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Abstract

The morbidity and mortality associated with type 2 diabetes mellitus (T2DM) have
grown exponentially over the last 30years. Together with its associated complica-
tions, the mortality rates have increased. One important complication in those living
with T2DM is the acceleration of age-related cognitive decline. T2DM-induced cog-
nitive impairment seriously affects memory, executive function, and quality of life.
However, there is a lack of effective treatment for both diabetes and cognitive de-
cline. Thus, finding novel treatments which are cheap, effective in both diabetes and
cognitive impairment, are easily accessible, are needed to reduce impact on patients
with diabetes and health-care systems. Carnosine, a histidine containing dipeptide,
plays a protective role in cognitive diseases due to its antioxidant, anti-inflammation,
and anti-glycation properties, all of which may slow the development of neurode-
generative diseases and ischemic injury. Furthermore, carnosine is also involved in
regulating glucose and insulin in diabetes. Herein, we discuss the neuroprotective
role of carnosine and its mechanisms in T2DM-induced cognitive impairment, which
may provide a theoretical basis and evidence base to evaluate whether carnosine has

therapeutic effects in alleviating cognitive dysfunction in T2DM patients.

KEYWORDS
carnosine, cognitive impairment, dementia, type 2 diabetes mellitus

1 | INTRODUCTION

Type 2 diabetes mellitus (T2DM), a prevalent metabolic disease, has
become the seventh leading cause of death worldwide with the ex-
ponential rise of obesity (Glovaci et al., 2019; Guariguata et al., 2014;
Nanda et al., 2022). In the last 30years, the morbidity and mortality
of T2DM have doubled (Nanda et al., 2022), with the expected num-
ber of people with diabetes to reach 592 million by 2035, along-

side increased key risk factors such as excess weight and obesity

(Ghanbari-Gohari et al., 2022; Guariguata et al., 2014). Additionally,
adding to the burden of diabetes are its complications, such as car-
diovascular, diabetic renal disease, retinopathy, neuropathy, as well
as cognitive impairment or dementia (Cole & Florez, 2020; Harris
et al., 2020). Importantly among these, T2DM induces cognitive
impairment and dementia, affecting memory, executive function,
further increasing the financial cost of care, and worsening patient
outcomes, leading to poor quality of life, and even greater mortality
(Cole & Florez, 2020; Zheng et al., 2018; Zilliox et al., 2016). T2DM
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is strongly associated with risk of dementia, and deficits in attention,
processing and motor speed, executive function, and verbal memory
(Zilliox et al., 2016). Diabetes is one of 12 key modifiable risk factors
that have been identified to contribute to dementia and their treat-
ment could prevent or delay the onset of up to 40% of dementias
(Livingston et al., 2020). Therefore, effective control of T2DM has
the potential to have a huge impact on dementia.

While the pathological mechanisms underpinning this are in-
completely understood, T2DM causes a range of physiological
changes which influence the central nervous system (CNS). T2DM
causes significant microvascular and macrovascular complications,
including neuropathy and cerebrovascular disease (Cade, 2008).
Macrovascular disease can lead to stroke and microvascular disease-
induced ischemia and functional hyperemia, leading to cognitive im-
pairment and dementia (Cade, 2008). Importantly, it is not T2DM
alone, but rather metabolic, morphological, and functional changes
induced by hyperglycemia and insulin resistance which cause cogni-
tive impairment and dementia (Arnold et al., 2018; Barber etal., 2021;
Jayaraman & Pike, 2014; Tan et al., 2021). In fact, T2DM-induced
insulin resistance, systemic inflammation, neuroinflammation, oxi-
dative stress, and advanced glycation end product (AGE) accumula-
tion, are the main pathogenic factors thought to result in cognitive
decline (Verdile et al., 2015; Zilliox et al., 2016). Insulin resistance is
thought to contribute to the progression of dementia through differ-
ent mechanisms, including promotion of disease-specific pathologi-
cal lesions, such as medial temporal lobe atrophy, increased neuronal
vulnerability, and neurodegeneration, with subsequent develop-

ment of amyloid p (AB) plaques, tau phosphorylation, neurofibrillary

lesions, and a-synuclein lesions (Mullins et al., 2017). Ap reduces the
influence of insulin on mitochondrial function in the synaptic termi-
nal, diminishing the energy reserves for synaptic plasticity, learning,
and memory (Heras-Sandoval et al., 2012). Additionally, insulin re-
sistance results in a series of immune responses that exacerbate the
inflammatory state (Mullins et al., 2017). In T2DM, fatty acids enter
the CNS and activate the immune system through the toll-like recep-
tor 4 (TLR4) protein, causing astrocytes to secrete pro-inflammatory
cytokines (Obadia et al., 2022). Additionally, AGEs interact with
their receptors (RAGEs) and generate reactive oxygen species
(ROS), causing increased oxidative stress and accumulation of free
radicals (Y. Li et al., 2018). Free radicals damage DNA, proteins, and
lipids, leading to advancing brain tissue damage (Y. Li et al., 2018).
Therefore, insulin resistance, oxidative stress, neuroinflammation,
and AGE accumulation are considered as important contributors to
T2DM-induced cognitive impairment (Table 1).

Currently, there are no established clinical treatments specifi-
cally targeted at cognitive impairment induced by T2DM, but some
interventions show promise in alleviating cognitive impairment in
these patients. These include exercise, intensive glycemic control,
and dietary or nutritional interventions. Therapeutic exercise may
attenuate mild cognitive impairment (MCI), with a beneficial ef-
fect on the cognitive health of T2DM patients and improving brain
structure and function (Callisaya & Nosaka, 2017). However, a study
found that a 24-month moderate-intensity exercise program had
no beneficial effect on cognitive function, largely due to the chal-
lenge of sustaining moderate-intensity exercise among older adults

(Sink et al., 2015). Intensive glycemic control is the mainstay of

TABLE 1 Potential diabetic pathologic

Pathologic changes
Microvascular complications
Macrovascular complications
Hyperglycemia and insulin

resistance

Systemic and
neuroinflammation

Oxidative stress

AGEs

Ap plaques

Tau phosphorylation

Brain tissue damage

Mechanisms

Impaired blood flow leading to ischemia and functional
hyperemia, resulting in cognitive impairment and dementia

Increased risk of stroke and further cognitive decline

Promotion of disease-specific pathologic lesions, such as
medial temporal lobe atrophy, neuronal vulnerability, and
neurodegeneration

Activation of immune responses including astrocytes, through
TLR4 activation, leading to pro-inflammatory cytokine
secretion in the brain to cause cognitive impairment

Accumulation of free radicals, causing DNA, protein, and lipid
damage

AGEs interact with their receptors, generating ROS, and
leading to oxidative stress and brain tissue damage

Insulin resistance reduces the impact of insulin on
mitochondrial function, contributing to the accumulation
of AB plaques and impaired synaptic plasticity

Insulin resistance is associated with tau protein
hyperphosphorylation, leading to the formation of
neurofibrillary tangles and neuronal dysfunction

Insulin resistance and related processes contribute to
neuronal damage and loss, a significant factor in dementia
development

Abbreviations: Ap, amyloid p; AGEs, advanced glycation end-products; TLR4, toll-like receptor 4;

ROS, reactive oxygen species.

changes promote dementia.
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management and prevention of all diabetic complications, aiming to
maintain glycated hemoglobin (HbA1c) at 6.5%-7.0% (48-53 mmol/
mol) or below (Rodriguez-Gutierrez et al., 2019). While effective
glycemic control has been shown to reduce the rate of brain atro-
phy, it does not improve cognitive function (Launer et al., 2011).
Nutritional interventions, such as the ketogenic diet and vitamin
D3 supplementation, have shown promise in protecting neurons
and preventing cognitive impairment in T2DM (Bai et al., 2023; Tan
et al., 2021). However, these interventions have limitations, includ-
ing adherence difficulties and unclear mechanisms of action. More
recently, intranasal insulin therapy has been applied to patients with
type 1 diabetes mellitus (T1DM) and Alzheimer's disease (AD), which
may possibly facilitate a reduction in tau phosphorylation and am-
yloid plaque density that could attenuate cognitive decline (Rdzak
& Abdelghany, 2014). However, its efficacy in modulating the level
of glucose was limited, proposed to be due to insulin being unable
to effectively enter the cerebral circulation, rendering it ineffective
(Gancheva et al., 2015). Modulating the effect that diabetes has on
cognitive performance may need a multidomain approach in which
factors such as blood pressure and weight management are also tar-
geted as this type of intervention has been shown to have the great-
est effect in elderly populations (Ngandu et al., 2015). Thus, finding
novel treatments, which are cheap, effective, and widely available
are required to help reduce the impacts on patients with T2DM and
healthcare systems more broadly.

Carnosine, a naturally occurring dipeptide, is composed of -
alanine and L-histidine, with biological functions including anti-
oxidant activity, anti-inflammation, anti-glycation, antitumor, and
antiaging effects (Boldyrev et al., 2013). Carnosine is abundant in
skeletal and cardiac muscle as well as brain tissue, where it is syn-
thesized by hydrolysis of endogenous carnosine synthase (CARNS1)
(Boldyrev et al., 2013). The two precursors of carnosine, p-alanine
and L-histidine are easily transported across the blood-brain barrier
through amino acid transporters, allowing for carnosine synthesis
in the brain (Hawkins et al., 2006). While carnosine can also cross
the blood-brain barrier, most of it is synthesized locally in the brain
(Jin et al., 2005). Previous work has shown that after administration,
carnosine reaches peak concentration in the brain after 6 h, with a
different pharmacokinetic curve compared to the blood, suggesting
that cerebral carnosine is mainly resynthesized in glial cells (Guliaeva
et al., 1989). Glial cells, especially oligodendrocytes, are the primary
site of carnosine synthesis in the brain, while neurons and astro-
cytes are the primary users of carnosine (Berezhnoy et al., 2019). To
achieve neuroprotective effects, high concentrations of carnosine
must be maintained in brain tissue (Lopachev et al., 2022). This can
be accomplished by enhancing the efficiency of glial cells to produce
endogenous carnosine and facilitate its transportation into neurons,
or through exogenous supplementation of carnosine to increase its
concentration within neurons (Lopachev et al., 2022). Carnosine
has been shown to have a beneficial effect on cognitive impairment
by suppressing neuronal cell death and inflammatory responses in
cognition-related diseases including stroke, AD, and vascular de-
mentia (Artioli et al., 2019). Due to its effect on glucose metabolism,

carnosine is also involved in the regulation of blood glucose and in-
sulin resistance in patients with diabetes (Houjeghani et al., 2018).
However, the effects of carnosine on T2DM-induced cognitive im-
pairment and related mechanisms are not fully understood.

This article aims to review the role of carnosine in T2DM-induced
cognitive impairment, and its potential mechanisms, including anti-
oxidant activity, anti-inflammatory effects, anti-glycation, and regu-

lating insulin resistance in central nervous system (CNS).

2 | WHAT IS CARNOSINE?

Carnosine was first discovered in the early 1900s by Gulewitsch
and Amiradzbi in Russia (Gulewitch & Amiradzibi, 1900). Carnosine
is composed of B-alanine and L-histidine, detected in skeletal and
cardiac muscle as well as brain tissue (Hipkiss, 2009). Carnosine is
one of a number of histidine containing dipeptides (HCDs) which
share some physiological characteristics, including anserine, ophi-
dine (balenine), homocarnosine, and acetyl-carnosine, which are
detected in different tissues of mammals including the olfactory
bulb, skeletal muscle, the choroid plexus, cerebral cortex, kidneys,
the spleen, cerebrospinal fluid, and plasma (Boldyrev et al., 2013).
Carnosine is particularly abundant in human skeletal muscle, cardiac
muscle, kidneys, and the brain to maintain healthy bodily function
(Artioli et al., 2019; Wu et al., 2013). The prevalence of HCDs within
distinct tissues underscores their essential roles and specialized
functions, which protect myocardial function, enhance cognition,
prevent chronic diseases, and collectively overall bodily well-being
(Boldyrev et al., 2013).

2.1 | Chemical and biochemical
properties of carnosine

2.1.1 | Antioxidant activity

The antioxidant effect of carnosine is well-known and has been dem-
onstrated across many chronic diseases (Ahshin-Majd et al., 2016;
Alsheblak et al., 2016; Deng et al., 2018). Carnosine imparts its anti-
oxidant effect by both directly scavenging free radical and oxidizing
species, as well as indirectly activating the endogenous antioxidant
system via the nuclear factor-erythroid factor 2-related factor 2
(Nrf2) pathway. The imidazole ring of carnosine is responsible for its
direct ROS scavenger—playing a protective effect against hypochlo-
rous acid—one of the most important biological ROS (Boldyrev
et al., 2013). When carnosine reacts with hypochlorous acid, the
imidazole ring transfers to imidazole chloramines, thereby reduc-
ing oxidative damage (Pattison & Davies, 2006). Additionally, under
H,0, exposure, carnosine is oxidized to 2-oxo-carnosine by its imi-
dazole ring in SH-SY5Y human neuroblastoma cells while express-
ing CARNSI1 (Ihara et al., 2019). Moreover, 2-oxo-carnosine displays
stronger antioxidant properties than the corresponding carnosine
and glutathione (GSH, an endogenous antioxidant) (lhara et al., 2019;
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Kasamatsu et al., 2021). The removal of 2-oxo-carnosine from car-
nosine standards resulted in a significant reduction in antioxidant
capacity, which suggests that 2-oxo-carnosine is a major driver of
the antioxidant activity of carnosine (Figure 1) (lhara et al., 2019;
Kasamatsu et al., 2021).

