Current Research in Pharmacology and Drug Discovery 4 (2023) 100153

10 Current Research in
Bharma_cology and

Contents lists available at ScienceDirect

Current Research in Pharmacology and Drug Discovery

journal homepage: www.journals.elsevier.com/current-research-in-pharmacology-
and-drug-discovery

&

EL

SEVIER

The therapeutic potential of carnosine: Focus on cellular and R

Check for

molecular mechanisms

a,b,*, a,c,1

Giuseppe Caruso ! Lucia Di Pietro , Vincenzo Cardaci C’d, Salvatore Maugeri °,

Filippo Caraci®"

2 Department of Drug and Health Sciences, University of Catania, Catania, Italy

Y Unit of Neuropharmacology and Translational Neurosciences, Oasi Research Institute-IRCCS, Troina, Italy
¢ Scuola Superiore di Catania, University of Catania, Catania, Italy

4 Vita-Salute San Raffaele University, Milano, Italy

ARTICLE INFO ABSTRACT

Keywords: Carnosine is a naturally occurring endogenous dipeptide composed by the ligation of f-alanine and L-histidine
Carnosine performed particularly by tissues with an increased oxidative metabolism such as muscles and brain. In the last 50
Oxidative stress years different studies have assessed the role and function of carnosine through numerous in vitro, in vivo, and
gﬂf:;n:gt;zgaﬁon clinical studies, demonstrating the multimodal mechanism of action of this dipeptide that includes anti-aggregant,
Neuroprotection antioxidant, and anti-inflammatory activities. In particular its activity has been investigated in experimental

models of cardiovascular disease (CVD), type 2 diabetes mellitus (T2DM), and neurodegenerative disorders, such
as cerebral ischemia and Alzheimer's disease (AD). In the present review, we examined the protective role that
carnosine could exert in the context of T2DM, CVD, and AD, which show common pathogenic mechanisms
including oxidative stress, inflammation, and aggregation phenomena. Carnosine's pharmacodynamic profile is
multimodal and combines the systemic anti-inflammatory and antioxidant activities with its anti-aggregant and
neuroprotective efficacy in the central nervous system. This enlarged pharmacological activity opens a new path
to explore the therapeutic potential of carnosine in all the three diseases, and in particular in patients with T2DM,
who often show a history of CVD and also have an increased risk to develop mild cognitive impairment and AD.

1. Introduction produced by organisms and involved in signaling mechanisms and

physiological functions, while their dyshomeostasis has been associated

Carnosine was discovered more than 100 years ago in Ukraine at the
Charkow University by Gulewitsch and Amiradzibi while they were
analyzing a meat extract (Gulewitsch and Amiradzibi, 1900). It is a
natural occurring dipeptide made of -alanine and L-histidine and widely
distributed in mammalian tissues, where it can be found in a very high
concentration in cardiac and skeletal muscles (Mannion et al., 1992), as
well as in the brain (Hipkiss et al., 1998a). Some invertebrate species also
contain carnosine (Drozak et al., 2010).

Many recent studies have identified the different pharmacological
activities exerted by carnosine, among which the anti-aggregant, the
antioxidant, and the anti-inflammatory activities are definitely
noteworthy.

Both reactive oxygen (ROS) and nitrogen (RNS) species are normally

with numerous pathological conditions, and in particular neurodegen-
erative disorders (Mainz et al., 2012; de Campos et al., 2015). An
imbalance between their production and neutralization, that can depend
on both the accumulation of ROS/RNS or to an impairment of the anti-
oxidant system, leads to a condition of oxidative and nitrosative stress
(Birben et al., 2012; Gunasekara et al., 2014).

Our organism responds to biological, chemical, or physical stimuli by
increasing the concentrations of pro-inflammatory mediators, in order to
suppress the triggering condition and/or to prevent damages on itself.
Among the pro-inflammatory cytokines, three are the most studied:
tumor necrosis factor (TNF)-a, interleukin (IL)-1B, and IL-6 (Stevens
et al., 1992; Popko et al., 2010; Umare et al., 2014), and are the main
responsible for the state of inflammation that follows (Beesu et al., 2016).
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Aggregation phenomena occur when proteins that are normally sol-
uble become insoluble due to an alteration of their secondary or tertiary
structure, this being caused by mutations or chemical and environmental
modifications that act on the conformational stability of the protein. The
conformational changes and aggregation that follow can lead to detri-
mental consequences in direct (by exerting a toxic activity) or indirect
(impairing the physiological role of the native protein) ways (Thomas
et al., 1995; Kelly, 1996; Carrell and Lomas, 1997; Carrell and Gooptu,
1998; Soto, 1999; Gaggelli et al., 2006). Several diseases have been
demonstrated linked to protein misfolding and are grouped under the
name of protein conformational disorders, such as Alzheimer's disease
(AD).

Numerous neurodegenerative disorders are known to be linked to the
three detrimental mechanisms discussed above (oxidative stress,
inflammation, and protein aggregation), such as brain ischemia (Hu and
Chen, 2012), cardiovascular disease (CVD), type 2 diabetes mellitus
(T2DM), and the already mentioned AD (Igbal and Grundke-Igbal, 2010);
carnosine, therefore, through its multimodal mechanism of action (Car-
uso et al., 2019b), could play an important role in counteracting and/or,
in the best scenario, completely preventing the molecular alterations
underlying neuronal death in these pathologies.

