein tau, while plaques are comprised of
fibrils of the β-amyloid (Aβ) peptide. Both biomolecules in
physiological amounts play multiple roles in neuronal biol-
ogy and brain functions, but when in excess and misfolded,
turn toxic to affect a range of processes [1, 2]. Soluble Aβ
oligomers in particular are thought to interfere with a wide
range of brain functions, including synaptic transmission
and plasticity, dendritic integrity and spine formation, axo-
nal trafficking, and receptors and ion channels as well as the
biology of glial cells and the immune response [3, 4].

Therefore, targeting amyloid pathology and restoring func-
tional impairments due to amyloidosis in the brain have been
key priorities in the search for disease-modifying therapy
(DMT). In this pursuit, modulation of amyloid precursor
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protein (APP) processing and Aβmetabolism have been iden-
tified as principal strategic directions. Extensive research with
the development of a variety of β-, and γ-secretase (BACE
and GACE) inhibitors, with their therapeutic applicability, has
been of major interest to academic laboratories and pharma-
ceutical companies, which enabled major advances in the re-
search of their pharmacology and toxicology [5–8]. Despite
overwhelmingly promising results from in vitro cell culture
and animal experiments in vivo, the outcome of human clinical
trials has turned out to be highly unfavorable. Pharmaceutical
giants such as Eli Lilly, AstraZeneca, Boehringer Ingelheim,
Vitae Pharmaceuticals, and Merck as well as many research
laboratories, after investing vast resources and manpower,
have put on hold or turned down many research programs,
due to toxicity concerns of BACE and GACE inhibitors in
humans [9–12]. While extremely disappointing, the toxicity
of drug candidates targeting these key enzymes is hardly sur-
prising given their critical involvement in a wide range of
complex neurobiological processes in the brain. Nevertheless,
one of the hard lessons which have emerged from these studies
is that future reports of disease-modifying effects of BACE and
GACE modulators in AD models should be treated with cau-
tion and verified independently before drawing conclusions
and their advancement into clinical trials.

Given the rapidly increasing prevalence of AD and the
urgent need for effective therapies, more traditional themes
of therapeutic research, such as development and optimization
of cholinesterase inhibitors and N-methyl-D-aspartate receptor
antagonists, have recently become the subject of renewed in-
terest [13–15]. Further in-depth research along with the devel-
opment of safer means and methods for immunotherapies to
suppress the neuro-inflammatory response and facilitate Aβ
clearance with reduction in its toxic effects on neural mecha-
nisms and functions is another AD research area undergoing
revival. Among these, a recent study by Kan and co-workers
showed that in CVN-AD mice (which are mNos2-deficient
and transgenic for the Swedish K670N/M671L vasculotropic,
Dutch/Iowa E693Q/D694Nmutant APP) characterized by ex-
tensive amyloidosis and neurodegeneration in regions affected
by Aβ deposits, the local immune response is strongly sup-
pressed, possibly making a contribution towards the AD-like
pathological process [16]. Indeed, the hippocampus and part
of the cortex of these mice characterized with the most exten-
sive neuronal death and highest amyloid load show enrich-
ment of immune-suppressive CD11c+ microglia. The same
brain regions also show a significant rise in the level of argi-
nase, an enzymewhich catalyzes the breakdown of L-arginine,
causing significant reduction in its level in the affected brain
tissue. Remarkably, pharmacological inhibition of arginase
activity by eflornithine (known with the trade name Vaniqa)
leads to amelioration of the AD-like pathology in CVN-AD
model mice with suppression of CD11c+ expression in
amyloid-affected areas. While the authors conclude that the

principal mechanisms of the therapeutic-like effects of
eflornithine are mediated through modulation of microglial
activity downstream to increased levels of L-arginine in the
brain, eflornithine is also a potent and irreversible inhibitor of
another key enzyme—ornithine decarboxylase [16–18],
which is a major regulator of the growth and functions of
endothelial cells and vascular smooth muscles.

The use of other more selective inhibitors could provide
a better elucidation of the role of L-arginine in the AD-like
pathological process in mouse models, with the potential
for developing selective therapies. In this issue of
Neurotherapeutics, Polis et al. address this topic using a
potent arginase inhibitor, L-norvaline, in a 3xTg-AD mod-
el [19]. Homozygous mice harboring APP KM670/671NL,
a human mutant PS1 (M146V) knock-in, and tau (P301L),
show a spectrum of neuropathological changes closely
replicating those documented in the human AD brain
[20, 21]. Importantly, unlike synthetic DMT candidates
targeting APP cleaving proteases, L-norvaline has been
used for many years as an anti-inflammatory compound,
which is attributed to its potent inhibition of arginase ac-
tivity in endothelial cells. L-Norvaline is also an active
ingredient of supplements taken by athletes to improve
muscle growth, an effect ascribed to its stimulating
actions on tissue metabolism and perfusion [22, 23]. The
latter appears to result partly from the fact that by
inhibiting arginase activity, L-norvaline blocks the break-
down of L-arginine to L-ornithine and urea and by doing so
favors the processing of L-arginine via the L-citrulline and
nitric oxide (NO) route [24, 25] (Fig. 1). Increased bio-
availability of NO in turn causes strong dilation of blood
vessels, stimulating nutrient and oxygen supply and reduc-
ing oxidative stress as well as modulating the activity of
calcium channels. The boosting effect of L-norvaline on
tissue metabolism and associated with it modulation of
the NO response are seemingly well tolerated and are not
limited to the peripheral vasculature, but extend into the
functions of neural tissue and the central nervous system.
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NOS