Not only does carnosine possess direct antioxidant ability, it also
indirectly counteracts oxidative damage via the Nrf2 signaling path-
way. Following activation, Nrf2 translocates to the nucleus, binding
DNA, and triggers antioxidant responses by facilitating various gene
products (Li & Kong, 2009). Thus, Nrf2 is considered to be the major
transcription factor involved in the induction of antioxidant genes
(Li & Kong, 2009; Xiong et al., 2021). Carnosine potentiates the an-
tioxidant capacity of intestinal stem cells by mediating Kelch-like
ECH-associated protein 1 (Keap1)/Nrf2 signaling, which promotes
the intestinal epithelial regeneration response to deoxynivalenol in-
sult (Zhou et al., 2021). In the CNS, carnosine restores the decline of
nuclear Nrf2 expression, by ameliorating the increase of malondial-
dehyde (a marker of lipid peroxidation) and promotes the decrease of
GSH and superoxide dismutase (SOD) by Nrf2/Heme oxygenase-1
(HO-1) cascade to promote the antioxidant response, which atten-
uates cognitive impairment in TIDM rats (Ahshin-Majd et al., 2016;
Alsheblak et al., 2016). Carnosine also mediates the HO-1/HSP 72
(inducible from HSP 70) signaling pathway to alleviate the neuro-
nal damage induced by oxidative stress in animal models of aging
(Davinelli et al., 2013). Meanwhile, ROS production is reduced by
the suppression of phosphoinositide-3 kinase (PI3K)/protein kinase

B (Akt) pathways activating Nrf2 in mouse podocyte cells following

hyperglycemic injury, indicating that carnosine might activate the
Nrf2 pathway by modulating insulin signaling pathways to induce a

stimulated antioxidant response (Figure 1) (Zhao et al., 2019).

2.1.2 | Anti-inflammatory effects

In addition to its antioxidative effects, carnosine also has the capacity
to directly modulate the immune system with anti-inflammatory ef-
fects. Carnosine demonstrates strong immunomodulatory regulation
on macrophages (Caruso, Fresta, Fidilio, et al., 2019), with an in vitro
study illustrating that pretreatment with carnosine can attenuate Akt
phosphorylation, decrease tumor necrosis factor alpha (TNF-a) and
interleukin (IL)-6 mRNA levels, and increase IL-4, IL-10, and transform-
ing growth factor-f mRNA levels in phorbol 12-myristate 13-acetate
(PMA)-induced RAW 264.7 cells. This suggests that carnosine might
promote M1 to M2 macrophage transition, reducing pro-inflammatory
cytokines and increasing production of anti-inflammatory cytokines
(Figure 2) (Caruso, Fresta, Fidilio, et al., 2019). In addition to hypergly-
cemia, T2DM is characterized by chronic inflammation, which drives
many of its associated complications, including cognitive impairment.
Carnosine supplementation reduces the levels of pro-inflammatory
cytokines in T2DM, with likely follow effects in the CNS (Yang
et al., 2018). Carnosine also exhibits an anti-inflammatory effect in
the context of diabetic complications reducing nuclear factor kB (NF-
kB) signaling and levels of pro-inflammatory factors in TIDM-induced
nephropathy and T2DM-induced osteoarthritis (Liu et al., 2020; Yang
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The anti-inflammation of carnosine
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FIGURE 2 The anti-inflammation of carnosine. IL-6, interleukin-6; IL-1f, interleukin-1p; M1, M1 macrophages; M2, M2 macrophages;

TLR4, toll-like receptor 4; TNF-«, tumor necrosis factor alpha.

et al., 2018). Additionally, podocyte inflammation and pyroptosis are
suppressed through caspase-1 silencing following carnosine treatment
in diabetic nephropathy (Zhu et al., 2021). This evidence suggests
that carnosine acts as an anti-inflammatory agent in T2DM and its
complications.

In the CNS, carnosine may also play an anti-inflammatory role,
mitigating neuronal damage in cognitive disorders. For example,
carnosine reduces levels of pro-inflammatory factors including IL-6,
TNF-a, cyclooxygenase 2, and TLR4 as well as neuronal cell death
in hypothalamic neuronal cells, suggesting anti-inflammatory action
(Kubota et al., 2020). The proposed mechanism underlying these re-
sults is that carnosine inhibits the activation of the stress-activated
protein kinase/c-Jun-N-terminal kinase (JNK) signaling pathway
which is associated with inflammatory response (Kubota et al., 2020).
Carnosine also counteracts the release of pro-inflammatory cyto-
kines such as IL-1f induced by A oligomers in microglia and rescues
anti-inflammatory cytokine IL-10 levels to suppress neuroinflam-
mation and cognitive deficits (Caruso, Fresta, Musso, et al., 2019).
Analogous results in animal studies show that activated microglia
and astrocytes are inhibited by carnosine treatment in chronic cere-
bral hypoperfusion and subcortical ischemic vascular models of de-
mentia (Ma et al., 2012; Ma et al., 2018; Xie et al., 2017). Astrocyte
reactivity plays a pivotal role in connecting Ap with initial tau pathol-
ogy, with activated astrocytes make patients more susceptible to AD

pathology (Bellaver et al., 2023). IL-1p is an important activator of as-
trocytes, and the inhibitory action of carnosine on IL-1p upregulation
could potentially slow the progression of dementia and cognitive im-
pairment (Caruso, Fresta, Musso, et al., 2019; Ma et al., 2019; Sama
et al., 2008). Based on this evidence, carnosine anti-inflammatory
physiologies may improve peripheral chronic inflammation, reduce
the release of pro-inflammatory factors, and rescue the levels of
anti-inflammatory factors in the CNS, thereby ameliorating neuronal
damage and cognitive impairment in T2DM (Figure 2).

In cardiovascular diseases (CVD), carnosine prevented early ath-
erosclerotic lesion formation in a high-fat diet with ApoE™" mice,
with the suggested mechanism being that carnosine suppresses
oxidized low-density lipoprotein-induced macrophage apoptosis
(Barski et al., 2013). Consistent with this, similar animal research
shows that carnosine reduces lesion size and promotes plaque phe-
notype stability, accompanied by decrease of macrophages which
facilitate plaque stability in early stage. This decline is correlated
with the clearance of apoptotic cells, which efficiently reduces le-
sion cellularity and the production of pro-inflammatory factors
(Menini et al., 2012). Previous systematic reviews have also shown
that carnosine inhibits IL-6 release from activated macrophages
which decreases CVD risk and might be a potential therapeutic to
prevent atherosclerotic plaque formation by its anti-inflammatory
properties (Figure 2) (Caruso et al., 2020).
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2.1.3 | Metal chelating activity

Carnosine chelates a number of metal cations (Cu®*, Zn?*, Ni%*, and
Co?") to form a coordination complex, which play essential roles
in various biological activities and pharmacological applications
(Baran, 2000). Metal cations are also critical for the stabilization and
activation of the enzyme carnosinase, which combine with differ-
ent metal cations to play different biochemical roles (Babizhayev
et al., 1994). Previous studies noted that carnosine binds to different
metal cations in different ways, but among these, Cu?*-carnosine
complex and Zn%*-carnosine complex have been the most well re-
searched (Baran, 2000).

The copper-carnosine complex

Copper is involved in the regulation of inhibitory synaptic trans-
mission, while carnosine binds to copper to reverse these effects
(Trombley et al., 1998). The Cu®**-carnosine complex also has simi-
lar activity to SOD—preventing the production of superoxide in the
brain under oxidative stress, suggested to be an efficient treatment

for neurodegenerative diseases (Kohen et al., 1991).

The zinc-carnosine complex

Zinc has similar effects to copper in the CNS, inhibiting N-methyl-
p-aspartate receptor and gamma-aminobutyric acid receptor-
modulated behavior in the brain (Blakemore & Trombley, 2017).
The zinc-chelating action of carnosine may prevent these declines,
exerting a neuroprotective role in cognitive-related diseases (Kohen
et al., 1991). A systematic review showed that zinc increases neuro-
toxicity in AD and vascular dementia. Carnosine reduced endoplas-
mic reticulum stress through antioxidant and anti-crosslink activities,
as well as through zinc chelation (Kawahara et al., 2018). Meanwhile,
the Zn?*-carnosine complex (also called the polaprezinc) has been
shown to exert a multiple widespread functions including anti-ulcer,
anti-Helicobacter pylori, healing promotion, anti-liver fibrosis, and can
attenuate gastric mucosa injury, ulcerative colitis, taste disorders, and
chronic obstructive pulmonary disease (Li et al., 2021). Additionally,
polaprezinc has known anti-inflammatory and antioxidant activities
in chronic inflammatory diseases. Pretreatment of cells with pol-
aprezinc promotes the dissociation of Nrf2 from Keapl and subse-
quently activates the Nrf2 signaling pathway, leading to the induction
of HO-1 expression. This then inhibits the activation of the NF-xB
signaling pathway induced by lipopolysaccharide, suppressing the
production of pro-inflammatory mediators (Ooi et al., 2016, 2017).

2.1.4 | Anti-glycation

Elevated concentrations of acetaldehyde, methylglyoxal, and
3-deoxyglucose in the plasma are essential factors contributing to
AGE accumulation (Almajwal et al., 2020; Nowotny et al., 2015).
AGE accumulation alters protein function, resulting in mitochondrial
dysregulation, enhancing ROS activation of RAGEs to induce down-
stream pathogenic cascades, which are positively associated with

the development of cancer, neurodegenerative diseases, stroke, and
diabetic complications (Monnier et al., 2005; Rabizadeh et al., 2023).
Previous studies have shown that carnosine has anti-glycation
properties, suppressing formation of AGEs (Faith Aydin et al., 2017;
Pfister et al., 2011). In T2DM patients, carnosine supplementation
reduces fasting glucose, serum triglycerides, and AGEs, but with
no significant change in soluble RAGE (Houjeghani et al., 2018). In
animal models of T2DM, carnosine treatment decreased the level
of AGEs in the serum and kidneys, suggesting carnosine may pre-
vent the process of T2DM and diabetic nephropathy (Faith Aydin
et al.,, 2017). However, other research shows that carnosine attenu-
ates retinal vascular damage without changing the production of
ROS and AGEs as well as the levels of N(6)-carboxymethyllysine
(a marker of AGEs) and methylglyoxal after oral supplementation
with carnosine in rat models of diabetic retinopathy, suggesting
other physiological effects beyond its antioxidative roles (Pfister
et al., 2011). One possible explanation is that sustained severe hy-
perglycemia over a period of 3months may result in a higher oxi-
dative burden, potentially exhausting the protective capacity of
carnosine against oxidative stress and hyperglycemia-induced AGE
accumulation (Riedl et al., 2011). In vitro, carnosine also inhibits AGE
formation in renal cells and peritoneal mesothelial cells (Alhamdani
et al., 2007; Weigand et al., 2018), with multiple mechanisms are
thought to underpin this. Carnosine might imitate glyoxalase | ac-
tivity (methylglyoxal degrading enzyme) to diminish methylglyoxal
levels due to its imidazole ring (Battah et al., 2002). Alternatively,
during glycolysis, glucose is transformed into methylglyoxal, pro-
motes AGE formation, with carnosine reducing the rate of glycoly-
sis and hence suppressing AGE levels (Nelson & Cox, 2000). Finally,
oxidative stress is also an important factor in promoting the pro-
duction of AGEs, making the antioxidant effect of carnosine a likely
inhibitor of AGE formation (Figure 3) (Ghodsi & Kheirouri, 2018).
The antiglycation properties of carnosine may also impart pro-
tective benefits in the brain, potentially preventing cognitive decline.
In the brain, accumulation of AGEs results in microvascular dysfunc-
tion, leading to reduced cerebral blood flow and abnormal atrophy
of the cortex (Rodriguez et al., 2009). Additionally, AGEs impair
memory function by enhancing ROS production following ligation
of RAGEs, reducing neuronal glucose consumption, and neuronal
mitochondrial activity in diabetes (Jiang et al., 2022). Conversely,
carnosine may alleviate cognitive impairment by reversing the up-
regulation of RAGEs caused by a high-fat diet in animal models of
AD (Herculano et al., 2013). Thus, carnosine-mediated inhibition of
AGEs and RAGEs is a potential target for alleviating or preventing
diabetes-induced cognitive impairment (Figure 3), though mechanis-

tic studies are required to confirm this.