The present review aims to be a deep analysis of the current state of
the art in the knowledge of the protective role that carnosine could exert
in the context of neurodegenerative diseases related to oxidative stress,
inflammation, and aggregation phenomena. In particular, we will
examine the cellular and molecular mechanisms exerted by carnosine,
underlying the therapeutic potential of this natural occurring dipeptide,
towards which numerous evidence justifies the growing interest docu-
mented in recent years. The final aim is to translate its already well-
known preclinical efficacy into the clinical applications to improve pa-
tient's quality life.

2. Carnosine metabolism and biological activities

Carnosine synthesis is on charge of carnosine synthetase 1 (CARNS1)
(Kalyankar and Meister, 1959; Winnick and Winnick, 1959), able to
form, through an ATP-dependent reaction, the dipeptide (p-ala-
nyl-L-histidine) starting from its two component amino acids f-alanine
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and L-histidine. Carnosine degradation, the main mechanism regulating
its levels in the tissues as well as in biological fluids, is instead due to the
activity of two different dipeptidase belonging to the M20 metal-
loprotease family: carnosine dipeptidase 1 (CNDP1) in serum (Lenney
et al., 1982), and carnosine dipeptidase 2 (CNDP2) in cytosol (Lenney
et al., 1985; Teufel et al., 2003) (Fig. 1).

As previously mentioned, the levels of carnosine are very high in
cardiac and skeletal muscles, containing ~99% of total carnosine of the
body (Gariballa and Sinclair, 2000; Boldyrev et al., 2013), and at brain
level (Hipkiss et al., 1998a). Different additional histidine-containing
dipeptides including anserine, the methylated analogue of carnosine,
can also be found in the tissues of animal species (Turner et al., 2021).

Carnosine possesses numerous and worth of mention biological ac-
tivities. In fact, it is able to exert its biological activities not only at muscle
and brain levels, where it is very high-concentrated, but also in other
organs and tissues. During the last decades a plethora of publications
have been dedicated to the description of both carnosine structure and
biological activity in different body areas even though, probably because
its predominant localization, numerous studies have initially considered
the main physiological role exerted by this dipeptide in the context of
muscle (Severin et al., 1953a; Boldyrev and Petukhov, 1978; Stvolinskii
et al., 1992; Kramarenko et al., 2001). In fact, it has been shown the
ability of carnosine to strongly contribute to “Severin's phenomenon”
(Severin et al., 1953b), prevent intramuscular acidification by decreasing
lactate accumulation (Stvolinskii et al., 1992), regulate muscles energy
metabolism (Rubtsov, 2001), and enhance physical performance and
executive functions (Glenn et al., 2015; de Andrade Kratz et al., 2017;
Brisola et al., 2018; Furst et al., 2018), just to summarize the most rele-
vant pharmacological activities. As a consequence of its numerous ac-
tivities, that includes the ability to amiliorate intramuscular buffering
capacity, carnosine has already been considered as a “natural endoge-
nous antidote” (Caruso et al., 2022b).

Moving out from the muscle context, carnosine has shown to act as
neurotransmitter (Tiedje et al., 2010), ameliorate cell energy metabolism
(Caruso et al., 2019c; Fresta et al., 2020), enhance immune response
(Mal'tseva et al., 1992), regulate the metabolism of RNS (including nitric
oxide (NO)) (Caruso et al., 2017b, 2021a; Fresta et al., 2018), exert
anti-glycation and anti-aging activities (Boldyrev et al., 1999; Pepper
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Fig. 1. Carnosine metabolism (synthesis and degradation) and localization (tissues with highest concentration). Part of this figure was created with https://smart.se

rvier.com.
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et al., 2010), and sequestrate and/or chelate heavy metals (Brown and
Antholine, 1979; Hasanein and Felegari, 2017). Carnosine also possesses
a well-demonstrated ability to modulate the glutamatergic system by
up-regulating the activity of glutamate transporter 1 (GLT-1), leading to
the reduction of glutamate levels in the central nervous system (CNS) and
therefore preventing excitotoxicity (Ouyang et al., 2016).

With specific regard to carnosine metabolism, it is accountable to
eight different proteins: CARNS] is responsible for its synthesis, CNDP1
and CNDP2 are responsible for carnosine degradation, and carnosine N-
methyltransferase (CARNMT1) regulates carnosine methylation. Four
additional proteins are carnosine transporters (Caruso et al., 2019b).

In human brain, CARNS1 is only expressed in oligodendrocytes
(while in mice it is expressed only in newly formed and myelinating ol-
igodendrocytes) which are also accountable for most of its degradation,
occurring through CNDP1 activity (Caruso et al., 2019b). Astrocytes
possess the transporters essential for the uptake of carnosine, meaning
that these cells somehow use this dipeptide (Bauer, 2005), even though
they are not able to synthesize it, probably because p-alanine would
interfere with gamma-aminobutyric acid (GABA) reuptake (Shimizu
et al., 2007). Another cell type able to manage carnosine is microglia
(Caruso et al., 2019Db).