L-citrulline + NO
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ARG ARG + L-norvalineX

Fig. 1 Schematic of L-arginine metabolism pathways and inhibition of
arginase (ARG) by L-norvaline. NOS = nitric oxide synthase; ASL =
argininosuccinate lysate; ADC = arginine decarboxylase; NO = nitric
oxide. Broken arrows indicate directions of additional processing of
metabolites
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In their study, Polis et al. treated young adult wild-type and
3xTg-AD mice with L-norvaline (supplemented in the drink-
ing water) over 10 weeks, followed by carefully carried out
tests for cognitive and memory functions, with subsequent
wide range of biochemical, molecular, and histochemical tests
and microscopic studies of brain tissue from L-norvaline treat-
ed 3xTg-AD mice compared with vehicle-treated 3xTg-AD
group, as well as wild-type controls [19]. As expected, L-
norvaline was tolerated well by both wild-type and 3xTg-
AD mice, causing no notable changes in their well-being or
routine physiological activities. In Y-maze and in hidden plat-
form swimming tests, 3xTg-AD mice showed improved cog-
nitive performance as compared to vehicle-treated group.
Boosting effects of L-norvaline on cognition were related to
a reduction in the load of prefibrillar and fibrillary Aβ in the
brain, as revealed by immunoreactivity assays in hippocampal
lysates, as well as decreases in amyloid plaques in the cerebral
cortex as evident from histochemical tests and microscopic
studies. Using high-resolution light microscopy and analysis
of the density of dendritic spines in cortical and hippocampal
neurons, a notable increase in the number of dendritic spines
was also detected in 3xTg-AD treated with the arginase inhib-
itor, an observation that correlated with the reads of proteomic
assays, showing higher levels of presynaptic and postsynaptic
proteins, as compared to vehicle-only-treated groups. These
findings suggest the potent ameliorative effects of N-norvaline
on synaptic homeostasis and integrity of synaptic connections
in 3xTg-AD mice, which otherwise display an elaborate AD-
like synaptic pathology and dendritic spine loss [20, 21]. The
reduction in plaque load and neuroprotective effects of L-
norvaline correlated with modulation of microglial activity
in the 3xTg-AD mouse brain, as evident from reduced Iba1
immune reactivity, as well as increased viability of astrocytes
in the hippocampal and cortical slices. Overall, these novel

and converging results suggest that L-norvaline counters neu-
rodegeneration and significantly slows down AD-like pathol-
ogy in 3xTg-AD mice, boosting their cognitive and memory
functions (Fig. 2).

From a basic neurotherapeutics standpoint, the deceler-
ation of the pathological process and the boosting effects of
L-norvaline on cognition along with excellent tolerability
present a highly advantageous development that calls for
future in-depth research and independent verification.
From a neuropathological standpoint, the principal novelty
is that these studies demonstrate that the constitutive activ-
ity of arginase and its pharmacological modulation could
play a fundamental role in the pathobiology of AD, and
hence present a potential therapeutic target. In this context,
it is worth noting that the augmented expression of arginase
has been suggested previously as a risk factor for develop-
ing AD [28, 29]. Upregulation of arginase has also been
related to several other acute and chronic neurological con-
ditions, which include multiple sclerosis, stroke, and trau-
matic brain injury as well as retinal diseases [29, 30].
Dysregulation of arginase activity has also been implicated
in other neurodegenerative disorders such as Huntington’s
[31] and Parkinson’s diseases [29, 30]. Although the report
by Polis and colleagues makes a strong case for the poten-
tial benefits of the arginase inhibitor L-norvaline in 3xTg-
AD mice, at this stage, careful assessment of the effects of
this amino acid in other AD models is necessary, with
further research required into its potential subtle side ef-
fects on brain function as well as on overall animal physi-
ology. As noted earlier, the excellent tolerability of L-
norvaline with overall ameliorative effects makes it a su-
perb drug candidate, facilitating its use in future preclinical
studies and clinical translation.

With the stakes getting increasingly higher for discover-
ing an effective DMT against such a complex disease as
AD, expecting a simple solution is outwardly unrealistic
and premature. The positive outcome from the studies
discussed above implies that targeting arginine metabo-
lism, one of the most fundamental biochemical processes,
might yield a multifaceted (yet not fully understood) solu-
tion to a complex disease such as AD. And this should be
viewed in a promising light. In the end, what is urgently
needed in the fight against AD is finding an effective treat-
ment that will reduce human suffering and improve quality
of life. With a better understanding of underlying mecha-
nisms for beneficial effects, we can look forward to better
times to come.
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Fig. 2 Assessment of the effects of L-norvaline on neuronal and glial cell
integrity, viability, and brain functions in 3xTg-ADmice. Arrows indicate
the directionality of change. Insert images used with permission from [26,
27]
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