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Abstract— Using nutritional interventions to cure and manage psychiatric disorders is a promising tool. In this regard, 
accumulating documents support strong relationships between the diet and brain health throughout the lifespan. Evidence 
from animal and human studies demonstrated that β-alanine (Beta-alanine; BA), a natural amino acid, provides several 
benefits in fight against cognitive decline promoting mental health. This review summarizes and reports state-of-the-art 
evidence on how BA affects cognitive health and argues existence of potential unrevealed biochemical mechanisms and 
signaling cascades. There is a growing body of evidence showing that BA supplement has a significant role in mental health 
mediating increase of the cell carnosine and brain-derived neurotrophic factor (BDNF) content. BDNF is one of the most 
studied neurotrophins in the mammalian brain, which activates several downstream functional cascades via the tropomyo-
sin-related kinase receptor type B (TrkB). Activation of TrkB induces diverse processes, such as programmed cell death and 
neuronal viability, dendritic branching growth, dendritic spine formation and stabilization, synaptic development, cogni-
tive-related processes, and synaptic plasticity. Carnosine exerts its main effect via its antioxidant properties. This critical 
antioxidant also scavenges hypochlorous acid (HOCl), another toxic species produced in mammalian cells. Carnosine 
regulates transcription of hundreds of genes related to antioxidant mechanisms by increasing expression of the nuclear 
erythroid 2-related factor  2 (Nrf2) and translocating Nrf2 to the nucleus. Another major protective effect of carnosine 
on the central nervous system (CNS) is related to its anti-glycating, anti-aggregate activities, anti-inf lammatory, metal 
ion chelator activity, and regulation of pro-inf lammatory cytokine secretion. These effects could be associated with 
the carnosine ability to form complexes with metal ions, particularly with zinc (Zn2+). Thus, it seems that BA via BDNF 
and carnosine mechanisms may improve brain health and cognitive function over the entire human lifespan. 
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INTRODUCTION

Currently, nutritional supplements are widely used 
in population; for example, in the USA, it is estimated 
that over half of adults take some form of nutritional sup-
plements. Such products as polyunsaturated fatty acids, 
vitamins, minerals, antioxidants, and amino acids are 
not only essential for physiological functioning but also 
have significant effects on body composition, behavior, 
and mental well-being [1]. In addition, mounting pieces 

of evidence provide support for the existence of direct 
relationships between the nutrition and mental functions 
throughout the lifespan. Improvement of understanding 
of how nutritional interventions promote and maintain 
brain fitness could help us to improve wellness manage-
ment abilities and reduce economic burden associated 
with brain disorders and cognitive impairment [2].

A non-essential amino acid, β-alanine (beta-ala-
nine) (BA) is synthesized in the liver and it also can be 
received through the diet, particularly by consuming 
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poultry, fish, and red meat [3]. This amino acid supple-
ment is supposed to be one of the most favored supple-
ments being used by professional athletes to boost sports 
performance, but apparently, it does not provide any er-
gogenic aid by itself. The main goal of BA intake is to el-
evate carnosine content in skeletal muscle cells through 
enhancing intracellular buffering magnitude, which en-
ables muscles to contract to a greater extent in anaero-
bic exercises [4]. In addition, the results of animal and 
human studies indicate that the elevated carnosine con-
tent has additional physiological benefits to the central 
nervous system (CNS) [5]. Accordingly, in this review, 
we aim to examine neurological outcomes of BA sup-
plementation and discuss whether it is useful for mental 
health under stressful situation. We do not present any 
new data or notions but rather summarize and critically 
discuss the latest reports in this area and point out relat-
ed gaps. For this goal, publications in PubMed, Scopus, 
Web of Science, and Google Scholar were searched with-
out time period limits. The keywords included β-alanine, 
carnosine, brain-derived neurotrophic factor (BDNF), 
cognitive function, mental disorders, brain performance, 
amino acid supplements and dietary interventions in 
both clinical and preclinical data.