The first evidence making a correlation between carnosine and CNS
physiology is represented by the deficits due its insufficiency. Carnosi-
naemia is a pathology characterized by a degenerative alteration of the
CNS, that often emerges contemporary to carnosinuria, a condition due
to an excess of carnosine in the urine, and limited or, in the worst sce-
nario, absent serum carnosinase activity (Perry et al., 1968). Autopsy in a
post-mortem brain of a patient with the above-mentioned deficiencies also
shows axonal degeneration and “sferoids” in grey matter, demyelination,
and fibrosis, along with Purkinje cells’ loss (Caruso et al., 2019b). Several
other pathologies have been linked to a deficit of carnosine such as
age-related macular degeneration (Chao de la Barca et al., 2020) and AD
(Fonteh et al., 2007; Caruso et al., 2021b).

Different pharmacological activities, including the anti-aggregant,
antioxidant, and anti-inflammatory ones, have been demonstrated for
carnosine, reason why its therapeutic potential has been considered in
numerous diseases including cerebral ischemia (Hu and Chen, 2012),
CVD (Caruso et al., 2020a), T2DM, depression and dementia (Hipkiss,
2017; Caruso et al., 2019a), cancer (Turner et al., 2021), Parkinson's
disease (PD) (Hipkiss, 2018), AD (Hipkiss, 2007; Igbal and
Grundke-Igbal, 2010), and, very recently, COVID-19 including long-term
complications of this infection (Hipkiss, 2020).

3. Carnosine and diseases

As mentioned above, the therapeutic potential of carnosine has been
investigated in several diseases and the following sections will explore in
more detail the state of the art of carnosine involvement in the patho-
physiology of AD, T2DM, and CVD, all pathologies characterized by
oxidative and nitrosative stress, inflammation, and aberrant protein
aggregation.

3.1. Alzheimer's disease (AD)

AD represents the most common kind of primary dementia and it
places a heavy social and financial cost worldwide. The main clinical
characteristics of AD are represented by memory deficit, cognitive
deterioration, and neuropsychiatric symptoms (Ballard et al., 2009;
Caruso et al., 2022c¢).

The two hallmark of AD, intracellular aggregates of tau protein
(neurofibrillary tangles) and senile plaques containing amyloid-p (Af),
have been studied for both their potential interactions and their syner-
gistic effects in inducing neuronal death in AD brain (Caruso et al.,
2019f1).

According to the revised amyloid hypothesis, the 42-amino acid form
of Ap (Ap1-42) oligomers represent the main toxic molecules that trigger
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a complex pathogenic cascade that results, among all, in the hyper-
phosphorylation of tau protein and synaptic dysfunction, ending with
neuronal cell death (Giacobini and Gold, 2013; Musiek and Holtzman,
2015; Selkoe and Hardy, 2016). Moreover, it has been shown that
monomeric Ap1-42 exerts a key function in neuronal survival, neuronal
glucose homeostasis, as well as in learning and memory processes
(Giuffrida et al., 2015; Caruso et al., 2022a). Thus, it has been proposed
that in the early stages of AD, the occurrence of A$1-42 aggregation may
consume monomers (that are converted into oligomers) and decrease
trophic support given to neuronal cells, leading to the onset of cognitive
deficits and contributing to AD pathology (Caruso et al., 2017a; Copani,
2017).

Carnosine has been shown to inhibit the aggregation of Ap in the CNS
of transgenic mice models of AD (Corona et al., 2011) and it reduces the
in vitro fibrillogenesis of AB1-42 (Aloisi et al., 2013; Attanasio et al.,
2013). It has been hypothesized that carnosine interferes with both the
elongation phase of the fibrils as well as the globular oligomeric species
in the assembling phase.

Neuroinflammation is commonly recognized as a core factor in the
pathophysiology of AD (Sastre et al., 2006), with a reciprocal interaction
between microglia and astrocytes promoted by Ap oligomers (Schwab
and McGeer, 2008). The over-production of pro-inflammatory cytokines,
including TNF-q, IL-1p, and IL-6, has been shown to be deeply involved in
AD, while the levels of the anti-inflammatory mediator transforming
growth factor (TGF)-f1 are reduced in AD (Caruso et al., 2019e).
Furthermore, Ap aggregates have been demonstrated to disrupt Ca?*
homeostasis, raising oxidative stress levels, thus promoting synaptotox-
icity and neuronal death (Pritam et al., 2022). Moreover, metabolic al-
terations have been linked to AD pathogenesis since advanced glycation
end products (AGEs) were also found in Ap plaques (Fernandez-Busquets
et al., 2010).

It is well-established that a lack of brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) (Iulita and Cuello, 2014) con-
tributes significantly to neurodegeneration in the AD brain (Cuello, 1996;
[ulita and Cuello, 2014; Song et al., 2015b) and a deficit of BDNF, and its
receptor tropomyosin receptor kinase B (TrkB), occuring early in AD
(Cotman, 2005; Song et al., 2015a). Interestingly, in recent studies,
carnosine has been proven to cross the blood brain barrier and promote
the release of neurotrophins such as BDNF and NGF from glial cells
(Yamashita et al., 2018).