3 | THE EFFECT OF CARNOSINE ON
COGNITIVE-RELATED DISEASES

Prior studies have shown that exogenous carnosine can pass the
blood-brain barrier and activate glial cells to secrete neurotrophins
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The anti-glycation properties of carnosine
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FIGURE 3 The anti-glycation of carnosine. AGEs, advanced glycation end products; RAGE, receptor of advanced glycation end product;

ROS, generate reactive oxygen species.

including brain-derived neurotrophic factor and nerve growth factor
(Jinetal., 2005). In addition, several studies show that carnosine is an
effective neuroprotector and improve cognitive function in cerebral
damage including neurodegenerative diseases and ischemic injuries
in human (Berezhnoy et al., 2019; Hata et al., 2019; Kim et al., 2021).

3.1 | Effectof carnosine on AD

AD is the most common form of dementia worldwide with at
least 50 million people affected globally (Guzman-Martinez
et al., 2021). The disease is pathologically characterized by the
deposition of amyloid and phosphorylated tau proteins through-
out the brain. It is thought that the pathology starts in the me-
dial temporal cortex and spreads throughout the rest of the brain
(de Flores et al., 2022). Carnosine as a supplement or treatment
protects against cognitive impairment in dementia and AD. In hu-
mans, the level of serum p-alanine (reflecting intakes of carnosine)
is negatively associated with the risks of all-cause dementia and
AD, suggesting that carnosine might prevent the development of
dementia (Hata et al., 2019). Additionally, supplementing with an-
serine/carnosine was found to provide protective effects against
cognitive decline in 54 individuals with MCI, particularly in those

who are APOE4 positive (a key genetic predictor of dementia)
(Masuoka et al., 2019). After 13weeks of carnosine supplement,
auditory long-term memory, abstract thinking, and constructional
praxis are improved in the older adults in comparison to a placebo
group (Szczesniak et al., 2014). A similar study shows that carno-
sine enhances verbal memory and inhibits the decrease of brain
blood flow and is correlated with suppression of the inflammatory
chemokine CCL24 in older people without dementia (Katakura
etal., 2017). In animal studies, treatment with carnosine decreases
the AGEs level and oxidative stress in brain of p-galactose-induced
aging changes in rats (Aydin et al., 2018). Carnosine supplementa-
tion increases the steady-state levels in the brain, improves den-
dritic spine density and cognitive impairment induced by aging,
indicating that supplementation restores the antioxidative activity
of endogenous carnosine and reduces neurodegeneration in rats
(Banerjee et al., 2021). Carnosine also reduces the intraneuronal
accumulation of AB and improves mitochondrial dysfunctions in
AD mice (Corona et al.,, 2011). The mitochondrial cascade hy-
pothesis proposes that mitochondrial function influences the ex-
pression, processing, and accumulation of Ap (Swerdlow, 2023).
Therefore, carnosine emerges as a promising avenue for address-
ing AD and associated cognitive impairments, exhibiting potential
in both human and animal studies.
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3.2 | Effect of carnosine in cerebral ischemic
injury-induced cognitive impairment

Carnosine has been shown to be an effective neuroprotector in
cerebral ischemic injury (Kim et al., 2021; Pekcetin et al., 2009).
Tight junction (TJ) protein is a major component of the blood-brain
barrier and plays an important role in maintaining its overall in-
tegrity. Following administration of carnosine, ischemia-mediated
degradation of TJ protein is hindered, the activity of matrix met-
alloproteinases are reduced, and infarcted volume and edema are
diminished in animal models of ischemic stroke (Kim et al., 2021).
Carnosine also plays a protective role in the postischemic period.
Treatment with carnosine provides marked protection against neu-
rologic symptoms, and mortality is decreased through attenuation
of oxidative stress after the ischemic episode (Dobrota et al., 2005).
Pretreatment with carnosine also has a significant protective effect
on hypoxia-ischemia-induced cognitive deficits, reducing infarct vol-
ume, and promoting spatial learning and memory through inhibition
of apoptosis and enhanced antioxidation in rats (Zhang et al., 2011).
Conversely, other research shows that carnosine does not improve
spatial learning, but alleviates oxidative stress and inhibits neuronal
apoptosis in ischemic rats (Pekcetin et al., 2009). In vascular demen-
tia caused by chronic hypoperfusion, carnosine attenuates white
matter lesions and cognitive deficits through a reduced activation of
microglia and astrocytes decreasing reactive ROS and inflammatory
mediator production (Ma et al., 2015). Carnosine also exerts a neu-
roprotective role by modulating histaminergic, improving antioxida-
tion, inflammatory response, and anti-acetylcholinesterase (AChE)
actions in rats with bilateral common carotid artery occlusion-
induced vascular dementia to improve memory (Tiwari et al., 2018).
Therefore, carnosine may has a positive impact on the cognitive im-
pairment caused by cerebral ischemic injury, again associated with

its antioxidant, anti-inflammation, and antiapoptotic properties.

4 | THE EFFECT OF CARNOSINE ON
DIABETES

4.1 | Effect of carnosine on blood glucose

Carnosine supplementation has been shown to reduce the risk of
T2DM and to lower blood glucose in patients with T2DM by in-
creasing concentrations of glucagon-like peptide-1 and activity of
anti-dipeptidyl peptidase-4 activity which promote insulin secre-
tion (Vahdatpour et al., 2019). Meanwhile, carnosine supplementa-
tion in overweight and obese individuals reduces serum adipokine
concentrations involved in glucose metabolism, suggesting potential
benefits in preventing T2DM (Baye et al., 2018). Chronic hypergly-
cemia is the key factor in the development of T2DM, and leads to
generation of hydrogen peroxide and ketoaldehydes in the presence
of transition metals, accelerating the production of AGEs (Vargas-
Sanchez et al., 2019). AGEs induce cell damage due to increased
oxidative stress and activate pro-inflammatory signaling pathways,

such as NF-kB (Li et al., 2018). Carnosine has been shown to sup-
press hyperglycemia in patients with diabetes and in animal models
of diabetes (Aydin et al., 2017; de Courten et al., 2016; Houjeghani
et al., 2018; Matthews et al., 2021; Nagai et al., 2003). For example,
in humans, carnosine reduced glucose levels after an oral glucose
tolerance test compared to placebo (de Courten et al., 2016), and
it improved fasting glucose, HbAlc, and AGEs in T2DM patients
(Houjeghani et al., 2018). In mouse models, as in humans, carnos-
ine reduced the accumulation of serum AGEs in high-fat and low-
dose streptozotocin (STZ)-induced diabetic rats (Aydin et al., 2017).
Additionally, dietary carnosine inhibits the level of blood glucose by
the modulation of autonomic nerves in hyperglycemic rats (Nagai
et al., 2003). A recent meta-analysis found that carnosine supple-
mentation decreases fasting glucose and HbA1lc in humans and
rodents (Matthews et al., 2021). In vitro, carnosine is an effective
scavenger of reactive oxygen and nitrogen species in pancreatic p-
cells and promotes insulin secretion and glucose uptake in skeletal
muscle cells (Cripps et al., 2017).

4.2 | Effect of carnosine on insulin

Insulin resistance underpins many metabolic disorders includ-
ing diabetes, making the improvement of insulin sensitivity a key
therapeutic priority (Shazmeen et al., 2021; Yaribeygi et al., 2019).
Prior studies have shown that carnosine attenuates blood glucose
by increasing C-peptide and insulin secretion from pancreatic f-
cells (Albrecht et al., 2017). Consistent with these findings, carno-
sine promotes insulin secretion in B-cells and primary islets, as well
as reversing the damaging suppression of insulin secretion caused
by long-term exposure to high levels of glucose in vitro (Cripps
et al., 2017). Carnosine also increases both insulin-related mRNA
and protein levels in pancreatic tissue of T1IDM mice, suggest-
ing that carnosine can protect the insulin-producing p cells (Barca
et al., 2018; Vahdatpour et al., 2019).

In addition, insulin plays a critical role in neuronal func-
tion through the PI3K/Akt and Ras/mitogen-activated kinase
(MAPK) signaling pathways (Ko et al., 2023; Sedzikowska &
Szablewski, 2021). Through the insulin receptor substrate (IRS)/
Akt signaling pathways, insulin increases neurite outgrowth, reg-
ulates synaptic plasticity (long-term potentiation and long-term
depression), facilitates dendritic spine formation and promotes
development of excitatory synapses, and suppresses neuron
apoptosis (Arnold et al., 2018; Kim & Han, 2005; Ozcaliskan llkay
et al., 2023). The MAPK signaling pathways include extracellular
signal-regulated kinases 1 and 2 (ERK1/2), p38, and JNKs, which
are involved in cell growth, survival, and gene expression to pro-
mote memory formation (Arnold et al., 2018). Chronic hypergly-
cemia negatively influences brain function, leading to reduced
cognitive function and impaired mood, correlating to insulin re-
sistance in neurons (Maciejczyk et al., 2019). Previous research
demonstrates that carnosine reduces the level of Akt in glioblas-
toma cells (Oppermann et al., 2019), and relieves PMA-induced Akt
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phosphorylation in macrophages, providing evidence for a mecha-
nism of activity in the brain (Caruso, Fresta, Fidilio, et al., 2019). In
addition, carnosine decreases the extent of nervous system injury
by reducing the transformation time profile of ERK1/2 activation,
preventing JNK activity, and mediating the MAPK signaling path-
way, which effectively improves the survival of neurons (Cheng
et al., 2011; Kulebyakin et al., 2012). Taken together, the research
suggests that carnosine is involved in mediating PI3K/Akt and

MAPK signaling pathways in neuronal cells.

4.3 | Effect of carnosine in diabetes-induced
cognitive impairment

Recent data shows a close association between T2DM and dementia
(Rad et al., 2018; Tumminia et al., 2018). T2DM enhances the risk of
AD through acceleration of A accumulation, and reduction in its
clearance, due to insulin resistance (Rad et al., 2018). Meanwhile,
T2DM and AD share critical characteristics of CNS change, including
brain insulin resistance, Af accumulation, tau hyperphosphorylation,
cerebral microvascular dysfunction, neuroinflammation, and oxida-
tive stress (Huang et al., 2020; Lu et al., 2021; Tumminia et al., 2018).
Ap accumulation and hyperphosphorylated tau protein also imply
the accumulation of extracellular neuritic plagues and fibrils and in-
tracellular neurofibrillary tangles which are the main contributors to
dementia in AD (de Flores et al., 2022).

Carnosine may play a protective role in the cognitive deficit
induced by diabetes. In rat neuronal cultures, carnosine demon-
strates neuroprotective effects against Ap1-42-induced toxicity
(Distefano et al., 2022). This protective mechanism is attributed
to the enhancement of insulin-degrading enzyme activity by car-
nosine, leading to increased degradation of long substrates such
as insulin and Ap peptides (Distefano et al., 2022). Notably, the
insulin-degrading enzyme involves in reduction of Ap accumula-
tion in AD and diabetic cognitive impairment (Tian et al., 2023).
Consequently, the neuroprotective effects of carnosine may hold
therapeutic implications for improving cognitive outcomes in pa-
tients with diabetes.

In vivo study, carnosine is reduced in the brain of animals with
STZ-induced diabetes, with an associated decrease in CARNS1 and
key transport gene (Slc15a2/Pept2) mRNA as well as an upregulation
of intracellular carnosine dipeptidase (Cndp2) (Barca et al., 2018).
Interestingly, treatment with exogenous carnosine in diabetic mice
partially ameliorates these changes, suggesting that it can partially
inhibit the STZ-induced effects (Barca et al., 2018). Functionally,
carnosine treatment attenuates learning and memory dysfunction
in TIDM rats, with potential mechanisms including reduction in
oxidative stress and neuroinflammation by Nrf2/HO-1 and NF-kB
signaling pathways, reducing astrogliosis, and AChE activity (Ahshin-
Majd et al., 2016). In a T2DM mice model, carnosine also relieves
cognitive impairment and oxidative stress damage by improving the

expression of sirtuin 6 and suppressing endoplasmic reticulum stress

(Peng et al., 2022). In rat models of T2DM, carnosine may relieve
mild cognitive deficits by mediating oxidative stress, regulating Akt/
mTOR signaling pathway, and mitigating autophagy in the hippocam-
pus (Ndolo et al., 2023).