HUMAN STUDIES

Effects of BA intake on human CNS and cognitive 
function have previously been reported by several re-
searchers. They have shown that the supplements con-
taining this nonessential amino acid may improve emo-
tional, non-cognitive, and cognitive brain functions such 
as executive functioning, decision-making, short-term 
memory, and reaction time [6, 7]. Most human studies 
investigating BA-supplemented diet for the purpose of 
examination of cognition were carried out after physical 
exertion, during periods of intense training, or in elderly 
subjects [7,  8]. For example, Hoffman et  al. [8] exam-
ined the effect of four weeks of BA uptake (2 g per serv-
ing) and three meals per day (total BA intake was 6 g per 
day) on the cognitive performance of military person-
nel while fatigued in the advanced military drills. They 
employed a revised version of the original serial sevens 
test (SST) to examine cognitive performance. This test 
is comprised of a two-minute mathematical test in which 
participants should subtract the number seven from a 
randomly generated four-digit number, supposed to cal-
culate how rapidly and accurately they can discover an 
answer to an easy math problem. The authors observed 
that BA ingestion during twenty-eight days of intensive 
military training was useful for improving psychomotor 
behaviors (shooting accuracy) in soldiers, but it was not 
effective to improve cognition [8]. This finding did not 
give any evidence in support of the role of BA in enhanc-
ing cognition in fatigued soldiers. It is to be expected that 

the serial subtraction test (SST) performed under normal 
conditions was not sufficient to establish potential BA 
effects, in contrast, the subjects who used BA supple-
ments following fatiguing activity show enhanced cog-
nitive performance. Notably, it was shown in the study 
by Hoffman et al. that although 4 weeks of BA supple-
mentation significantly improved cognitive performance 
(2-min SST), no difference between the groups was ob-
served in the brain carnosine contents, when compared 
to those soldiers who were treated with placebo [9]. 
Although this finding contradicts the previous reports, 
these differences may be due to how the serial sub-
traction test was performed. In the former study, sub-
jects were in a quiet location [8] while in the latter one 
Hoffman et  al. performed the test under conditions of 
continuous noise of firing range, which may have con-
tributed to high level of anxiety in the participants [6].

Solis and colleagues hypothesized that the diets 
containing insufficient BA such as vegetarian diets may 
lead to the low and diminishing brain carnosine lev-
els  [10]. Hence, they examined four weeks of BA sup-
plementation on brain carnosine content, which was 
evaluated using proton magnetic resonance spectrosco-
py (1H-MRS) method in vegans. In another part, they 
examined the brain carnosine levels (baseline and after 
an exhaustive exercise) in nineteen trained male cy-
clists. The trained cyclists undertook four (two pre and 
two post) BA supplements with multiple cognitive eval-
uations (Stroop test, Sternberg paradigm, Rapid Visual 
Information Processing task) being performed before 
and after exercise on each point. Their findings demon-
strated that there was not any significant effect of BA in-
take on the brain carnosine concentration and cognitive 
function in both non-vegetarians and vegetarians and in 
the trained cyclists before or after exercise. Despite the 
rising numbers of research suggesting that carnosine ad-
ministration strategies may improve mental health in a 
variety of populations, they did not confirm benefits of 
BA supplementation on the behavioral capacities either 
at rest or post-exercise [10]. It is worth reminding that 
other parameters such as participant characteristics (e.g. 
age, health status, and exercise training experience), 
cognitive tests performed (types of memory, attention, 
reaction time, etc.), presence of other diseases, which 
may affect brain function (e.g., neural and psychiatric 
disorders), the type and different protocols of supple-
mentation (e.g., BA, carnosine, acute and chronic in-
gestion) could also partly explain conf licting results re-
ported in these investigations.

Furst et  al. further investigated the effect of BA 
supplementation on the executive functioning in a mid-
dle-aged human population [4]. They hypothesized that 
BA supplementation can enhance executive function. 
In their study, executive functions were examined prior to 
and after each time-to-exhaustion test by the way of the 
Stroop test, which was designed to assess working memory. 
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The subjects included eight men and four women over 
50 years old, who were instructed to take three capsules 
of BA per day for 28 days. The results show that im-
mediately after the exercise session performance in the 
Stroop test declined in the control group, which was ac-
companied by the increased time to accomplish the task. 
The authors observed that BA supplementation elimi-
nated decrease in executive functioning after endurance 
exercise, as reported in the literature [4]. However, this 
result appears to be in contradiction with the Hoffman 
et al. report [6]. Additionally, Solis et al. noticed that the 
BA intake provided no benefits in the Stroop test per-
formance [10]. Furst and coworkers concluded that this 
discrepancy may be due to the different physical condi-
tioning level of subjects, which make it difficult to com-
pare the results with the literature findings [4].

