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POTENTIAL USE OF SULFORAPHANE AS A NEUROPROTECTOR

Introduction. Under normal conditions, oxidative stress and proinflammatory processes are tightly controlled. 
However, during neuroinflammation and overproduction of reactive oxygen species (ROS), homeostasis is disrup-
ted, which may lead to development of Alzheimer’s disease, Parkinson’s disease and other neurodegenerative 
disorders. Inflammatory processes may result in neurodegenerative disorders. Sulforaphane is an isothiocyanate 
compound which has potential for treatment of neurodegenerative disorders. Its therapeutic potential is based on 
the ability to activate transcription of genes, that regulate protective cellular mechanisms. The importance of stu dying 
sulforaphane as a neuroprotector is based on the fact, that dementias are the seventh leading cause of death glo-
bally and actively progress due to aging of human population. In this review, the anti-inflammatory effects of sulfo-
raphane in the brain and its use as a potential neuroprotector in the treatment of neurodegenerative diseases are 
discussed.

The aim of the study – to review available literature sources on the potential use of sulforaphane to prevent 
or mitigate neuroinflammation.

Conclusions. Economic and technological development of mankind and the improvement of the general qua-
lity of life leads to prolongation of human life. But, achievements of longevity give new challenges to humanity. In 
young age and early adulthood, the organisms can relatively easily maintain homeostasis, then in old age intensi-
fication of oxidative stress and inflammatory processes can lead to the development of dementias and mental dis-
orders. What should we do now to save clear mind in old age? In this review, sulforaphane is considered to be a 
potential neuroprotector. Biologically active supplements and drugs containing sulforaphane can weaken up inflam-
matory processes in the brain and in the body in general, and therefore they can be used for prevention and treatment 
of neurodegenerative diseases.
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Sulforaphane is an isothiocyanate compound, 
that occurs in broccoli (Brassica oleracea var. Ita-
lica) and in other cruciferous vegetables such as 
cabbage (Brassica oleracea var. Capitata) or brus-
sels sprout (Brassica oleracea var. gemmifera) and 
protects plants from insects [1]. Glucoraphanin is a 
biologically inactive precursor of sulforaphane. 
During disruption of plant tissues, i.e., by insect 
attack, vacuoles that contain glucoraphanin are 
damaged and their content is released. A cytosol 
resident enzyme myrosinase hydrolyses glucora-
phanin to glucose and isothiocyanates, particularly 
to sulforaphane [2]. Sulforaphane-containing pro-
ducts are used for prevention of cancer and other 
diseases that are linked with inflammation. Its 
therapeutic potential is based on the ability to acti-
vate transcription of genes, that regulate protecting 
activities of cells against inflammation, oxidative 
stress and DNA damage [3].

Nowadays, the link between inflammation and 
neurodegenerative diseases is well known [4–7]. 
This paper aims to highlight the potential use of 
sulforaphane to prevent or mitigate neuroinflamma-
tion. 

DEVELOPMENT OF NEUROINFLAMMATION. 
Inflammation includes number of physiological and 
pathological processes coordinated by mediators 
that form complex regulatory networks. Neuroin-
flammation occurs due to overstimulation of the 
adaptive immune system in the brain [8]. The ef-
fectors of a neuroinflammatory response are resi-
dent immune cells (microglia) in the brain that can 
be activated by the inflammatory mediators [9]. 
Inflammation is accompanied by an overproduction 
of reactive oxygen species (ROS) that may lead to 
the failure of antioxidant systems and intensification 
of oxidative stress [10]. Further, the chronic oxida-
tive stress enhances neurodegenerative processes © S. A. Tsiumpala, K. M. Starchevska, V. I. Lushchak, 2021.
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in the brain [11]. Reactive oxygen species has 
comprehensive impact on the organism, they are 
always present there and moderate amounts of 
ROS activate signalling pathways that modulate 
processes such as NF-kB transcriptional activity, 
autophagy, production of DNA-based neutrophil 
extracellular traps, wound healing and repairing 
processes [12, 13].