5 | CONCLUSION

Cognitive impairment represents an important cause of a reduction
in quality of life and an enhanced economic burden among diabetic
patients and their caregivers. The presented human and animal
evidence proposed that alternation in neuronal damage resulting
in the abnormal insulin signaling pathway, oxidative stress, neuro-
inflammation, and AGEs accumulation act as leading factors in the
development and progression of cognitive impairment induced by
T2DM. The mechanisms of neuronal injury converge upon the main
four factors, and this appears as a therapeutic target in interven-
tion. Carnosine is a substance naturally produced by the body and
is detected in the muscle and brain of humans. Also, the content of
carnosine could be exogenously supplied from natural diets such as
beef and fish with nontoxic and no side effects (Aliani et al., 2013).
While consuming enough beef and fish to achieve the desired carno-
sine intake might not be feasible, making carnosine supplementation
is a more viable option. Additionally, carnosine is produced natu-
rally in the body, carnosinase activity has been shown to increase
with age, leading to a reduced concentration of available carnosine
within the CNS (Bellia et al., 2009). This means that carnosine has
potential as a promising oral formulation of multi-protective therapy
for the prevention or treatment of diabetes and neurodegenerative
diseases. Specifically, through its antioxidant, anti-inflammatory,
and anti-glycation properties, carnosine alleviated cognitive dys-
function, mediated insulin resistance, delayed oxidative damage,
downregulated inflammatory cytokines, and inhibited the formation
of AGEs. Meanwhile, the neuroprotective role of carnosine has been
demonstrated in TIDM-induced cognitive impairment by regulating
oxidative stress and neuroinflammation (Ahshin-Majd et al., 2016).
The accumulative evidence supports the multiple roles of carnosine
as the efficient protective agent for delaying the onset and progres-
sion of T2DM and treating T2DM-induced complications. Therefore,
we suggest that carnosine may affect cognitive function positively in
T2DM when it is prescribed as a dietary supplement.

AUTHOR CONTRIBUTIONS

Qian Wang: Visualization (lead); writing - original draft (lead); writ-
ing - review and editing (equal). Nicholas Tripodi: Writing - review
and editing (equal). Zachary Valiukas: Writing - review and editing
(equal). Simon M. Bell: Writing - review and editing (equal). Arshad
Majid: Writing - review and editing (equal). Barbora de Courten:
Writing - review and editing (equal). Vasso Apostolopoulos:
Supervision (equal); writing - review and editing (equal). Jack
Feehan: Conceptualization (lead); supervision (equal); writing - re-

view and editing (equal).

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z



WANG ET AL.

3828
—I—Wl LEY-

ACKNOWLEDGMENTS

The first author was supported by China Scholarship Council,
#202008520039. Open access publishing facilitated by Victoria
University, as part of the Wiley - Victoria University agreement via
the Council of Australian University Librarians.

FUNDING INFORMATION
The authors declare not receiving external funds for the research

and/or publication of this article.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
All data that support the findings of this study are included in this

review article.

ETHICS STATEMENT
This study is a review article and did not involve direct experimen-

tation on any animals and humans and no ethical approval was

required.

ORCID

Qian Wang "= https://orcid.org/0009-0003-6064-6516
REFERENCES

Ahshin-Majd, S., Zamani, S., Kiamari, T., Kiasalari, Z., Baluchnejadmojarad,
T., & Roghani, M. (2016). Carnosine ameliorates cognitive deficits
in streptozotocin-induced diabetic rats: Possible involved mecha-
nisms. Peptides, 86, 102-111. https://doi.org/10.1016/].peptides.
2016.10.008

Albrecht, T., Schilperoort, M., Zhang, S., Braun, J. D., Qiu, J., Rodriguez,
A., Pastene, D. O., Kramer, B. K., Képpel, H., Baelde, H., de Heer,
E., Anna Altomare, A., Regazzoni, L., Denisi, A., Aldini, G., van den
Born, J,, Yard, B. A., & Hauske, S. J. (2017). Carnosine attenuates
the development of both type 2 diabetes and diabetic nephropathy
in BTBR ob/ob mice. Scientific Reports, 7,44492. https://doi.org/10.
1038/srep44492

Alhamdani, M. S., Al-Kassir, A. H., Abbas, F. K., Jaleel, N. A., & Al-Taee,
M. F. (2007). Antiglycation and antioxidant effect of carnosine
against glucose degradation products in peritoneal mesothelial
cells. Nephron Clinical Practice, 107(1), c26-c34. https://doi.org/10.
1159/000106509

Aliani, M., Ryland, D., Williamson, J., & Rempel, N. (2013). The syner-
gistic effect of ribose, carnosine, and ascorbic acid on the sensory
and physico-chemical characteristics of minced bison meat. Food
Science & Nutrition, 1(2), 172-183. https://doi.org/10.1002/fsn3.25

Almajwal, A. M., Alam, |., Abulmeaty, M., Razak, S., Pawelec, G., & Alam,
W. (2020). Intake of dietary advanced glycation end products in-
fluences inflammatory markers, immune phenotypes, and antirad-
ical capacity of healthy elderly in a little-studied population. Food
Science & Nutrition, 8(2), 1046-1057. https://doi.org/10.1002/fsn3.
1389

Alsheblak, M. M., Elsherbiny, N. M., El-Karef, A., & El-Shishtawy, M. M.
(2016). Protective effects of -carnosine on CCl4-induced hepatic
injury in rats. European Cytokine Network, 27(1), 6-15. https://doi.
org/10.1684/ecn.2016.0372

Arnold, S. E., Arvanitakis, Z., Macauley-Rambach, S. L., Koenig, A. M.,
Wang, H. Y., Ahima, R. S., Craft, S., Gandy, S., Buettner, C., Stoeckel,

L. E., Holtzman, D. M., & Nathan, D. M. (2018). Brain insulin re-
sistance in type 2 diabetes and Alzheimer disease: Concepts and
conundrums. Nature Clinical Practice Neurology, 14(3), 168-181.
https://doi.org/10.1038/nrneurol.2017.185

Artioli, G. G, Sale, C., & Jones, R. L. (2019). Carnosine in health and dis-
ease. European Journal of Sport Science, 19(1), 30-39. https://doi.
org/10.1080/17461391.2018.1444096

Aydin, A. F., Bingul, ., Kucukgergin, C., Dogan-Ekici, |., Dogru Abbasoglu,
S., & Uysal, M. (2017). Carnosine decreased oxidation and gly-
cation products in serum and liver of high-fat diet and low-dose
streptozotocin-induced diabetic rats. International Journal of
Experimental Pathology, 98(5), 278-288. https://doi.org/10.1111/
iep.12252

Aydin, F., Kalaz, E. B., Kucukgergin, C., Coban, J., Dogru-Abbasoglu, S., &
Uysal, M. (2018). Carnosine treatment diminished oxidative stress
and glycation products in serum and tissues of D-galactose-treated
rats. Current Aging Science, 11(1), 10-15. https://doi.org/10.2174/
1871530317666170703123519

Babizhayev, M. A., Seguin, M. C., Gueyne, J., Evstigneeva, R. P., Ageyeva,
E. A., & Zheltukhina, G. A. (1994). L-carnosine (beta-alanyl-L-
histidine) and carcinine (beta-alanylhistamine) act as natural an-
tioxidants with hydroxyl-radical-scavenging and lipid-peroxidase
activities. The Biochemical Journal, 304(Pt 2), 509-516. https://doi.
org/10.1042/bj3040509

Bai, L., Zhou, Y., Zhang, J., & Ma, J. (2023). The role of a ketogenic diet
in the treatment of dementia in type 2 diabetes mellitus. Nutrients,
15(8), 1917-1930. https://doi.org/10.3390/nu15081971

Banerjee, S., Mukherjee, B., Poddar, M. K., & Dunbar, G. L. (2021).
Carnosine improves aging-induced cognitive impairment and brain
regional neurodegeneration in relation to the neuropathological
alterations in the secondary structure of amyloid beta (Abeta).
Journal of Neurochemistry, 158(3), 710-723. https://doi.org/10.
1111/jnc.15357

Baran, E. J. (2000). Metal complexes of carnosine. Biochemistry (Mosc),
65(7), 789-797. https://www.ncbi.nlm.nih.gov/pubmed/10951097

Barber, T. M., Kyrou, |, Randeva, H. S., & Weickert, M. O. (2021).
Mechanisms of insulin resistance at the crossroad of obesity with
associated metabolic abnormalities and cognitive dysfunction.
International Journal of Molecular Sciences, 22(2), 546-562. https://
doi.org/10.3390/ijms22020546

Barca, A., Gatti, F., Spagnolo, D., Ippati, S., Vetrugno, C., & Verri, T.
(2018). Responsiveness of carnosine homeostasis genes in the pan-
creas and brain of streptozotocin-treated mice exposed to dietary
carnosine. International Journal of Molecular Sciences, 19(6), 1713-
1724. https://doi.org/10.3390/ijms19061713

Barski, O. A., Xie, Z., Baba, S. P, Sithu, S. D., Agarwal, A., Cai, J,,
Bhatnagar, A., & Srivastava, S. (2013). Dietary carnosine prevents
early atherosclerotic lesion formation in apolipoprotein E-null mice.
Arteriosclerosis and Thrombosis, 33(6), 1162-1170. https://doi.org/
10.1161/ATVBAHA.112.300572

Battah, S., Ahmed, N., & Thornalley, P. J. (2002). Novel anti-glycation
therapeutic agents: Glyoxalase | mimetics. Paper presented at the
International Congress Series.

Baye, E., Ukropec, J., de Courten, M. P. J., Mousa, A., Kurdiova, T.,
Johnson, J., Wilson, K., Plebanski, M., Aldini, G., Ukropcova, B., &
de Courten, B. (2018). Carnosine supplementation improves serum
Resistin concentrations in overweight or obese otherwise healthy
adults: A pilot randomized trial. Nutrients, 10(9), 1258-1268.
https://doi.org/10.3390/nu10091258

Bellaver, B., Povala, G, Ferreira, P. C. L., Ferrari-Souza, J. P, Leffa, D. T.,
Lussier, F. Z., Benedet, A. L., Ashton, N. J., Triana-Baltzer, G., Kolb,
H. C., Tissot, C., Therriault, J., Servaes, S., Stevenson, J., Rahmouni,
N., Lopez, O. L., Tudorascu, D. L., Villemagne, V. L., konomovic, M.
D.,, ... Pascoal, T. A. (2023). Astrocyte reactivity influences amyloid-
beta effects on tau pathology in preclinical Alzheimer's disease.

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z


https://orcid.org/0009-0003-6064-6516
https://orcid.org/0009-0003-6064-6516
https://doi.org/10.1016/j.peptides.2016.10.008
https://doi.org/10.1016/j.peptides.2016.10.008
https://doi.org/10.1038/srep44492
https://doi.org/10.1038/srep44492
https://doi.org/10.1159/000106509
https://doi.org/10.1159/000106509
https://doi.org/10.1002/fsn3.25
https://doi.org/10.1002/fsn3.1389
https://doi.org/10.1002/fsn3.1389
https://doi.org/10.1684/ecn.2016.0372
https://doi.org/10.1684/ecn.2016.0372
https://doi.org/10.1038/nrneurol.2017.185
https://doi.org/10.1080/17461391.2018.1444096
https://doi.org/10.1080/17461391.2018.1444096
https://doi.org/10.1111/iep.12252
https://doi.org/10.1111/iep.12252
https://doi.org/10.2174/1871530317666170703123519
https://doi.org/10.2174/1871530317666170703123519
https://doi.org/10.1042/bj3040509
https://doi.org/10.1042/bj3040509
https://doi.org/10.3390/nu15081971
https://doi.org/10.1111/jnc.15357
https://doi.org/10.1111/jnc.15357
https://www.ncbi.nlm.nih.gov/pubmed/10951097
https://doi.org/10.3390/ijms22020546
https://doi.org/10.3390/ijms22020546
https://doi.org/10.3390/ijms19061713
https://doi.org/10.1161/ATVBAHA.112.300572
https://doi.org/10.1161/ATVBAHA.112.300572
https://doi.org/10.3390/nu10091258

WANG ET AL.