Varanoske and colleagues [11] investigated ef-
fects of the BA-supplemented diet on cognitive perfor-
mance during a day of the simulated military operation. 
They instructed each subject to consume supplements 
with food and water three times per day (12 g/day) for 
2 weeks. Their results showed that BA supplement po-
tentially may have numerous benefits for cognition, con-
sidering that subjects consuming BA had better visual 
reaction time (RT) and lower mistakes during RT test-
ing [11]. These findings were comparable to the previous 
studies, which reported increasing number of the correct 
responses in the SST [12], and improving marksmanship 
while subjects were fatigued [8]. These results imply that 
BA intake may be beneficial for improving cognitive per-
formance exerted under stressful situations, rather than 
on the routine tasks. Besides the advantageous properties 
of the BA-supplemented diet on cognition, it appears 
that consuming BA does not impact mood patterns, 
feelings of soreness, and fatigue as compared to the con-
trol subjects [11].

Wells and colleagues [13] examined BA supplemen-
tation on cognition in the subjects exposed to sustained 
military operations (SUSOPs), which consisted of sever-
al stressors, including continuous physical training, ca-
loric deficit, and sleep deprivation for a day. In addition, 
soldiers were instructed to take BA (12 grams/3 serv-
ings a day) daily with their regular meals for 2 weeks. 
Cognitive behaviors were assessed by the Automated 
Neuropsychological Assessment Metrics (ANAM) soft-
ware, and psychological stress was assessed using the 
CSI at the start, middle, and end of the SUSOPs. 
The CSI consisted of 12 symptoms (including headache, 
dizziness, nausea, fatigue, and balance problems) scored 
on a seven-point Likert-type scale from zero (non-ex-
istent) to six (intense). The authors reported a signif-
icant increase in the frequency and severity of signs of 
psychological stress in the soldiers during the SUSOP, 
while 14 days of BA supplementation prior to SUSOP 
did not decrease the degree of psychological stress or 
cognitive impairment significantly [13]. They conclude 

that although preliminary examination showed that BA 
supplementation during stressful conditions may offer 
some benefits to cognition, whether this could be linked 
to the increased carnosine content remains unknown. 
Varanoske et al. [7] further examined effects of BA sup-
plementation on cognitive evaluations in males during 
simulated military operational stress. In this survey, 
multiple methods and equipment were used for cogni-
tive evaluation such as SST, ANAM, visuomotor train-
ing, and multiple object-tracking devices. These authors 
indicated that the high-dose BA supplementation (two 
weeks/12 g per day) before a simulated military opera-
tion does not inf luence cognition, but has some benefits 
for mood states in the recreationally active young sub-
jects [7]. These findings indicate that BA supplemen-
tation may counteract mood disruption during stressful 
moments, but could not improve mood states and cog-
nitive function greater than the baseline levels in healthy 
people. It appears that BA consumption provides to the 
subject an improved ability to cope with stressful situa-
tions probably by lessening bad mood states, rather than 
by increasing baseline mood states. In addition, BA in-
take may counteract negative mood states connected 
with stress, even in the healthy and mentally fit subjects. 
These authors, in agreement with Furst et al. [4] and 
Solis et al. [10], did not notice any improvement in the 
rest-state cognitive performance after BA supplemen-
tation. Similarly, Solis and colleagues did not report 
any significant changes in the cognitive function at rest 
following use of the BA-supplemented diet by the elite 
cyclists. However, these authors observed that cogni-
tive function after endurance exercise did not decrease 
significantly [10]. It must be noted that the prolonged 
physical activity such as endurance cycling represses 
cognitive functions.

Together, these findings recommend that the BA 
supplementation could be favorable for developing men-
tal function and behaviors specifically when it is used in 
the subjects under physiological stress, elevated oxidative 
stress, and inf lammation. A key point of consideration 
is that BA significantly improved cognitive function after 
incorporating protocols that induced significant increase 
in oxidative stress and inf lammation such as military op-
erations. On the other hand, the rest of executive func-
tioning was not different among the BA-supplemented 
individuals.