We have previously hypothesized (Caruso et al., 2019b, 2019¢) and
we have preliminary data suggesting the ability of carnosine to preserve
the levels of AP monomers by inhibiting their aggregation into Ap glob-
ular oligomers, or to dissociate the aggregates that are already formed. A
main goal for our future studies is to validate the preclinical efficacy of
carnosine in different experimental and animal models of AD to then plan
Phase I/II clinical studies in patients with mild cognitive impairment and
early AD.

3.2. Type 2 Diabetes Mellitus (T2DM)

Diabetes mellitus is a metabolic condition characterized by exces-
sively high blood glucose levels (hyperglycemia). Type 1 diabetes (no
insulin production) and T2DM (impaired insulin responsiveness and
pancreatic cell failure) are the two most frequent types of diabetes. In-
sulin insensitivity due to insulin resistance, decreased insulin production,
and pancreatic failure are the main characteristics of T2DM (Kahn, 1994;
Robertson, 1995; Chen et al., 2012). Diabetes complications include
ketoacidosis, neuropathy, retinopathy, nephropathy, nerve damage, and
atherosclerosis, all contributing to the severity and death of diabetic
patients.

It is well-recognized that hyperglycemia and hyperlipidemia occur-
ring in T2DM are strictly correlated with oxidative stress and inflam-
mation, and they are involved in the development of diabetic
complications (Lee et al., 2005; Baye et al., 2016; Han et al., 2018) and in
pancreatic p-cell disruption (Miceli et al., 2018). Moreover, it is
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well-known the occurrence of amylin aggregation in T2DM pancreatic
beta cells (Jaikaran and Clark, 2001; Caruso et al., 2017a, 2018), with
different proposed cytotoxic molecular mechanisms (Betsholtz et al.,
1989; Johnson et al., 1992), including oxidative stress due to ROS gen-
eration (Mattson and Goodman, 1995; Lazzarino et al., 2018).

Different studies have investigated the neurobiological link between
carnosine metabolism and T2DM. From a genetic point of view, carno-
sinase 1 gene polymorphisms (Qiu et al., 2022) and CNDP1 gene (Janssen
et al., 2005; Riedl et al., 2007) have been linked to diabetic kidney dis-
ease. Moreover, it has been shown the protective effect of carnosine on
human kidney cells under hyperglycemic conditions (Hipkiss et al.,
1998a; Janssen et al., 2005), and the metabolic control it exerts in dia-
betes (Riedl et al., 2011; Peters et al., 2014), as well as the correlation
between serum carnosinase levels and nephropathy susceptibility in
animal models (Albrecht et al., 2017), suggesting a kidney-protective
effect of carnosine (Kurata et al., 2006; Albrecht et al., 2017).

Several studies have suggested the therapeutic potential of carnosine
in preventing complications in T2DM (Hipkiss, 2017). Clinical evidence
shows the efficacy of carnosine supplementation on glucose, tri-
glycerides, and TNF-a levels in T2DM patients as an add-on to antidia-
betic agents (Houjeghani et al., 2018).

Diabetes microvascular complications are due to the excessive pro-
duction of AGEs (Babizhayev et al., 2013). Carnosine in this context has
been demonstrated able to react with reactive carbonyl species (RCS) and
inhibit their formation (Aldini et al., 2014).

To summarize, many evidence suggests the potential therapeutic role
that carnosine could exert against T2DM being an antioxidant, anti-
glycation, and anti-nitrating compound, also able to affect glycemic
control, and to prevent diabetic complications (Lee et al., 2005; Baye
et al., 2016).

3.3. Cardiovascular disease (CVD)

The term “cardiovascular disease” (CVD) takes into account different
pathologies (Stewart et al., 2017), including atherosclerosis, representing
the main leading cause of CVD. Atherosclerosis is characterized by both
hardening and narrowing of arteries as well as by plaques formation in
the inner coronary artery walls (Mehta et al., 1998). The formation of
these plaques is associated to the release of hormones, growth factors,
and pro-inflammatory and pro-oxidant mediators, as a consequence of
the interaction between endothelial cells, low-density lipoproteins
(LDLs), and immune cells such as macrophages (Zwaka et al., 2001).

The therapeutic potential of carnosine in the context of CVD and in
the prevention of cardiometabolic risk factors has been considered
(Menon et al., 2021; Feehan et al., 2022), with most of the studies
focusing on atherosclerosis. Barski et al., by employing an atherosclerosis
model consisting of ApoE '~ mice fed with a high fat diet, demonstrated
the ability of dietary carnosine supplementation to prevent the formation
of early atherosclerotic lesions, that was mainly mediated by its positive
modulation of oxidative stress-related phenomena (Barski et al., 2013;
Caruso et al., 2020a). The same animal model was used by other research
groups obtaining similar results, i.e. attenuation of atherosclerosis and
renal disease through the reduction of oxidative stress and inflammation
(Menini et al., 2012). An additional study by Brown and collaborators,
employing a streptozotocin-induced diabetic ApoE ™/~ mice subjected to
prolonged oral supplementation with carnosine showed a significant
decrease of triglycerides and plaques formation paralleled by an
increased recruitment of macrophages (Brown et al., 2014). Carnosine
treatment has also shown to provide macro- and microvascular protec-
tion, attenuating the progression of macroangiopathy and favoring the
development of more stable lesions, in a study evaluating aortic and renal
lesions as well as protein and gene expression of disease markers in
diabetic mice (Menini et al., 2015).