—Wl LEYm

Nature Medicine, 29(7), 1775-1781. https://doi.org/10.1038/s4159
1-023-02380-x

Bellia, F., Calabrese, V., Guarino, F., Cavallaro, M., Cornelius, C., De Pinto,
V., & Rizzarelli, E. (2009). Carnosinase levels in aging brain: Redox
state induction and cellular stress response. Antioxidants & Redox
Signaling, 11(11), 2759-2775. https://doi.org/10.1089/ars.2009.
2738

Berezhnoy, D. S., Stvolinsky, S. L., Lopachev, A. V., Devyatov, A. A.,
Lopacheva, O. M., Kulikova, O. I., Abaimov, D. A., & Fedorova, T. N.
(2019). Carnosine as an effective neuroprotector in brain pathology
and potential neuromodulator in normal conditions. Amino Acids,
51(1), 139-150. https://doi.org/10.1007/s00726-018-2667-7

Blakemore, L. J.,, & Trombley, P. Q. (2017). Zinc as a neuromodulator
in the central nervous system with a focus on the olfactory bulb.
Frontiers in Cellular Neuroscience, 11, 297. https://doi.org/10.3389/
fncel.2017.00297

Boldyrev, A. A., Aldini, G., & Derave, W. (2013). Physiology and patho-
physiology of carnosine. Physiological Reviews, 93(4), 1803-1845.
https://doi.org/10.1152/physrev.00039.2012

Cade, W. T. (2008). Diabetes-related microvascular and macrovascular
diseases in the physical therapy setting. Physical Therapy, 88(11),
1322-1335. https://doi.org/10.2522/ptj.20080008

Callisaya, M., & Nosaka, K. (2017). Effects of exercise on type 2 diabe-
tes mellitus-related cognitive impairment and dementia. Journal
of Alzheimer's Disease, 59(2), 503-513. https://doi.org/10.3233/
JAD-161154

Caruso, G., Fresta, C. G., Fidilio, A., O'Donnell, F., Musso, N., Lazzarino,
G., Grasso, M., Amorini, A. M., Tascedda, F., Bucolo, C., Drago, F.,
Tavazzi, B., Lazzarino, G., Lunte, S. M. & Caraci, F. (2019). Carnosine
decreases PMA-induced oxidative stress and inflammation in mu-
rine macrophages. Antioxidants (Basel), 8(8), 281-300. https://doi.
org/10.3390/antiox8080281

Caruso, G, Fresta, C. G., Grasso, M., Santangelo, R., Lazzarino, G., Lunte,
S. M., & Caraci, F. (2020). Inflammation as the common biological
link between depression and cardiovascular diseases: Can car-
nosine exert a protective role? Current Medicinal Chemistry, 27(11),
1782-1800. https://doi.org/10.2174/09298673266661907120
91515

Caruso, G., Fresta, C. G., Musso, N., Giambirtone, M., Grasso, M.,
Spampinato, S. F., Merlo, S., Drago, F., Lazzarino, G., Sortino, M.
A., Lunte, S. M., & Caraci, F. (2019). Carnosine prevents Abeta-
induced oxidative stress and inflammation in microglial cells: A key
role of TGF-betal. Cells, 8(1), 64-87. https://doi.org/10.3390/cells
8010064

Cheng, J., Wang, F., Yu, D. F., Wu, P. F., & Chen, J. G. (2011). The cy-
totoxic mechanism of malondialdehyde and protective effect of
carnosine via protein cross-linking/mitochondrial dysfunction/re-
active oxygen species/MAPK pathway in neurons. European Journal
of Pharmacology, 650(1), 184-194. https://doi.org/10.1016/j.ejphar.
2010.09.033

Cole, J. B, & Florez, J. C. (2020). Genetics of diabetes mellitus and di-
abetes complications. Nature Reviews Nephrology, 16(7), 377-390.
https://doi.org/10.1038/s41581-020-0278-5

Corona, C., Frazzini, V., Silvestri, E., Lattanzio, R., la Sorda, R., Piantelli,
M., Canzoniero, L. M., Ciavardelli, D., Rizzarelli, E., & Sensi, S. L.
(2011). Effects of dietary supplementation of carnosine on mito-
chondrial dysfunction, amyloid pathology, and cognitive deficits
in 3xTg-AD mice. PLoS One, 6(3), e17971. https://doi.org/10.1371/
journal.pone.0017971

Cripps, M. J., Hanna, K., Lavilla, C., Jr,, Sayers, S. R., Caton, P. W,, Sims, C.,
de Girolamo, L., Sale, C., & Turner, M. D. (2017). Carnosine scaveng-
ing of glucolipotoxic free radicals enhances insulin secretion and
glucose uptake. Scientific Reports, 7(1), 13313. https://doi.org/10.
1038/s41598-017-13649-w

Davinelli, S., Di Marco, R., Bracale, R., Quattrone, A., Zella, D., &
Scapagnini, G. (2013). Synergistic effect of L-carnosine and EGCG in

the prevention of physiological brain aging. Current Pharmaceutical
Design, 19(15), 2722-2727. https://doi.org/10.2174/1381612811
319150007

de Courten, B., Jakubova, M., de Courten, M. P., Kukurova, I. J., Vallova,
S., Krumpolec, P., Valkovic, L., Kurdiova, T., Garzon, D., Barbaresi,
S., Teede, H. J., Derave, W., Krssak, M., Aldini, G., Ukropec, J., &
Ukropcova, B. (2016). Effects of carnosine supplementation on
glucose metabolism: Pilot clinical trial. Obesity (Silver Spring), 24(5),
1027-1034. https://doi.org/10.1002/0by.21434

de Flores, R., das, S., Xie, L., Wisse, L. E. M,, Lyu, X., Shah, P., Yushkevich,
P. A, & Wolk, D. A. (2022). Medial temporal lobe networks in
Alzheimer's disease: Structural and molecular vulnerabilities. The
Journal of Neuroscience, 42(10), 2131-2141. https://doi.org/10.
1523/JNEUROSCI.0949-21.2021

Deng, J., Zhong, Y. F., Wu, Y. P, Luo, Z., Sun, Y. M., Wang, G. E,
Kurihara, H., Li, Y. F., & He, R. R. (2018). Carnosine attenuates
cyclophosphamide-induced bone marrow suppression by reducing
oxidative DNA damage. Redox Biology, 14, 1-6. https://doi.org/10.
1016/j.redox.2017.08.003

Distefano, A., Caruso, G., Oliveri, V., Bellia, F., Sbardella, D., Zingale, G.
A., Caraci, F., & Grasso, G. (2022). Neuroprotective effect of car-
nosine is mediated by insulin-degrading enzyme. American Chemical
Society, 13(10), 1588-1593. https://doi.org/10.1021/acschemneu
ro.2c00201

Dobrota, D., Fedorova, T., Stvolinsky, S., Babusikova, E., Likavcanova,
K., Drgova, A., Strapkova, A., & Boldyrev, A. (2005). Carnosine
protects the brain of rats and Mongolian gerbils against ischemic
injury: After-stroke-effect. Neurochemical Research, 30(10), 1283-
1288. https://doi.org/10.1007/s11064-005-8799-7

Fatih Aydin, A., Kucukgergin, C., Bingul, |, Dogan-Ekici, I., Dogru-
Abbasoglu, S., & Uysal, M. (2017). Effect of carnosine on renal
function, oxidation and glycation products in the kidneys of high-
fat diet/streptozotocin-induced diabetic rats. Experimental and
Clinical Endocrinology & Diabetes, 125(5), 282-289. https://doi.org/
10.1055/s-0043-100117

Gancheva, S., Koliaki, C., Bierwagen, A., Nowotny, P., Heni, M., Fritsche,
A., Héring, H. U., Szendroedi, J., & Roden, M. (2015). Effects of in-
tranasal insulin on hepatic fat accumulation and energy metabolism
in humans. Diabetes, 64(6), 1966-1975. https://doi.org/10.2337/
db14-0892

Ghanbari-Gohari, F., Mousavi, S. M., & Esmaillzadeh, A. (2022).
Consumption of whole grains and risk of type 2 diabetes: A com-
prehensive systematic review and dose-response meta-analysis of
prospective cohort studies. Food Science & Nutrition, 10(6), 1950-
1960. https://doi.org/10.1002/fsn3.2811

Ghodsi, R., & Kheirouri, S. (2018). Carnosine and advanced glycation
end products: A systematic review. Amino Acids, 50(9), 1177-1186.
https://doi.org/10.1007/s00726-018-2592-9

Glovaci, D., Fan, W., & Wong, N. D. (2019). Epidemiology of diabetes mel-
litus and cardiovascular disease. Current Cardiology Reports, 21(4),
21. https://doi.org/10.1007/s11886-019-1107-y

Guariguata, L., Whiting, D. R., Hambleton, ., Beagley, J., Linnenkamp,
U., & Shaw, J. E. (2014). Global estimates of diabetes prevalence
for 2013 and projections for 2035. Diabetes Research and Clinical
Practice, 103(2), 137-149. https://doi.org/10.1016/j.diabres.2013.
11.002

Gulewitch, J. W., & Amiradzibi, S. (1900). Uber das carnosin, eine neue
organische Base des Fleischextraktes. Berichte der Deutschen
Chemischen Gesellschaft, B33, $1902-51903.

Guliaeva, N. V., Obidin, A. B., Levshina, I. P., Filonenko, A. V., Dupin, A.
M., & Boldyrev, A. A. (1989). The effect of carnosine on indicators
of free radical lipid oxidation during acute stress in rats. Nauchnye
Doki Vlyss Shkoly Biol Nauki, 1989(8), 5-16. https://www.ncbi.nlm.
nih.gov/pubmed/2790085

Guzman-Martinez, L., Calfio, C., Farias, G. A., Vilches, C., Prieto, R., &
Maccioni, R. B. (2021). New Frontiers in the prevention, diagnosis,

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z


https://doi.org/10.1038/s41591-023-02380-x
https://doi.org/10.1038/s41591-023-02380-x
https://doi.org/10.1089/ars.2009.2738
https://doi.org/10.1089/ars.2009.2738
https://doi.org/10.1007/s00726-018-2667-7
https://doi.org/10.3389/fncel.2017.00297
https://doi.org/10.3389/fncel.2017.00297
https://doi.org/10.1152/physrev.00039.2012
https://doi.org/10.2522/ptj.20080008
https://doi.org/10.3233/JAD-161154
https://doi.org/10.3233/JAD-161154
https://doi.org/10.3390/antiox8080281
https://doi.org/10.3390/antiox8080281
https://doi.org/10.2174/0929867326666190712091515
https://doi.org/10.2174/0929867326666190712091515
https://doi.org/10.3390/cells8010064
https://doi.org/10.3390/cells8010064
https://doi.org/10.1016/j.ejphar.2010.09.033
https://doi.org/10.1016/j.ejphar.2010.09.033
https://doi.org/10.1038/s41581-020-0278-5
https://doi.org/10.1371/journal.pone.0017971
https://doi.org/10.1371/journal.pone.0017971
https://doi.org/10.1038/s41598-017-13649-w
https://doi.org/10.1038/s41598-017-13649-w
https://doi.org/10.2174/1381612811319150007
https://doi.org/10.2174/1381612811319150007
https://doi.org/10.1002/oby.21434
https://doi.org/10.1523/JNEUROSCI.0949-21.2021
https://doi.org/10.1523/JNEUROSCI.0949-21.2021
https://doi.org/10.1016/j.redox.2017.08.003
https://doi.org/10.1016/j.redox.2017.08.003
https://doi.org/10.1021/acschemneuro.2c00201
https://doi.org/10.1021/acschemneuro.2c00201
https://doi.org/10.1007/s11064-005-8799-7
https://doi.org/10.1055/s-0043-100117
https://doi.org/10.1055/s-0043-100117
https://doi.org/10.2337/db14-0892
https://doi.org/10.2337/db14-0892
https://doi.org/10.1002/fsn3.2811
https://doi.org/10.1007/s00726-018-2592-9
https://doi.org/10.1007/s11886-019-1107-y
https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.1016/j.diabres.2013.11.002
https://www.ncbi.nlm.nih.gov/pubmed/2790085
https://www.ncbi.nlm.nih.gov/pubmed/2790085

WANG ET AL.