ANIMAL STUDIES

Several researchers indicate that BA supplementa-
tion in rodents increases carnosine content within vari-
ous brain segments, and this elevation may be associat-
ed with the enhanced learning and reduced symptoms 
of anxiety [14, 15]. For instance, Murakami and Furuse 
examined whether chronic intake of BA supplements 
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attenuates mental disorders under stressful condi-
tions [16]. In their study, a BA-containing diet decreased 
accumulation of 5-hydroxyindoleacetic acid (5-HIAA) 
in hypothalamus [16]. It is believed that 5-HIAA is a 
metabolized form of 5-HT, which is a marker of anxi-
ety in animal models [17]. In the Murakami survey, 
the BA-supplemented mice show significant increase 
in the percentage of time spent and entries in the open 
arms in the elevated plus maze test. This result led 
authors to suggest that chronic intake of BA could have 
anti-anxiety effects in mice [16].

Hoffman et al. examined effects of BA supplemen-
tation on the behavioral responses, which consisted of 
the elevated plus maze, acoustic startle response, and 
contextual freezing in the animal model of post-trau-
matic stress disorder (PTSD) [6]. The authors observed 
that 30 days of BA consumption attenuates effectively 
some stress-related behaviors associated with exposure 
to predator-scent stress (PSS). They also reported that 
the subjects fed a normal diet and subjected to PSS were 
significantly less active, when assessed by the elevated 
maze test, and also, they had a considerable anxiety lev-
el, when compared to the supplemented control animals. 
However, the BA-supplemented diet was ineffective to 
reduce all of the misbehaviors related to stress expo-
sure. Animals subjected to PSS had significantly higher 
freezing and startle responses, and lesser startle habitu-
ation than the control animals, no matter whether they 
had BA supplements or not. Noteworthy, rats that were 
exposed to PSS plus supplemented with BA showed re-
duced startle (19%) and freezing (15%) responses than 
the exposed and not supplemented subjects [6].

Oxidative stress and inf lammation in the brain have 
been suggested to contribute to cognitive disorder and 
neurodegeneration [18, 19]. In addition, neuropeptide Y 
(NPY) is another candidate for the possible mechanism 
of BA action in the brain. NPY is associated with learn-
ing and memory [20], and provides neuroprotection and 
neurotrophic effects in various brain parts [21]. Hoffman 
et  al. indicated that four weeks of BA intake after ex-
posure to a low-pressure blast wave (an effective model 
that simulates mild traumatic brain injuries in animals) 
were effective in bringing down the rates of mTBI-like 
responses and increasing resiliency of the subjects [22]. 
In addition, it appeared that animals supplemented 
with BA had a reduced inf lammatory response regard-
less of whether the BA intervention was not capable 
to strengthen the NPY expression [22].

Hoffman and colleagues investigated effects of the 
30-days of BA supplementation on the anxiety of young 
(120 days old) and older (420 days old) male Sprague–
Dawley rats [21]. The anxiety-related behavioral assess-
ments consisted of the Morris water maze (evaluates 
spatial learning and memory), the Elevated plus maze 
(assesses anxiety index), and the Acoustic startle re-
sponse (determines percentage habituation). These au-

thors observed that chronic BA intake in both young 
and older rats effectively attenuates anxiety and increases 
spatial learning, when compared to the control old and 
young rats [21]. They also indicated that the young rats 
in comparison with the older rats had higher capacity 
for learning and memory, when they were supplemented 
with BA. It appears that BA supplementation provides 
ergogenic benefits such as enhancing spatial learning 
and memory just only for the young subjects. Regardless 
of age, the rats supplemented with BA had a significantly 
reduced anxiety index than the control ones, but it did 
not inf luence inf lammatory markers. Most likely the 
mechanisms that regulate memory, learning, and anxiety 
are independent on inf lammatory responses [21].

BRAIN-DERIVED 
NEUROTROPHIC FACTOR (BDNF)