Carnosine supplementation (pre-treatment) has shown the ability to
decrease the size of ischemic lesions in the heart, brain, liver, and kidney
of animal models of ischemia (Fujii et al., 2003; Dobrota et al., 2005;
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Fouad et al., 2007; Rajanikant et al., 2007; Shen et al., 2008; Dursun
et al.,, 2011). Carnosine, administered intraperitoneally, protected the
heart, also improving its function, by counteracting cardiac ischemia in
rats; the protective effects exerted by carnosine were also related to its
ability to decrease the lipid peroxidation of cell membranes (Dursun
et al., 2011).

Carnosine has also demonstrated to protect against cerebral ischemia
in rats (Rajanikant et al., 2007), probably as a consequence of penumbra
reduction. In addition to the above, carnosine administration signifi-
cantly decreased ischemia/reperfusion-induced renal dysfunction (Fujii
et al., 2003) as well as liver damage in rats (Fouad et al., 2007). The
ability of carnosine to protect mast cells against the ischemic damage due
to oxygen glucose deprivation has also been demonstrated (Shen et al.,
2008).

Carnosine is able to prevent the formation of AGEs and advanced
lipoxydation endproducts through RCS detoxification, a mechanism
probably responsible for the protective effects of carnosine exerted in the
context of pathologies such as atherosclerosis and related diabetic com-
plications (Ghodsi and Kheirouri, 2018; Gilardoni et al., 2020; Aldini
et al., 2021). The neuroprotective effects of carnosine combined with its
antioxidant and cardioprotective activity suggests that this dipeptide
might represent an ideal pharmacological tool for future clinical studies
in patients with diabetes where both cerebrovascular and cardiovascular
complications often coexist.

4. Cellular and molecular mechanisms modulated by carnosine

Several studies have shown the different activities that carnosine
could exert, among which the antioxidant, anti-inflammatory, and anti-
aggregant ones are under our attention in the context of this review, them
being the most useful in the perspective of a therapeutical approach, for
our present knowledge (Fig. 2).

This starting from the well-established theory according to which
oxidative stress and pro-inflammatory phenomena (occurring because of
it) have a central role in numerous detrimental conditions, including
T2DM, cancer, CVD, and AD (Gella and Durany, 2009; Cervantes Gracia
et al., 2017; Oguntibeju, 2019; Alhakamy et al., 2020; Hayes et al., 2020)
as previously discussed. The three phenomena which are below pre-
sented as separated are indeed interconnected in a unique pharmaco-
dynamic profile and the modulation exerted by carnosine should be
reconsidered in the perspective of a systemic protective effect towards
the organism.

4.1. Direct and indirect antioxidant activity

The aerobic metabolism leads to ROS and RNS physiological pro-
duction (Mainz et al., 2012; de Campos et al., 2015) and, because of this,
cells have developed a molecular machinery to neutralize it, in order to
avoid the damages they can cause to proteins and membranes. The
equilibrium between production and neutralization is strictly regulated
so that, when an unbalance occurs, it activates a signaling process that
alerts the whole organism of the excessive production of those species or
of the deficit in the antioxidant mechanisms leading to a condition of
oxidative or nitrosative stress (Birben et al., 2012; Gunasekara et al.,
2014).

In vitro and in vivo studies have assessed the antioxidant activity of
carnosine, both in a direct way, with carnosine acting as a scavenger, and
indirectly, with an enhancement of the antioxidant machinery, concur-
rent to a decrease in the pro-oxidant/pro-inflammatory enzymes (Feehan
et al., 2022).

Carnosine exerts its direct antioxidant activity acting as a non-
enzymatic free-radical scavenger: it interacts with products of lipid per-
oxidation (Gorbunov and Erin, 1991), neutralizes toxic heavy metals
(Baran, 2000; Reddy et al., 2005), and decreases the intracellular levels
of numerous ROS/RNS among which superoxide and hydroxyl radicals
(Gorbunov and Erin, 1991; Caruso et al., 2017¢c), NO (Caruso et al.,
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Fig. 2. Multimodal mechanism of action of carnosine. Part of this figure was created with https://smart.servier.com.