3830
—I—Wl LEY-

and treatment of Alzheimer's disease. Journal of Alzheimer's Disease,
82(s1), S51-S63. https://doi.org/10.3233/JAD-201059

Harris, R. M., Rose, A. M. C., Forouhi, N. G., & Unwin, N. (2020).
Nutritional adequacy and dietary disparities in an adult Caribbean
population of African descent with a high burden of diabetes and
cardiovascular disease. Food Science & Nutrition, 8(3), 1335-1344.
https://doi.org/10.1002/fsn3.1363

Hata, J., Ohara, T., Katakura, Y., Shimizu, K., Yamashita, S., Yoshida, D.,
Honda, T., Hirakawa, Y., Shibata, M., Sakata, S., Kitazono, T., Kuhara,
S., & Ninomiya, T. (2019). Association between serum beta-alanine
and risk of dementia. American Journal of Epidemiology, 188(9),
1637-1645. https://doi.org/10.1093/aje/kwz116

Hawkins, R. A., O'Kane, R. L., Simpson, . A., & Vina, J. R. (2006). Structure
of the blood-brain barrier and its role in the transport of amino
acids. The Journal of Nutrition, 136(1 Suppl), 2185-226S. https://doi.
org/10.1093/jn/136.1.218S

Heras-Sandoval, D., Ferrera, P., & Arias, C. (2012). Amyloid-beta protein
modulates insulin signaling in presynaptic terminals. Neurochemical
Research, 37(9), 1879-1885. https://doi.org/10.1007/s1106
4-012-0800-7

Herculano, B., Tamura, M., Ohba, A., Shimatani, M., Kutsuna, N., &
Hisatsune, T. (2013). Beta-alanyl-L-histidine rescues cognitive defi-
cits caused by feeding a high fat diet in a transgenic mouse model of
Alzheimer's disease. Journal of Alzheimer's Disease, 33(4), 983-997.
https://doi.org/10.3233/JAD-2012-121324

Hipkiss, A. R. (2009). Carnosine and its possible roles in nutrition and
health. Advances in Food and Nutrition Research, 57, 87-154. https://
doi.org/10.1016/51043-4526(09)57003-9

Houjeghani, S., Kheirouri, S., Faraji, E., & Jafarabadi, M. A. (2018).
L-carnosine supplementation attenuated fasting glucose, tri-
glycerides, advanced glycation end products, and tumor necrosis
factor-alpha levels in patients with type 2 diabetes: A double-blind
placebo-controlled randomized clinical trial. Nutrition Research, 49,
96-106. https://doi.org/10.1016/j.nutres.2017.11.003

Huang, D. W., Lo, Y. M., Chang, W. C,, Lin, C. Y., Chen, J. A, Wu, J. S,
Huang, W. C., & Shen, S. C. (2020). Alleviative effect of Ruellia tu-
berosa L. on NAFLD and hepatic lipid accumulation via modulating
hepatic de novo lipogenesis in high-fat diet plus streptozotocin-
induced diabetic rats. Food Science & Nutrition, 8(10), 5710-5716.
https://doi.org/10.1002/fsn3.1868

lhara, H., Kakihana, Y., Yamakage, A., Kai, K., Shibata, T., Nishida, M.,
Yamada, K. I., & Uchida, K. (2019). 2-oxo-histidine-containing di-
peptides are functional oxidation products. The Journal of Biological
Chemistry, 294(4), 1279-1289. https://doi.org/10.1074/jbc.RA118.
006111

Jayaraman, A., & Pike, C. J. (2014). Alzheimer's disease and type 2 di-
abetes: Multiple mechanisms contribute to interactions. Current
Diabetes Reports, 14(4), 476. https://doi.org/10.1007/s1189
2-014-0476-2

Jiang, L., Yuan, N., Zhao, N., Tian, P., Zhang, D., Qin, Y., Shi, Z., Gao, Z.,
Zhang, N., Zhou, H., Zhang, R., & Xu, S. (2022). Advanced glycation
end products induce Abeta(1-42) deposition and cognitive decline
through H19/miR-15b/BACE1 axis in diabetic encephalopathy.
Brain Research Bulletin, 188, 187-196. https://doi.org/10.1016/j.
brainresbull.2022.08.007

Jin, C. L., Yang, L. X., Wu, X. H., Li, Q., Ding, M. P,, Fan, Y. Y., Zhang, W. P.,
Luo, J. H., & Chen, Z. (2005). Effects of carnosine on amygdaloid-
kindled seizures in Sprague-Dawley rats. Neuroscience, 135(3), 939-
947. https://doi.org/10.1016/j.neuroscience.2005.06.066

Kasamatsu, S., Komae, S., Matsukura, K., Kakihana, Y., Uchida, K., &
lhara, H. (2021). 2-oxo-imidazole-containing dipeptides play a key
role in the antioxidant capacity of imidazole-containing dipeptides.
Antioxidants (Basel), 10(9), 1413-1430. https://doi.org/10.3390/
antiox10091434

Katakura, Y., Totsuka, M., Imabayashi, E., Matsuda, H., & Hisatsune,
T. (2017). Anserine/carnosine supplementation suppresses the

expression of the inflammatory chemokine CCL24 in peripheral
blood mononuclear cells from elderly people. Nutrients, 9(11),
1199-1210. https://doi.org/10.3390/nu9111199

Kawahara, M., Tanaka, K. I., & Kato-Negishi, M. (2018). Zinc, carnosine,
and neurodegenerative diseases. Nutrients, 10(2), 147-167. https://
doi.org/10.3390/nu10020147

Kim, E. H., Kim, E. S., Shin, D., Kim, D., Choi, S., Shin, Y. J., Kim, K. A,
Noh, D., Caglayan, A. B., Rajanikant, G. K., Majid, A., & Bae, O.
N. (2021). Carnosine protects against cerebral ischemic injury
by inhibiting matrix-metalloproteinases. International Journal of
Molecular Sciences, 22(14), 7495-7508. https://doi.org/10.3390/
ijms22147495

Kim, S. J., & Han, Y. (2005). Insulin inhibits AMPA-induced neuronal
damage via stimulation of protein kinase B (Akt). Journal of Neural
Transmission (Vienna), 112(2), 179-191. https://doi.org/10.1007/
s00702-004-0163-6

Ko, C. Y., Wu, C. H., Huang, W. J,, Lo, Y. M,, Lin, S. X., Wu, J. S., Huang,
W. C., & Shen, S. C. (2023). Alleviative effects of alpha-lipoic acid
on muscle atrophy via the modulation of TNF-alpha/JNK and PI3K/
AKT pathways in high-fat diet and streptozotocin-induced type 2
diabetic rats. Food Science & Nutrition, 11(4), 1931-1939. https://
doi.org/10.1002/fsn3.3227

Kohen, R., Misgav, R., & Ginsburg, I. (1991). The SOD like activity of cop-
per:carnosine, copper:anserine and copper:homocarnosine com-
plexes. Free Radical Research Communications, 12-13(Pt 1), 179-185.
https://doi.org/10.3109/10715769109145784

Kubota, M., Kobayashi, N., Sugizaki, T., Shimoda, M., Kawahara, M., &
Tanaka, K. I. (2020). Carnosine suppresses neuronal cell death and
inflammation induced by 6-hydroxydopamine in an in vitro model
of Parkinson's disease. PLoS One, 15(10), e0240448. https://doi.
org/10.1371/journal.pone.0240448

Kulebyakin, K., Karpova, L., Lakonsteva, E., Krasavin, M., & Boldyrev, A.
(2012). Carnosine protects neurons against oxidative stress and
modulates the time profile of MAPK cascade signaling. Amino Acids,
43(1), 91-96. https://doi.org/10.1007/s00726-011-1135-4

Launer, L. J., Miller, M. E., Williamson, J. D., Lazar, R. M., Gerstein, H. C.,
Murray, A. M., Sullivan, M., Horowitz, K. R., Ding, J., Marcovina, S.,
Lovato, L. C., Lovato, J., Margolis, K. L., O'Connor, P., Lipkin, E. W.,
Hirsch, J., Coker, L., Maldjian, J., Sunshine, J. L., ... ACCORD MIND
investigators. (2011). Effects of intensive glucose lowering on brain
structure and function in people with type 2 diabetes (ACCORD
MIND): A randomised open-label substudy. Lancet Neurology,
10(11), 969-977. https://doi.org/10.1016/51474-4422(11)70188-0

Li, M., Sun, Z., Zhang, H., & Liu, Z. (2021). Recent advances on polaprez-
inc for medical use (review). Experimental and Therapeutic Medicine,
22(6), 1445. https://doi.org/10.3892/etm.2021.10880

Li, W., & Kong, A. N. (2009). Molecular mechanisms of Nrf2-mediated
antioxidant response. Molecular Carcinogenesis, 48(2), 91-104.
https://doi.org/10.1002/mc.20465

Li, Y., Li, Q, Pan, C. S, Yan, L., Hu, B. H., Liu, Y. Y., Yang, L., Huang,
P., Zhao, S. Y., Wang, C. S., Fan, J. Y., Wang, X. M., & Han, J. Y.
(2018). Bushen Huoxue attenuates diabetes-induced cogni-
tive impairment by improvement of cerebral microcirculation:
Involvement of RhoA/ROCK/moesin and Src signaling pathways.
Frontiers in Physiology, 9, 527. https://doi.org/10.3389/fphys.2018.
00527

Liu, X. Q., Jiang, L., Lei, L., Nie, Z. Y., Zhu, W., Wang, S., Zeng, H. X., Zhang,
S. Q., Zhang, Q,, Yard, B., & Wu, Y. G. (2020). Carnosine alleviates
diabetic nephropathy by targeting GNMT, a key enzyme mediating
renal inflammation and fibrosis. Clinical Science (London, England),
134(23), 3175-3193. https://doi.org/10.1042/CS20201207

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C.,
Banerjee, S., Brayne, C., Burns, A., Cohen-Mansfield, J., Cooper, C.,
Costafreda, S. G., Dias, A., Fox, N., Gitlin, L. N., Howard, R., Kales,
H. C., Kivimaki, M., Larson, E. B., Ogunniyi, A., ... Mukadam, N.
(2020). Dementia prevention, intervention, and care: 2020 report

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z


https://doi.org/10.3233/JAD-201059
https://doi.org/10.1002/fsn3.1363
https://doi.org/10.1093/aje/kwz116
https://doi.org/10.1093/jn/136.1.218S
https://doi.org/10.1093/jn/136.1.218S
https://doi.org/10.1007/s11064-012-0800-7
https://doi.org/10.1007/s11064-012-0800-7
https://doi.org/10.3233/JAD-2012-121324
https://doi.org/10.1016/S1043-4526(09)57003-9
https://doi.org/10.1016/S1043-4526(09)57003-9
https://doi.org/10.1016/j.nutres.2017.11.003
https://doi.org/10.1002/fsn3.1868
https://doi.org/10.1074/jbc.RA118.006111
https://doi.org/10.1074/jbc.RA118.006111
https://doi.org/10.1007/s11892-014-0476-2
https://doi.org/10.1007/s11892-014-0476-2
https://doi.org/10.1016/j.brainresbull.2022.08.007
https://doi.org/10.1016/j.brainresbull.2022.08.007
https://doi.org/10.1016/j.neuroscience.2005.06.066
https://doi.org/10.3390/antiox10091434
https://doi.org/10.3390/antiox10091434
https://doi.org/10.3390/nu9111199
https://doi.org/10.3390/nu10020147
https://doi.org/10.3390/nu10020147
https://doi.org/10.3390/ijms22147495
https://doi.org/10.3390/ijms22147495
https://doi.org/10.1007/s00702-004-0163-6
https://doi.org/10.1007/s00702-004-0163-6
https://doi.org/10.1002/fsn3.3227
https://doi.org/10.1002/fsn3.3227
https://doi.org/10.3109/10715769109145784
https://doi.org/10.1371/journal.pone.0240448
https://doi.org/10.1371/journal.pone.0240448
https://doi.org/10.1007/s00726-011-1135-4
https://doi.org/10.1016/S1474-4422(11)70188-0
https://doi.org/10.3892/etm.2021.10880
https://doi.org/10.1002/mc.20465
https://doi.org/10.3389/fphys.2018.00527
https://doi.org/10.3389/fphys.2018.00527
https://doi.org/10.1042/CS20201207

WANG ET AL.

of the lancet commission. Lancet, 396(10248), 413-446. https://
doi.org/10.1016/S0140-6736(20)30367-6

Lopachev, A. V., Abaimov, D. A., Filimonoy, I. S., Kulichenkova, K. N,
& Fedorova, T. N. (2022). An assessment of the transport mech-
anism and intraneuronal stability of L-carnosine. Amino Acids,
54(8), 1115-1122. https://doi.org/10.1007/s00726-021-03094
-5

Lu, Y. Z., Zhang, C. Q. Yu, B. X., Zhang, E. H., Quan, H., Yin, X., Cai, H.,
Yuan, F., Li, L. Q., Xu, Y. J,, Su, Y. J,, Xing, Y. J,, Liao, Z. H., & Lan, X.
Z.(2021). The seed oil of Paeonia ludlowii ameliorates Abeta25-35-
induced Alzheimer's disease in rats. Food Science & Nutrition, 9(5),
2402-2413. https://doi.org/10.1002/fsn3.2102

Ma, J,, Chen, J,, Bo, S., Lu, X., & Zhang, J. (2015). Protective effect of
carnosine after chronic cerebral hypoperfusion possibly through
suppressing astrocyte activation. American Journal of Translational
Research, 7(12), 2706-2715. https://www.ncbi.nlm.nih.gov/
pubmed/26885268

Ma, J., Xiong, J. Y., Hou, W. W., Yan, H. J,, Sun, Y., Huang, S. W., Jin,
L., Wang, Y., Hu, W. W., & Chen, Z. (2012). Protective effect of
carnosine on subcortical ischemic vascular dementia in mice. CNS
Neuroscience & Therapeutics, 18(9), 745-753. https://doi.org/10.
1111/j.1755-5949.2012.00362.x

Ma, J, Yan, H., Wang, R., Bo, S., Lu, X., Zhang, J., & Xu, A. (2018).
Protective effect of carnosine on white matter damage in corpus
striatum induced by chronic cerebral hypoperfusion. Neuroscience
Letters, 683, 54-60. https://doi.org/10.1016/j.neulet.2018.06.032

Ma, W. W, Li, C. Q., Zhao, L., Wang, Y. S., & Xiao, R. (2019). NF-kappaB-
mediated inflammatory damage is differentially affected in SH-
SY5Y and Cé cells treated with 27-hydroxycholesterol. Food Science
& Nutrition, 7(5), 1685-1694. https://doi.org/10.1002/fsn3.1005