One potential mechanism that can explain the effect 
of BA supplementation on the brain health is overex-
pression of BDNF [7]. BDNF is a regulatory factor that 
has been extensively studied in the mammalian brain. 
This neurotrophin mediates differentiation and surviv-
al of neurons, and it serves as an important regulator of 
synaptic plasticity and neuronal survival [23]. Although 
it is not clear how BA supplementation enhances the 
brain BDNF content, there is a positive correlation be-
tween the cortex and hypothalamus carnosine content 
and BDNF expression following daily BA supplemen-
tation in animal subjects [24]. For instance, Murakami 
and Furuse showed that chronic intake of BA signifi-
cantly increases BDNF amount in the hippocampus in 
comparison with the control group [16]. They observed 
that this elevation was related to the reduction of the 
depression and anxiety signs in the physically stressed 
mice [16]. In addition, Hoffman et  al. demonstrated 
that although consuming BA and followed brain car-
nosine synthesis did not raise the BDNF expression in 
non-stressed rats, it apparently preserved BDNF expres-
sion in those animals subjected to PSS [6]. The authors 
concluded that the enhanced brain carnosine levels were 
not directly responsible for alteration of the BDNF ex-
pression [6]. Furthermore, another investigation indi-
cated that the animals exposed to a low-pressure blast 
wave plus had a 30-day BA supplementation appeared 
to have a higher BDNF level in the specific segment of 
hippocampus compared to the rats that were exposed to 
the stressor, but did not consume the BA-supplement-
ed diet  [22]. In another study, Hoffman and colleagues 
examined effects of BA supplementation on the emo-
tional responses and expression of BDNF, NPY, and 
inf lammation markers in the young and older male 
rats [21, 22]. They observed that one month of BA intake 
was efficient in decreasing anxiety and enhancing BDNF 
expression in the hippocampus of both young and older 



BETA-ALANINE AND COGNITION 1185

BIOCHEMISTRY (Moscow) Vol. 88 No. 8 2023

Fig. 1. Overview of the mechanism of action of beta-alanine supplement enhancing brain function via the BDNF mediated processes. 
BDNF binds to its receptors and activates several downstream cascades. Multiples enzymes were activated by TrkB phosphorylation such as 
phosphoinositide 3-kinases (PI3K)-AKT (PI3K-AKT), Ras-mitogen-activated protein kinase (Ras-MAPK), which activates ERK  1/2, and 
CREB cascades, and, finally, phospholipase C-γ (PLC-γ), which leads to activation of protein kinase C (PKC). These enzymes induce diverse 
processes, such as programmed cell death and neuronal viability, dendritic branching growth, dendritic spine formation and stabilization, synaptic 
development, and synaptic plasticity [23].

rats [21,  22]. In addition, the young rats that were fed 
with BA had significantly greater spatial learning abili-
ty and enhanced BDNF expressions than the control 
rats independent of their age [25]. Also, Belity et  al. 
showed that the acute heat stress caused a significant 
decrease in the number of BDNF-ir cells [15]. On the 
other hand, they showed that the BA-supplemented diet 
in the exposed rats maintained BDNF levels in the CA3 
and paraventricular hypothalamic nucleus (PVN) subre-
gions [15]. They suggested that the maintained BDNF-ir 
cell numbers in the CNS could provide a degree of neu-
roprotection against heat stress. These findings were in 
agreement with other reports, which demonstrated that 
the BA treatment in young rats can preserve BDNF 
levels in the animals subjected to BDNF-reducing situ-
ations such as low-pressure blast wave [22], and a preda-
tor scent stress [6].

Contrary to the studies that reported BDNF expres-
sion in animals can be increased by the BA-supplement-
ed diets, Varanoske et  al. demonstrated that 14 days of 
BA supplementation at high dosage does not effectively 
change cognition or plasma BDNF concentrations, but 
it was beneficial for mood states in the soldiers before 
a simulated military operation, significantly [7]. These 
authors concluded that it seems that BA supplementa-
tion could not enhance circulating BDNF [7]. It is note-
worthy to mention that Varanoske and colleagues used 
blood samples from human subjects for BDNF analysis, 
while other investigators used rodent brain tissue [6, 

16, 22, 25]. Therefore, circulating BDNF concentra-
tions may not accurately ref lect BDNF overexpression 
in different parts of the brain (Fig. 1). Consistent with 
this notion, Varanoske et al. reported that the individuals 
treated with BA had lower cognitive decline during the 
day of simulated military operation as compared to the 
placebo, on the other side, no differences between the 
groups were reported with regards plasma BDNF con-
centrations [11]. It is feasible that BA supplementation 
may be an effective tool for enhancing brain health, but 
further research is needed for determining its potential 
mechanisms. Here we describe some of the important 
signaling pathways.