Blood-brain barrier (BBB) has an essential role 
in protection of the brain against pathogens. This 
barrier separates the central nervous system from 
peripheral fluid. Disruption of BBB and dysfunction 
of leukocyte migration participates in the develop-
ment of Parkinson’s and Alzheimer’s diseases [14]. 
With aging, BBB integrity is disturbed that increa ses 
the risk of neurodegenerative disorders [15]. 

Development of inflammation involves two 
groups of immune cells: brain-resident macro-
phages and blood-derived leucocytes (Fig. 1). 
Micro glia presents up about 10–20 % of the glial 
content in the CNS. Also, they are the brain-resident 
immune cells of the CNS and form the first protect-
ing line against pathogens [16]. In steady state 
microglia have large number of functions such as 
secretion of insulin-like growth factor 1 at develop-
ment of neurons and regulation of neuroplasticity. 
Moreover, microglia maintain neurogenesis in adult 
age [17–19].

Blood-derived leucocytes that penetrate the 
BBB are exposed to different challenges from pe-
ripheral tissues and organs. T cells, central regula-
tors of major adaptive immune responses, and 
other cells of the immune system are confronted 

with neurons and glial cells that have low expression 
of Major Histocompatibility Complex (MHC) Class 
I (MHCI) [20]. Lack of MHCI expression in neurons 
and glial cells induces attack of killer cells from the 
innate immune system, namely natural killer cells 
(NK) [21].

In the review of B. Hart three stages of autoim-
mune response were established in the brain and 
the role of the immune system in the development 
of neurodegenerative diseases was noted: (1) de-
velopment of autoreactive lymphocytes occurs in 
the tissues other than the brain, T and B cells are 
activated in the lymphoid organs, then they drain 
to the brain but before entering the central nervous 
system autoreactive T cells undergo phenotypic 
changes in the spleen; (2) lymphocytes cross BBB, 
T cells and monocytes/macrophages bypass BBB 
via post-capillary venules or cerebrospinal fluid; (3) 
development of autoimmune response [21].

Further, the interaction of T cells from peri phe-
ral organs with local antigen presenting cells, i.e., 
microglia cells, leads to a complex cascade of 
pathophysiological processes, such as formation 
of plasma cells, small amounts of antibodies against 
myelin proteins enter the CNS, bind to the myelin 
sheath and allow the macrophage to recognize it 
via its high-affinity Fc receptors [22]. 

R. Santín-Márquez and colelagues [23] high-
lighted the process of autoimmune response de-
velopment: during autoimmune response the re-
lease of proinflammatory caspase-1 induces the 
activation of proinflammatory cytokines, such as 
IL-1b, IL-18, and IL-33. The released cytokines 

Fig. 1. Development of neuroinflammation. Autoreactive leukocytes bypass blood-brain barrier. The myelin antigens are 
presented to Th2 cells, which induce the formation of plasma B cells, that produce antibodies against myelin sheath. 
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induce tissue swelling and disruption of the blood-
brain barrier, which leads to the long-term develop-
ment of inflammation and the myelin sheath disrup-
tion in cells of the nervous system [15]. Also, the 
myelin antigens are presented to autoreactive Th2 
cells which induce formation of plasma cells and 
antibodies against myelin sheath. Prolonged neuro-
inflammation may lead to Alzheimer's disease, 
Parkinson's disease and amyotrophic lateral scle-
rosis [24, 25]. 

At normal aging, the brain shows signs of en-
hanced oxidative stress and inflammatory process-
es, therefore maintaining of homeostasis is among 
potential treatments against excessive inflammation 
and oxidative stress [26]. 

MECHANISM OF ACTION OF SULFORA-
PHANE. There are two main mechanisms involved 
in the regulation of the antioxidant and inflamma-
tory responses in the brain: Nrf2/Keap1 and NF-κB 
signalling pathways (Fig. 2). 

Nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) is a family of seven struc-
turally linked transcription factors that control gene 
network expression in the stress response and in-
flammation. NF-κB is activated by proinflammatory 
cytokines, ROS, pathogens and DNA damage [27, 
28]. NF-κB plays an important role in the innate and 
adaptive immune responses, it is necessary for the 
normal differentiation of blood cells and the formation 
of the secondary lymphoid organs [29]. The impor-
tance of NF-κB in the signal transmission from CD40, 
toll-like receptors and the B-cell receptor was de-
monstrated in mice, in which the genes of indivi dual 
members of the NF-κB family are inactivated [30]. 