Maciejczyk, M., Zebrowska, E., & Chabowski, A. (2019). Insulin resistance
and oxidative stress in the brain: What's new? International Journal
of Molecular Sciences, 20(4), 874-892. https://doi.org/10.3390/
iims20040874

Masuoka, N., Yoshimine, C., Hori, M., Tanaka, M., Asada, T., Abe, K., &
Hisatsune, T. (2019). Effects of anserine/carnosine supplementa-
tion on mild cognitive impairment with APOE4. Nutrients, 11(7),
1626-1639. https://doi.org/10.3390/nu11071626

Matthews, J. J., Dolan, E., Swinton, P. A, Santos, L., Artioli, G. G., Turner,
M. D., Elliott-Sale, K. J., & Sale, C. (2021). Effect of carnosine or
beta-alanine supplementation on markers of glycemic control and
insulin resistance in humans and animals: A systematic review and
meta-analysis. Advances in Nutrition, 12(6), 2216-2231. https://doi.
org/10.1093/advances/nmab087

Menini, S., lacobini, C., Ricci, C., Scipioni, A., Blasetti Fantauzzi, C.,
Giaccari, A., Salomone, E., Canevotti, R., Lapolla, A., Orioli, M.,
Aldini, G., & Pugliese, G. (2012). D-carnosine octylester attenuates
atherosclerosis and renal disease in ApoE null mice fed a Western
diet through reduction of carbonyl stress and inflammation. British
Journal of Pharmacology, 166(4), 1344-1356. https://doi.org/10.
1111/j.1476-5381.2012.01834.x

Monnier, V. M,, Sell, D. R., & Genuth, S. (2005). Glycation products as
markers and predictors of the progression of diabetic complica-
tions. Annals of the nNew York Academy of Sciences, 1043, 567-581.
https://doi.org/10.1196/annals.1333.065

Mullins, R. J., Diehl, T. C., Chia, C. W., & Kapogiannis, D. (2017). Insulin
resistance as a link between amyloid-beta and tau pathologies in
Alzheimer's disease. Frontiers in Aging Neuroscience, 9, 118.

Nagai, K., Niijima, A., Yamano, T., Otani, H., Okumra, N., Tsuruoka, N.,
Nakai, M., & Kiso, Y. (2003). Possible role of I-carnosine in the reg-
ulation of blood glucose through controlling autonomic nerves.
Experimental Biology and Medicine (Maywood, N.J.), 228(10), 1138-
1145. https://doi.org/10.1177/153537020322801007

Nanda, M., Sharma, R., Mubarik, S., Aashima, A., & Zhang, K. (2022).
Type-2 diabetes mellitus (T2DM): Spatial-temporal patterns of in-
cidence, mortality and attributable risk factors from 1990 to 2019

—Wl LEYm

among 21 world regions. Endocrine, 77(3), 444-454. https://doi.
org/10.1007/s12020-022-03125-5

Ndolo, R. O., Yu, L., Zhao, Y., Lu, J., Wang, G., Zhao, X., Ren, Y., & Yang, J.
(2023). Carnosine-based reversal of diabetes-associated cognitive
decline via activation of the Akt/mTOR pathway and modulation
of autophagy in a rat model of type 2 diabetes mellitus. Dementia
and Geriatric Cognitive Disorders, 52(3), 156-168. https://doi.org/
10.1159/000530605

Nelson, D., & Cox, M. (2000). Lehninger principle of biochemistry 3rd ed
worth publisher. NY, 16, 567-597.

Ngandu, T., Lehtisalo, J., Solomon, A., Levilahti, E., Ahtiluoto, S.,
Antikainen, R., Backman, L., Hanninen, T., Jula, A., Laatikainen, T.,
Lindstrom, J., Mangialasche, F., Paajanen, T., Pajala, S., Peltonen,
M., Rauramaa, R., Stigsdotter-Neely, A., Strandberg, T., Tuomilehto,
J., ... Kivipelto, M. (2015). A 2 year multidomain intervention of
diet, exercise, cognitive training, and vascular risk monitoring ver-
sus control to prevent cognitive decline in at-risk elderly people
(FINGER): A randomised controlled trial. Lancet, 385(9984), 2255-
2263. https://doi.org/10.1016/50140-6736(15)60461-5

Nowotny, K., Jung, T., Hohn, A., Weber, D., & Grune, T. (2015). Advanced
glycation end products and oxidative stress in type 2 diabetes mel-
litus. Biomolecules, 5(1), 194-222. https://doi.org/10.3390/biom5
010194

Obadia, N., Andrade, G., Leardini-Tristdo, M., Albuquerque, L., Garcia,
C., Lima, F., Daleprane, J., Castro-Faria-Neto, H. C., Tibiric4, E.,
& Estato, V. (2022). TLR4 mutation protects neurovascular func-
tion and cognitive decline in high-fat diet-fed mice. Journal of
Neuroinflammation, 19(1), 104. https://doi.org/10.1186/s12974-
022-02465-3

Qoi, T. C,, Chan, K. M., & Sharif, R. (2016). Zinc carnosine inhibits
lipopolysaccharide-induced inflammatory mediators by suppress-
ing NF-kappab activation in raw 264.7 macrophages, independent
of the MAPKSs signaling pathway. Biological Trace Element Research,
172(2), 458-464. https://doi.org/10.1007/s12011-015-0615-x

Ooi, T. C., Chan, K. M., & Sharif, R. (2017). Zinc L-carnosine suppresses
inflammatory responses in lipopolysaccharide-induced RAW 264.7
murine macrophages cell line via activation of Nrf2/HO-1 signaling
pathway. Immunopharmacology and Immunotoxicology, 39(5), 259-
267. https://doi.org/10.1080/08923973.2017.1344987

Oppermann, H., Faust, H., Yamanishi, U., Meixensberger, J., & Gaunitz, F.
(2019). Carnosine inhibits glioblastoma growth independent from
PI3K/Akt/mTOR signaling. PLoS One, 14(6), €0218972. https://doi.
org/10.1371/journal.pone.0218972

Ozcaliskan llkay, H., Karabulut, D., Kamaci Ozocak, G., Mehmetbeyoglu,
E., Kaymak, E., Kisioglu, B., Cicek, B., & Akyol, A. (2023). Quinoa
(Chenopodium quinoa Willd.) supplemented cafeteria diet amelio-
rates glucose intolerance in rats. Food Science & Nutrition, 11(11),
6920-6930. https://doi.org/10.1002/fsn3.3603

Pattison, D. I., & Davies, M. J. (2006). Evidence for rapid inter- and intra-
molecular chlorine transfer reactions of histamine and carnosine
chloramines: Implications for the prevention of hypochlorous-acid-
mediated damage. Biochemistry, 45(26), 8152-8162. https://doi.
org/10.1021/bi060348s

Pekcetin, C., Kiray, M., Ergur, B. U., Tugyan, K., Bagriyanik, H. A., Erbil,
G., Baykara, B., & Camsari, U. M. (2009). Carnosine attenuates ox-
idative stress and apoptosis in transient cerebral ischemia in rats.
Acta Biologica Hungarica, 60(2), 137-148. https://doi.org/10.1556/
ABio0l.60.2009.2.1

Peng, D., Xia, Q., Guan, L., Li, H. Y., Qiao, L. J., Chen, Y. B, Cai, Y. F., Wang,
Q., & Zhang, S. J. (2022). Carnosine improves cognitive impairment
through promoting SIRT6 expression and inhibiting endoplasmic
reticulum stress in a diabetic encephalopathy model. Rejuvenation
Research, 25(2), 79-88. https://doi.org/10.1089/rej.2022.0002

Pfister, F., Riedl, E., Wang, Q., vom Hagen, F., Deinzer, M., Harmsen, M.
C., Molema, G,, Yard, B., Feng, Y., & Hammes, H. P. (2011). Oral car-
nosine supplementation prevents vascular damage in experimental

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z


https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1007/s00726-021-03094-5
https://doi.org/10.1007/s00726-021-03094-5
https://doi.org/10.1002/fsn3.2102
https://www.ncbi.nlm.nih.gov/pubmed/26885268
https://www.ncbi.nlm.nih.gov/pubmed/26885268
https://doi.org/10.1111/j.1755-5949.2012.00362.x
https://doi.org/10.1111/j.1755-5949.2012.00362.x
https://doi.org/10.1016/j.neulet.2018.06.032
https://doi.org/10.1002/fsn3.1005
https://doi.org/10.3390/ijms20040874
https://doi.org/10.3390/ijms20040874
https://doi.org/10.3390/nu11071626
https://doi.org/10.1093/advances/nmab087
https://doi.org/10.1093/advances/nmab087
https://doi.org/10.1111/j.1476-5381.2012.01834.x
https://doi.org/10.1111/j.1476-5381.2012.01834.x
https://doi.org/10.1196/annals.1333.065
https://doi.org/10.1177/153537020322801007
https://doi.org/10.1007/s12020-022-03125-5
https://doi.org/10.1007/s12020-022-03125-5
https://doi.org/10.1159/000530605
https://doi.org/10.1159/000530605
https://doi.org/10.1016/S0140-6736(15)60461-5
https://doi.org/10.3390/biom5010194
https://doi.org/10.3390/biom5010194
https://doi.org/10.1186/s12974-022-02465-3
https://doi.org/10.1186/s12974-022-02465-3
https://doi.org/10.1007/s12011-015-0615-x
https://doi.org/10.1080/08923973.2017.1344987
https://doi.org/10.1371/journal.pone.0218972
https://doi.org/10.1371/journal.pone.0218972
https://doi.org/10.1002/fsn3.3603
https://doi.org/10.1021/bi060348s
https://doi.org/10.1021/bi060348s
https://doi.org/10.1556/ABiol.60.2009.2.1
https://doi.org/10.1556/ABiol.60.2009.2.1
https://doi.org/10.1089/rej.2022.0002

WANG ET AL.

3832
—I—Wl LEY-

diabetic retinopathy. Cellular Physiology and Biochemistry, 28(1),
125-136. https://doi.org/10.1159/000331721

Rabizadeh, S., Heidari, F., Karimi, R., Rajab, A., Rahimi-Dehgolan, S.,
Yadegar, A., Mohammadi, F., Mirmiranpour, H., Esteghamati, A.,
& Nakhjavani, M. (2023). Vitamin C supplementation lowers ad-
vanced glycation end products (AGEs) and malondialdehyde (MDA)
in patients with type 2 diabetes: A randomized, double-blind,
placebo-controlled clinical trial. Food Science & Nutrition, 11(10),
5967-5977. https://doi.org/10.1002/fsn3.3530

Rad, S. K., Arya, A., Karimian, H., Madhavan, P., Rizwan, F., Koshy, S.,
& Prabhu, G. (2018). Mechanism involved in insulin resistance via
accumulation of beta-amyloid and neurofibrillary tangles: Link
between type 2 diabetes and Alzheimer's disease. Drug Design,
Development and Therapy, 12, 3999-4021. https://doi.org/10.2147/
DDDT.S173970

Rdzak, G. M., & Abdelghany, O. (2014). Does insulin therapy for
type 1 diabetes mellitus protect against Alzheimer's disease?
Pharmacotherapy, 34(12), 1317-1323. https://doi.org/10.1002/
phar.1494

Riedl, E., Pfister, F., Braunagel, M., Brinkkotter, P., Sternik, P., Deinzer,
M., Bakker, S. J., Henning, R. H., van den Born, J., Kramer, B. K.,
Navis, G., Hammes, H. P, Yard, B., & Koeppel, H. (2011). Carnosine
prevents apoptosis of glomerular cells and podocyte loss in STZ
diabetic rats. Cellular Physiology and Biochemistry, 28(2), 279-288.
https://doi.org/10.1159/000331740

Rodriguez, S., Gaunt, T. R., & Day, I. N. (2009). Hardy-Weinberg equi-
librium testing of biological ascertainment for mendelian random-
ization studies. American Journal of Epidemiology, 169(4), 505-514.
https://doi.org/10.1093/aje/kwn359

Rodriguez-Gutierrez, R., Gonzalez-Gonzalez, J. G., Zuniga-Hernandez, J.
A., & McCoy, R. G. (2019). Benefits and harms of intensive glycemic
control in patients with type 2 diabetes. BMJ, 367, 15887. https://
doi.org/10.1136/bm;j.15887

Sama, M. A., Mathis, D. M., Furman, J. L., Abdul, H. M., Artiushin, I. A.,
Kraner, S. D., & Norris, C. M. (2008). Interleukin-1beta-dependent
signaling between astrocytes and neurons depends critically on
astrocytic calcineurin/NFAT activity. The Journal of Biological
Chemistry, 283(32), 21953-21964. https://doi.org/10.1074/jbc.
M800148200

Sedzikowska, A., & Szablewski, L. (2021). Insulin and insulin resistance
in Alzheimer's disease. International Journal of Molecular Sciences,
22(18), 9987-10010. https://doi.org/10.3390/ijms22189987