BDNF is considered as a mediator for function-
al and structural plasticity in the CNS, which regu-
lates many different cellular functions on both pre- and 
post-synaptic target sites (Fig. 1). BDNF isoforms can 
activate several functional downstream cascades via 
the tropomyosin-related kinase receptor type  B (TrkB) 
and the p75 neurotrophin receptor (p75NTR) [23]. 
BDNF binds to TrkB and dimerizes this receptor, then 
its intracellular tyrosine residues are autophosphor-
ylated. This phosphorylation of TrkB activates sever-
al signaling pathways, which initiate various process-
es such as programmed cell death [26] and neuronal 
viability [27], dendritic branching growth [28], dendrit-
ic spine formation and stabilization, synaptic develop-
ment [29], cognitive dependent processes on synaptic 
plasticity [30].
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The first enzymes that are activated by TrkB phos-
phorylation are phosphoinositide 3-kinases (PI3K)-AKT 
(PI3K-AKT). The PI3K-AKT exerts antiapoptotic ac-
tivity and mediates survival of neurons and enhances 
synaptic plasticity through the NMDA receptor regula-
tion  [31]. The PI3K/Akt also activates the mammalian 
target of rapamycin (mTOR) signaling pathway, which 
enhances protein synthesis for cytoskeleton develop-
ment, dendritic growth, and branching [32].

The second enzyme is the Ras-mitogen-activated 
protein kinase (Ras-MAPK), which is activated by TrkB, 
then it activates ERK  1/2 and CREB cascades [33]. 
This pathway controls protein synthesis during neuronal 
growth and development [34]. The MAPK/Ras-signal-
ing cascade is crucial for multiple events such as early 
response gene expression (e.g., c-Fos), cytoskeleton pro-
tein synthesis (e.g., Arc and cypin) [35], as well as shap-
ing and branching dendrite architecture in the hippo-
campal neurons [36]. The third enzyme that is activated 
by TrkB phosphorylation is phospholipase C-γ (PLC-γ), 
which leads to activation of the protein kinase C (PKC). 
BDNF via activation of PKC regulates neuronal ac-
tivity and synaptic signal transmission by increasing 
intracellular Ca2+ concentration and glutamate release. 
This pathway has been also reported to enhance synaptic 
plasticity [37] (Fig. 1).

BRAIN CARNOSINE CONTENT

Prior investigations in rodents stated that BA sup-
plementation could induce carnosine overexpression in 
numerous brain regions with this increase being consid-
ered to be associated with learning improvement  [25], 
and also is related to the reduced anxiety following acute 
stress [16]. Although identical rise in the brain car-
nosine expression was not reported in the human stud-
ies after BA supplementation [10, 12], there is strong 
evidence that shows that BA may improve human cog-
nitive function and mood state [11, 38], which demon-
strate that carnosine effects may be involved in cognitive 
health and illness, however, its underlying mechanism 
is not well understood. Hence, we discussed physio-
logical multifunctional role of carnosine in the nervous 
system.

Carnosine is a nitrogen-containing compound, 
which has been extensively studied during the last few 
years because of its health benefits. This natural endog-
enous molecule is a histidine-containing dipeptide that 
is highly abundant in the mammalian skeletal and car-
diac muscles, but is also present in the CNS. Although 
evidence shows that the carnosine-containing tissues 
such as brain have active oxidative metabolism, but its 
physiological roles are poorly understood [39].

Carnosine is formed from β-alanine and L-histi-
dine amino acids obtained from the circulatory system. 

However, besides the de  novo synthesis, carnosine also 
can be obtained from the diet. The main carnosine ef-
fects in CNS are associated with its antioxidant prop-
erties [39]. The antioxidant actions decrease oxidative 
stress (OS) caused by overproduction of reactive oxygen 
species (ROS) [40]. Glutathione (GSH) and superoxide 
dismutase  1 (SOD1) enzyme are the major cell antiox-
idants that have vital roles in cellular health. However, 
in recent years it was found that carnosine is also a very 
important antioxidant [41]. Indeed, carnosine after ox-
idative transformation into 2-oxo-carnosine exhibits a 
stronger antioxidant effect than GSH [42]. Carnosine 
also deactivates hypochlorous acid (HOCl), another tox-
ic species produced in mammalian cells, and thus can 
protect brain against the degenerative disorders such 
as Alzheimer’s disease [43].