2017b), and carbonyl species (Aldini et al., 2005). In particular, con-
cerning this last, a relevant pharmacological activity of carnosine has
been demonstrated against aldehydes-induced toxicity, both in vitro
(Hipkiss et al., 1997, 1998a) and in vivo (Nagasawa et al., 2001). The
dipeptide is able, thanks to its histidine imidazole moiety (Guiotto et al.,
2005a), to scavenge molecules of different nature, from glucose to the
highly toxic malondialdehyde (Hipkiss et al., 1998a; Decker et al., 2000;
Guiotto et al., 2005b). Carnosine has also shown to react with low mo-
lecular weight aldehydes (like AGEs), a,f-unsaturated aldehydes deriving
from unsaturated fatty acids under oxidative stress (e.g., 4-hydroxynone-
nal (HNE) and trans-2-hexenal (Zhou and Decker, 1999)), and cat-
echolaldehydes (products of the metabolism of dopamine and
norepinephrine by monoamine oxidase (MAO) whose activity is strongly
impaired by oxidative stress) (Jinsmaa et al., 2009; Nelson et al., 2019).
Thanks to this scavenger activity carnosine is able to impede the conse-
quences of aldehyde-induced protein-protein and DNA-protein cross--
linking as well as the formation of protein carbonyl groups and glycated
proteins (Vinson and Howard, 1996; Hipkiss et al., 1998a; Hipkiss et al.,
1998b; Swearengin et al., 1999; Guiotto et al., 2005b) by forming “car-
nosinylated” proteins (Tanaka and Kawahara, 2020) through a reaction
of trans-glycation.

Carnosine has also shown to exert an antioxidant activity, even
stronger than the one of glutathione (which is involved in one of the most
important detoxifying systems) (Lazzarino et al., 2019), when, in pres-
ence of hydrogen peroxide (H30»), its imidazole ring is oxidized. The
derived 2-oxo-carnosine was found in neuroblastoma cells SH-SY5Y,
which stably express CARNS1 (Dias et al., 2013; Thara et al., 2019). In
addition, the imidazole ring of carnosine can react with hypochlorous
acid , leading to the formation of an imidazole chloramine and then
protecting cells from the toxicity of the compound (Pattison and Davies,
2006; Boldyrev et al., 2013; Aldini et al., 2021).

The indirect antioxidant activity of carnosine is instead related to an
enhancement of the endogenous antioxidant system (Choi et al., 1999;
Ukeda et al., 2002), with a clear example represented by the rescue of
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway by increasing
its nuclear translocation (Alsheblak et al., 2016). This pharmacological
activity of carnosine can become clinically-relevant in the prevention of
drug-induced neuro- and cardiotoxicity (Caruso et al., 2022b); in fact,

Nrf2 regulates the expression of numerous genes, including but not
limited to thioredoxin 1, superoxide dismutase-1 (SOD1), or catalase
(Mou et al., 2020; Aldini et al., 2021), together with enzymes able to
extinguish carbonyl groups reactivity by reducing them to alcohol or
other less reactive compounds and so being implicated in the
anti-glycating activity above described, reducing toxicity of methyl-
glyoxal and AGEs (Aldini et al., 2021; Solana-Manrique et al., 2022).
According to this evidence, it has been hypothesized that Nrf2 plays a
pivotal role in mediating the neuroprotective and antioxidant activity of
carnosine. The proposed mechanism that leads carnosine to modulate the
Nrf2 pathway involves the activation of phosphatidylinositol-3-kinase
(PI3K)/AKT signaling pathway (Zhao et al., 2019).

The opposite mechanism (with the same final aim) was demonstrated
for carnosine in preventing the translocation into the nucleus induced by
H,0; of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB)/p65, which is an important redox-sensitive transcription factor
in pancreatic islet cells, protecting cells and consequently preserving
insulin synthesis (Miceli et al., 2018).

In this context, the activity of carnosine has been deeply investigated
in microglial murine cultures (BV-2) where carnosine was able to prevent
cell death in cells treated with Ap oligomers through different mecha-
nisms (Caruso et al., 2019d); carnosine diminished both NO and super-
oxide production as well as the expression of NADPH oxidase and
inducible nitric oxide synthase pro-oxidant enzymes, responsible for
their production. In addition to the above, carnosine is also able to
modulate the activity of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGCla), a transcription coactivator involved
in biological pathways among which glucose and fatty acid metabolism,
lowering downstream oxidative stress level and potentiating the
expression of anti-inflammatory cytokines, endowed with an antioxidant
activity such as IL-10 (Liang and Ward, 2006). Other studies conducted
both in vivo and in vitro have demonstrated that carnosine is able to in-
crease the activity of SOD and glutathione peroxidase (GPX) (Aydin et al.,
2010; Alpsoy et al., 2011).

Carnosine is also able to reduce the expression of poly (ADP-ribose)
polymerase-1 (PARP-1) and —2 (PARP-2) in primary rat astrocytes and
oligodendrocytes (Spina-Purrello et al., 2010) and instead to maintain
the expression of GLT-1 in astrocytes exposed to ischemia both in vitro
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and in vivo (Shen et al., 2010), decreasing the excitotoxicity that would
otherwise follow the uncontrolled release of this neurotransmitter
(Rodrigo et al., 2013; Chamorro et al., 2016), which contributes to
oxidative stress damages in different neurodegenerative disorders
including stroke (Coyle and Puttfarcken, 1993). Moreover, directly
binding Cu?* and Zn?*, known to be direct inhibitors of the N-methyl--
D-aspartate (NMDA) glutamate receptor, carnosine might also act as a
negative allosteric modulator of the glutamatergic system (Boldyrev
et al., 2013; Kawahara et al., 2018).