Shazmeen, X., Haq, I. U., Rajoka, M. S. R., Asim Shabbir, M., Umair, M.,
Llah, I. U., & Aadil, R. M. (2021). Role of stilbenes against insulin
resistance: A review. Food Science & Nutrition, 9(11), 6389-6405.
https://doi.org/10.1002/fsn3.2553

Sink, K. M., Espeland, M. A,, Castro, C. M., Church, T., Cohen, R., Dodson,
J. A., Guralnik, J., Hendrie, H. C., Jennings, J., Katula, J., Lopez, O.
L., McDermott, M., Pahor, M., Reid, K. F., Rushing, J., Verghese,
J., Rapp, S., Williamson, J. D., & LIFE Study Investigators. (2015).
Effect of a 24-month physical activity intervention vs health edu-
cation on cognitive outcomes in sedentary older adults: The LIFE
randomized trial. JAMA, 314(8), 781-790. https://doi.org/10.1001/
jama.2015.9617

Swerdlow, R. H. (2023). The Alzheimer's disease mitochondrial Cascade
hypothesis: A current overview. Journal of Alzheimer's Disease,
92(3), 751-768. https://doi.org/10.3233/JAD-221286

Szczesniak, D., Budzen, S., Kopec, W., & Rymaszewska, J. (2014).
Anserine and carnosine supplementation in the elderly: Effects on
cognitive functioning and physical capacity. Archives of Gerontology
and Geriatrics, 59(2), 485-490. https://doi.org/10.1016/j.archger.
2014.04.008

Tan, X., Gao, L., Cai, X., Zhang, M., Huang, D., Dang, Q., & Bao, L. (2021).
Vitamin D(3) alleviates cognitive impairment through regulating
inflammatory stress in db/db mice. Food Science & Nutrition, 9(9),
4803-4814. https://doi.org/10.1002/fsn3.2397

Tian, Y., Jing, G., & Zhang, M. (2023). Insulin-degrading enzyme: Roles
and pathways in ameliorating cognitive impairment associated
with Alzheimer's disease and diabetes. Ageing Research Reviews, 90,
101999. https://doi.org/10.1016/j.arr.2023.101999

Tiwari, N., Bhatia, P., Kumar, A., Jaggi, A. S., & Singh, N. (2018). Potential
of carnosine, a histamine precursor in rat model of bilateral common
carotid artery occlusion-induced vascular dementia. Fundamental &
Clinical Pharmacology, 32(5), 516-531. https://doi.org/10.1111/fcp.
12376

Trombley, P. Q., Horning, M. S., & Blakemore, L. J. (1998). Carnosine mod-
ulates zinc and copper effects on amino acid receptors and synap-
tic transmission. Neuroreport, 9(15), 3503-3507. https://doi.org/10.
1097/00001756-199810260-00031

Tumminia, A., Vinciguerra, F., Parisi, M., & Frittitta, L. (2018). Type 2 di-
abetes mellitus and Alzheimer's disease: Role of insulin Signalling
and therapeutic implications. International Journal of Molecular
Sciences, 19(11), 3306-3323. https://doi.org/10.3390/ijms1
9113306

Vahdatpour, T., Nokhodchi, A., Zakeri-Milani, P., Mesgari-Abbasi, M.,
Ahmadi-Asl, N., & Valizadeh, H. (2019). Leucine-glycine and car-
nosine dipeptides prevent diabetes induced by multiple low-doses
of streptozotocin in an experimental model of adult mice. Journal of
Diabetes Investigators, 10(5), 1177-1188. https://doi.org/10.1111/
jdi.13018

Vargas-Sanchez, K., Garay-Jaramillo, E., & Gonzalez-Reyes, R. E. (2019).
Effects of Moringa oleifera on glycaemia and insulin levels: A re-
view of animal and human studies. Nutrients, 11(12), 2907-2926.
https://doi.org/10.3390/nu11122907

Verdile, G., Keane, K. N., Cruzat, V. F., Medic, S., Sabale, M., Rowles,
J., Wijesekara, N., Martins, R. N., Fraser, P. E., & Newsholme, P.
(2015). Inflammation and oxidative stress: The molecular connec-
tivity between insulin resistance, obesity, and Alzheimer's disease.
Mediators of Inflammation, 2015, 105828. https://doi.org/10.1155/
2015/105828

Weigand, T., Singler, B., Fleming, T., Nawroth, P, Klika, K. D., Thiel, C.,
Baelde, H., Garbade, S. F., Wagner, A. H., Hecker, M., Yard, B. A.,
Amberger, A., Zschocke, J., Schmitt, C. P., & Peters, V. (2018).
Carnosine catalyzes the formation of the oligo/polymeric products
of methylglyoxal. Cellular Physiology and Biochemistry, 46(2), 713-
726. https://doi.org/10.1159/000488727

Wu, J. W., Liu, K. N., How, S. C., Chen, W. A, Lai, C. M,, Liu, H. S., Hu, C.
J., & Wang, S. S. (2013). Carnosine's effect on amyloid fibril forma-
tion and induced cytotoxicity of lysozyme. PLoS One, 8(12), e81982.
https://doi.org/10.1371/journal.pone.0081982

Xie, R. X., Li, D. W,, Liu, X. C., Yang, M. F, Fang, J., Sun, B. L., Zhang,
Z. Y., & Yang, X. Y. (2017). Carnosine attenuates brain oxida-
tive stress and apoptosis after intracerebral hemorrhage in rats.
Neurochemical Research, 42(2), 541-551. https://doi.org/10.1007/
s11064-016-2104-9

Xiong, Y., Wang, Y., Xiong, Y., & Teng, L. (2021). Protective effect of
salidroside on hypoxia-related liver oxidative stress and inflamma-
tion via Nrf2 and JAK2/STAT3 signaling pathways. Food Science &
Nutrition, 9(9), 5060-5069. https://doi.org/10.1002/fsn3.2459

Yang, Y., Wang, Y., Kong, Y., Zhang, X., Zhang, H., Gang, Y., & Bai, L.
(2018). Carnosine prevents type 2 diabetes-induced osteoarthritis
through the ROS/NF-kappaB pathway. Frontiers in Pharmacology, 9,
598. https://doi.org/10.3389/fphar.2018.00598

Yaribeygi, H., Farrokhi, F. R., Butler, A. E., & Sahebkar, A. (2019). Insulin
resistance: Review of the underlying molecular mechanisms.
Journal of Cellular Physiology, 234(6), 8152-8161. https://doi.org/
10.1002/jcp.27603

Zhang, X., Song, L., Cheng, X., Yang, Y., Luan, B., Jia, L., Xu, F., & Zhang, Z.
(2011). Carnosine pretreatment protects against hypoxia-ischemia
brain damage in the neonatal rat model. European Journal of
Pharmacology, 667(1-3), 202-207. https://doi.org/10.1016/j.ejphar.
2011.06.003

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z


https://doi.org/10.1159/000331721
https://doi.org/10.1002/fsn3.3530
https://doi.org/10.2147/DDDT.S173970
https://doi.org/10.2147/DDDT.S173970
https://doi.org/10.1002/phar.1494
https://doi.org/10.1002/phar.1494
https://doi.org/10.1159/000331740
https://doi.org/10.1093/aje/kwn359
https://doi.org/10.1136/bmj.l5887
https://doi.org/10.1136/bmj.l5887
https://doi.org/10.1074/jbc.M800148200
https://doi.org/10.1074/jbc.M800148200
https://doi.org/10.3390/ijms22189987
https://doi.org/10.1002/fsn3.2553
https://doi.org/10.1001/jama.2015.9617
https://doi.org/10.1001/jama.2015.9617
https://doi.org/10.3233/JAD-221286
https://doi.org/10.1016/j.archger.2014.04.008
https://doi.org/10.1016/j.archger.2014.04.008
https://doi.org/10.1002/fsn3.2397
https://doi.org/10.1016/j.arr.2023.101999
https://doi.org/10.1111/fcp.12376
https://doi.org/10.1111/fcp.12376
https://doi.org/10.1097/00001756-199810260-00031
https://doi.org/10.1097/00001756-199810260-00031
https://doi.org/10.3390/ijms19113306
https://doi.org/10.3390/ijms19113306
https://doi.org/10.1111/jdi.13018
https://doi.org/10.1111/jdi.13018
https://doi.org/10.3390/nu11122907
https://doi.org/10.1155/2015/105828
https://doi.org/10.1155/2015/105828
https://doi.org/10.1159/000488727
https://doi.org/10.1371/journal.pone.0081982
https://doi.org/10.1007/s11064-016-2104-9
https://doi.org/10.1007/s11064-016-2104-9
https://doi.org/10.1002/fsn3.2459
https://doi.org/10.3389/fphar.2018.00598
https://doi.org/10.1002/jcp.27603
https://doi.org/10.1002/jcp.27603
https://doi.org/10.1016/j.ejphar.2011.06.003
https://doi.org/10.1016/j.ejphar.2011.06.003

WANG ET AL.

—Wl LEYm

Zhao, K., Li, Y., Wang, Z., Han, N., & Wang, Y. (2019). Carnosine protects
mouse podocytes from high glucose induced apoptosis through
PI3K/AKT and Nrf2 pathways. BioMed Research International, 2019,
4348973. https://doi.org/10.1155/2019/4348973

Zheng, Y., Ley, S. H., & Hu, F. B. (2018). Global aetiology and epidemi-
ology of type 2 diabetes mellitus and its complications. Nature
Reviews Endocrinology, 14(2), 88-98. https://doi.org/10.1038/
nrendo.2017.151

Zhou, J. Y, Lin, H. L., Qin, Y. C,, Li, X. G., Gao, C. Q. Yan, H. C., & Wang,
X. Q. (2021). L-carnosine protects against deoxynivalenol-induced
oxidative stress in intestinal stem cells by regulating the Keap1/
Nrf2 signaling pathway. Molecular Nutrition & Food Research, 65(17),
€2100406. https://doi.org/10.1002/mnfr.202100406

Zhu, W.,, Li, Y. Y., Zeng, H. X,, Liu, X. Q,, Sun, Y. T,, Jiang, L., Xia, L. L.,
& Wu, VY. G. (2021). Carnosine alleviates podocyte injury in dia-
betic nephropathy by targeting caspase-1-mediated pyroptosis.
International Immunopharmacology, 101(Pt B), 108236. https://doi.
org/10.1016/j.intimp.2021.108236

Zilliox, L. A., Chadrasekaran, K., Kwan, J. Y., & Russell, J. W. (2016).
Diabetes and cognitive impairment. Current Diabetes Reports, 16(9),
87. https://doi.org/10.1007/s11892-016-0775-x

How to cite this article: Wang, Q., Tripodi, N., Valiukas, Z., Bell,
S. M., Majid, A., de Courten, B., Apostolopoulos, V., & Feehan,
J.(2024). The protective role of carnosine against type 2
diabetes-induced cognitive impairment. Food Science &
Nutrition, 12, 3819-3833. https://doi.org/10.1002/fsn3.4077

85U90 17 SUOWILIOD BAITER.D) 3|l jdce 8 Aq pouBAOB a1e I YO 95N J0 S| 0} AIRIGITBUIIUO AB]IAM UO (SUOTIPUOO-PUE-SWLIBI 0" 5|1 ARG UL UO//'SANU) SUONIPUOD PUe S | 81 89S *[202/20/12] U0 AIqIT8UIIUO AB]IM *[1UN0D UoIeesa OIPSIN PUY UIIEOH [UOIEN AQ £.0b EUSHZ00T OT/I0p/0Y" B 1 AIGIPUIIUO// SN WOy POPROjUMOQ *9 *vZ0T *LLTI8Y0Z


https://doi.org/10.1155/2019/4348973
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1002/mnfr.202100406
https://doi.org/10.1016/j.intimp.2021.108236
https://doi.org/10.1016/j.intimp.2021.108236
https://doi.org/10.1007/s11892-016-0775-x
https://doi.org/10.1002/fsn3.4077

	The protective role of carnosine against type 2 diabetes-­induced cognitive impairment
	Abstract
	1|INTRODUCTION
	2|WHAT IS CARNOSINE?
	2.1|Chemical and biochemical properties of carnosine
	2.1.1|Antioxidant activity
	2.1.2|Anti-­inflammatory effects
	2.1.3|Metal chelating activity
	The copper-­carnosine complex
	The zinc-­carnosine complex

	2.1.4|Anti-­glycation


	3|THE EFFECT OF CARNOSINE ON COGNITIVE-­RELATED DISEASES
	3.1|Effect of carnosine on AD
	3.2|Effect of carnosine in cerebral ischemic injury-­induced cognitive impairment

	4|THE EFFECT OF CARNOSINE ON DIABETES
	4.1|Effect of carnosine on blood glucose
	4.2|Effect of carnosine on insulin
	4.3|Effect of carnosine in diabetes-­induced cognitive impairment

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