Furthermore, besides its antioxidant qualities, 
carnosine may indirectly enhance antioxidant defense 
through multiple molecular pathways. For example, car-
nosine attenuates activity of Nrf2 (nuclear factor eryth-
roid 2-related factor 2), which is the main regulator of 
the cell antioxidant defense [44]. Carnosine indirectly 
regulates transcription of hundreds of genes related to 
antioxidant mechanisms such as thioredoxin  1, SOD1, 
or catalase by increasing Nrf2 expression and translocat-
ing Nrf2 to the nucleus in OS [41]. Although the exact 
mechanism of carnosine triggering the Nrf2 pathway 
is  not clear, a group of researchers demonstrated that 
carnosine in the diabetic mice could stimulate Nrf2 by 
activating the PI3K (phosphatidylinositol 3-kinase)/
AKT (protein kinase B) pathway [45].

Another major protective effect of carnosine on 
CNS is related to its anti-glycating and anti-aggregate 
activities [46]. OS significantly impairs neuronal cells 
functions through modifications of lipids, DNA, or 
proteins. They are the main targets of ROS, which play 
an important role in several CNS disorders by produc-
ing carbonyl products from the advanced glycation end 
products (AGEs) and advanced lipoxidation end prod-
ucts (ALEs) [47]. In addition, methylglyoxal (MGO) and 
glyoxal are carbonyl compounds participating in protein 
glycation and aggregation leading to neuron death [48]. 
Carnosine can hinder AGEs and ALEs generation by 
detoxifying reactive carbonyl species via reaction with 
its imidazole ring. In a similar manner, carnosine in-
hibits activities of MGO and glyoxal [39]. These effects 
probably are related to the carnosine-activated increase 
of the Nrf2 pathway and, therefore, initiate overexpres-
sion of several antioxidant enzymes and oxidoreductases 
that convert carbonyl compounds into less reactive prod-
ucts such as alcohols [41]. There is evidence indicating 
that carnosine exhibits protease activity in the rat neural 
cells, which provides therapeutic potential for treating 
protein aggregation [49].

Anti-inf lammatory and metal ion chelator activ-
ity is the third mechanism associated with carnosine 
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Fig. 2. Summary of neuroprotective effects of beta-alanine in the brain by increasing brain carnosine content. Carnosine is synthesized by an 
ATP-dependent synthase from β-alanine and l-histidine. In the brain, several neuroprotective actions were attributed to these carnosine-enhanced 
levels: reducing oxidative stress, counteracting effects of hypochlorous acid, regulating nuclear factor erythroid 2-related factor 2, and anti-glycat-
ing and anti-aggregate activities. Anti-inf lammatory and metal ion chelator activity are other possible mechanisms [39].

neuroprotective properties. Carnosine attenuates in-
f lammation likely through regulation of the pro-in-
f lammatory cytokines [50]. However, this mechanism 
is still poorly understood and this anti-inf lammatory 
effect could be related to the carnosine ability to form 
complexes with metal ions, particularly with zinc (Zn2+) 
called polaprezinc [49]. Polaprezinc is a molecule that 
has various beneficial properties, such as inhibition of the 
NF-κB (nuclear factor kappa-light-chain-enhancer of 
activated B cells) signaling, reduction of the interleukin-8 
secretion, and increase of the Hsp72 production  [51]. 
In  addition, polaprezinc may reduce inf lammation 
through its chelator activity[52]. Carnosine also directly 
binds to Zn2+ and copper (Cu) and, as a consequence, 
regulates synaptic impulse and synaptic transissions [53].

In addition to acting as an intracellular buffer in 
the brain, a possible action of carnosine in the brain is 
sequestering of histidine, which is a precursor of his-
tamine  [42]. It was reported that histidine diminish-
es brain histamine levels and, subsequently, increases 
anxiety-related behaviors [43]. It also can lead to the 
development of stress and depression, which eventu-
ally impairs cognitive performance [54]. On the other 
side, when the histamine level was elevated, the extent 
of anxiety symptoms was decreased and memory ca-
pabilities were preserved significantly [55]. It is like-
ly that the enhanced brain carnosine content may also 
lead to the improved brain cognitive function (Fig.  2). 

However, further understanding of the mechanism 
would provide novel potential therapeutic strategies.

CONCLUSION

The present review implies that BA supplementation 
is associated with cognitive enhancement in human and 
animal subjects. Furthermore, potential mechanism that 
can explain improvement in the brain function and men-
tal health following daily BA intake is elevated BDNF and 
carnosine content. Summary of the neuroprotective ef-
fects of beta-alanine in the brain mediated by the changes 
in carnosine and BDNF levels is shown in Figs. 1 and 2. 
However, further research is necessary to shed light on 
the effects of amino acids on CNS health and function.
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