Carnosine is also able to prevent lactate accumulation and excessive
acidification acting as a proton buffer, not only at a muscle level, but also
in the oligodendrocytes, where it has been demonstrated that the alter-
ation of the lactate shuttle (which functions depends on the consumption
of a proton (Broer et al., 1997)) promotes axonal degeneration (Key-
tsman et al., 2018).

According to all the evidence discussed above, it has been shown that
under stress conditions macrophages have a 3-fold increased uptake of
carnosine (Fresta et al., 2017), and, then not surprisingly, different
studies have shown a good preclinical efficacy of this dipeptide in pre-
venting brain function integrity and neuronal homeostasis against
oxidative damage (Gallant et al., 2000; Min et al., 2008; Tsai et al., 2010).

4.2. Anti-inflammatory activity

An inflammation state derives from an increased production of pro-
inflammatory mediators (e.g., TNF-a, IL-1B, and IL-6) and a lowered
release of anti-inflammatory ones (e.g., TGF-pl and IL-10) (Kitaur-
a-Inenaga et al., 2003), and involves almost all the cells of the different
interested tissues. Focusing on neuroinflammation, it has been demon-
strated that neurons and glial cells, including microglia, play a key role in
these events (Shastri et al., 2013; Caruso et al., 2020b).

T2DM, AD, and CVD are the ideal examples of the pathological con-
ditions with a high incidence and prevalence that can lead to systemic
inflammation, which is the physiological body response to damage. As
every physiological response, it becomes deleterious when persistent,
ending in failure of the control mechanisms responsible for its shutting
down (Singh et al., 2019).

The anti-inflammatory activity of carnosine has firstly been described
by Nagai's group, in the context of the inhibition of edema formation and
allergic responses (Nagai et al., 1970, 1971; Nagai, 1971). From that
study, different applications have been found and tested in different
experimental models (Suzuki and Nagai, 1974).

The molecular mechanisms underlying these anti-inflammatory re-
sponses are however different, displaying carnosine as a dipeptide
exerting a multimodal activity. Focusing on an example related to CNS
and neuroinflammation, carnosine has shown to exert anti-inflammatory
activity by decreasing astrocytic activation and interferon (IFN)-y release
in a mouse model of subcortical ischemic vascular dementia (Ma et al.,
2015). In addition to this, carnosine was also demonstrated able to
decrease the secretion of pro-inflammatory cytokines, when supple-
mented in BV-2 cells, simultaneously increasing the synthesis and the
release of TGF-p1 (Caruso et al., 2019¢). The release of TGF-$1 has also
been demonstrated to be diminished by carnosine at a kidney level thus
diminishing matrix accumulation and the related pathologies (such as
diabetic nephropathy) (Koppel et al., 2011). According to this evidence,
carnosine is able to exert a stabilizing pharmacological activity on the
TGF-B1 pathway, reducing, where necessary, its overactivation in tissues
such as liver and lung (e.g. during fibrosis), and rescuing its levels and
promoting neuroprotection in neurodegenerative disorders such as
stroke and AD.

Carnosine supplementation, together with anserine (in an anserine/
carnosine ratio of 3:1) for 3 months reduced the expression of the C-C
motif inflammatory cytokine ligand 24 (CCL24) (Katakura et al., 2017).
The dipeptide object of our review was also capable to diminish the
expression and activity of matrix metalloproteinase-2 (MMP-2) (human
fibrosarcoma HT1080 cells (Kim et al., 2014)) contemporary inhibiting
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its upstream process linked to the pro-urokinase plasminogen activator
signaling pathway, and MMP-9 (endothelial SK-Hep-1 cells (Chuang and
Hu, 2008) and human fibrosarcoma HT1080 cells (Kim et al., 2014)),
which are physiologically involved in the modulation of the extracellular
matrix and pathologically related to CVD (Death et al., 2003).

Carnosine in the CNS acts on microglial cells, which are the
monocyte-macrophage line specialization in the tissue, representing the
immune system. Because of this, not only carnosine, but also histamine
(precursor of histidine, one of the two components of the dipeptide) has
been linked to the motility and structural plasticity of microglial cells as
well as to the regulation of IL-1f release (O'Mahony et al., 2011; Ferreira
et al., 2012). The regulation of these mechanisms involves the modula-
tion of a specific potassium channel named two-pore domain potassium
channel (THIK-1) (Madry et al., 2018).

A particular form of carnosine, the one chelating the zinc ion, also
called Zinc L-carnosine (or polaprezinc) is able to downregulate the
activation of NF-kB as well as the expression of IL-8 in gastric epithelial
cells (Shimada et al., 1999), also inducing heat shock protein-72
(Hsp-72) (Odashima et al., 2006; Watari et al., 2013). The same com-
pound acts on macrophages inhibiting the LPS-stimulated expression of
pro-inflammatory mediators (Ooi et al., 2016). Even more interestingly,
zinc and copper ions are able to inhibit NMDA receptors activity, an
additive mechanism of neuroprotection towards glutamate excitotoxicity
given by carnosine (as discussed above, with the increase of GLT-1
expression) (Boldyrev et al, 2013; Kawahara et al.,, 2018; Sol-
ana-Manrique et al., 2022).

Moreover, carnosine has been shown to reduce the phosphorylation
level of extracellular regulated kinases 1 and 2 (ERK1/2) and p38
mitogen-activated protein kinase (MAPK) in mesangial cells (with
promising effects for diabetic nephropathy therapy (Jia et al., 2009)).
This suppressive effect on ERK1/2 with a downstream regulation of the
cell cycle was also demonstrated in rat neuronal cells (Kulebyakin et al.,
2012), with all of these pharmacological activities of carnosine signifi-
cantly contributing to the systemic anti-inflammatory and protective
effects of the dipeptide.

4.3. Modulation of protein aggregation

The first demonstrations of carnosine acting as an anti-protein-cross-
linking agent came in 1995, with the work of Hipkiss and colleagues
(Hipkiss et al., 1995). This activity has been accounted to the presence of
imidazole functional group part of histidine (Hobart et al., 2004) and
well-described in vitro for a-crystallin, both preventing its aggregation
and disassembling the already formed aggregates, then helping to
maintain the physiological chaperone function of the protein (Seidler
et al., 2004; Attanasio et al., 2009; Javadi et al., 2017).

Other studies have investigated the activity of carnosine towards the
inhibition of Ap1-42 fibrils/aggregates formation (Aloisi et al., 2013),
which has been hypothesized being related to its ability to perturb the
hydrogen bonds around residues that are pivotal for fibrillogenesis. One
study in particular evidenced the amino acids comprised between the
17" and the 21 (*LVFFA?!) as the main target for carnosine activity
(Attanasio et al., 2013), while in another study conducted through an in
silico docking approach the 23rd (D) and 2gth (K) amino acids emerged as
fundamental. This last cited study has analyzed 89 different compounds,
including homocarnosine (gamma-aminobutyryl-histidine), anserine ,
balenine (N(beta)-Alanyl-1-methyl-histidine), and 86 inhibitors of the
Ap1-42 aggregation, predicting carnosine as the best ligand among the
natural histidine-containing dipeptides tested, with a very good pre-
clinical efficacy compared to the other inhibiting compounds. The spe-
cific activity against the aggregation, according to this study, involves the
arrangement of carnosine in a coiled region localized between the two
B-sheet portion of Af peptide under the folded conformational state that
is acquired by the peptide during the process of fibril polymerization
(Liihrs et al., 2005)), where D23 and K28 are located, playing a funda-
mental role in the process of aggregation (Liihrs et al.,, 2005). In
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particular, it has been demonstrated that the imidazole ring of L-histidine
part of carnosine is able to bind the D23 residue of AP1-42, while
B-alanine interacts with the K28 residue, counteracting the binding that
would otherwise occur between the D23 of an Af residue and the K28 of
the adjacent one, finally inhibiting the process of fibrillogenesis. These
studies confirm the results that had recently been obtained from in vitro
experiments (Grasso et al., 2017; Zhang et al., 2018).

Together with this deeply demonstrated mechanism, a more general
one has been proposed to explain the anti-aggregant activity of carno-
sine, being this dipeptide a well-characterized chelator of Cu?>" and Zn?"
(Baran, 2000), which are well-known enhancers of Af aggregation
(Miller et al., 2010; Bin et al., 2013); carnosine can slow down the pro-
cess of aggregation through sequestering the above cited metals. A
different mechanism by which carnosine inhibits the aggregation is
stimulating the degradation exerted by the insulin degrading enzyme
(IDE), which is an enzyme secreted by microglial cells. Carnosine has
been shown to stimulate its activity towards not only Ap but also insulin,
both of which are the so called long-substrates of the enzyme. One of the
mechanisms proposed is the modulation that carnosine may have in fa-
voring the oligomerization and therefore the activation of the IDE, finally
preventing Ap-induced toxicity in neuronal cultures (Distefano et al.,
2022).

5. Conclusions

Several studies have been carried out in the last 70 years to assess the
structure, role, function, and biological activities of carnosine, and many
of them have led to evidence of the multimodal mechanism of action of
carnosine, that passes through its anti-aggregant, antioxidant, and anti-
inflammatory properties, which are of main interest in the case of
T2DM, CVD, and AD as well as in the case of many others systemic and
neurodegenerative disorders.

In the present review we have examined the protective role that
carnosine could exert in the context of different diseases, such as T2DM,
CVD, and AD, which show common pathogenic mechanisms including
oxidative stress, inflammation, and aggregation phenomena. The impact
of these mechanisms can change in the pathophysiology of these three
diseases, with a more prevalent role of one mechanism in one disease
compared to the others (e.g. AP aggregation in AD pathogenesis
compared to systemic inflammation in CVD). The multimodal pharma-
codynamic profile of carnosine combines the systemic anti-inflammatory
and antioxidant activities with its anti-aggregant and neuroprotective
efficacy in the CNS. This enlarged pharmacological activity offers the
possibility to explore the therapeutic potential of carnosine in all the
three diseases, in particular in patients with T2DM, who often show an
history of comorbidity with CVD and also have an increased risk to
develop mild cognitive impairment and AD.
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