There are two ways for activation of NF-κB 
signaling pathways: classical (canonical) and alter-
native (noncanonical) pathways that lead to activa-
tion of the individual subunits and downstream 
genetic responses. Classical signaling pathway 
begins with B-cell and T-cell antigen receptors as 
well as cytokine receptors. Also, it controls nuclear 
levels of the prototypical NF-κB complex. Under 
normal conditions, NF-κB/Rel proteins are bound 
and inactivated in the cytoplasm primarily by IκB 
proteins, that inhibit NF-κB nuclear translocation 
ability [31]. Limited proteolysis of the IκB proteins 
is the canonical pathway for NF-κB activation [32]. 
Proinflammatory cytokines, tumor necrosis factor 
(TNF), growth factors activate the IKK complex 
(IKKβ, IKKα and NEMO) through downstream ac-
tivation of Mitogen-activated protein kinase kinase 
kinase 7 (TAK1) and RAC-alpha serine/threo-
nine-protein kinase (Akt1) that phosphorylate IκB 
proteins [31, 33]. This signal is transmitted to the 
IKK complex, which phosphorylates IκB proteins. 
The IKKβ subunit performs the catalytic function. 
Phosphorylated IκB proteins are cleaved by the 
proteasome, which allows p50/p52/p65 allocate into 
the nucleus. In the alternative NF-κB pathway, 
NF-κB2 p100/RelB is inactive in the cytoplasm. 
Signalling begins with activation of the NIK kinase 
by LTβR, CD40 and BR3 receptors which, in turn, 
activates IKKα complexes, that phosphorylate 
NF-κB2 p100. This leads to ubiquitination of NF-κB2 
p100, proteasomal processing of NF-κB2 p52 and 
translocation of p52 into the nucleus [34]. In both 
pathways, activated NF-κB rapidly enters the nuc-
leus to initiate expression of target genes by induc-
ing assembly of active promoters and recruiting 

Fig. 2. General scheme of action of sulforaphane in NF-κB (classical pathway) and Nrf2.



128

О
Гл

я
д

ISSN 2410-681X. Медична та клінічна хімія. 2021. Т. 23. № 2

CBP/p300 coactivator family to target gene promo-
ters [35]. This up-regulates expression of TNFα, 
IL-1, IL-1b, IL-2, IL-6, IL-8 and IL-12 [31, 34, 36]. 
Operation of both, canonical and non-canonical 
pathways, in the cell is interconnected [33, 37]. 
Thus, the classical and non-classical activation 
pathways are related and the classical pathway 
disruption leads to violation of the non-classical 
regulatory pathway.

Sulforaphane inhibits the NF-κB signaling path-
way at various stages of its absorption but mole cu-
lar mechanisms are currently unknown. It is unclear 
whether sulforaphane activates expressionn of all 
NF-κB target genes or selected ones. Inhibition of 
NF-κB leads to decrease in the expression of pro-in-
flammatory cytokines TNFα, IL-1, IL-1b, IL-2, IL-6, 
IL-8 and IL-12 and, therefore, diminished proinflam-
matory processes [23, 38, 39]. 

Nuclear factor E2-related factor 2 (Nrf2) is a 
transcription factor localized in the cytosol and that 
regulates stress-inducible activation of the cells [40]. 
Nrf2 modulates gene transcription of the glutathione 
and thioredoxin antioxidant system components as 
well as enzymes involved in the response to 
oxidative stress [41]. Additionally, Nrf2 is largely 
responsible for other processes in the cells, such as 
autophagy, drug metabolism and unfolded protein 
response [42]. Nrf2/Keap1 is a pathway that protects 
neuronal cells against ROS and other reactive 
species. Thus, enhancing of Nrf2/Keap1 activity is 
an indicator of oxidative stress in the brain [43].

Kelch-like ECH-associated protein 1 (Keap1) 
is responsible for regulation of Nrf2 [44]. Keap1 
forms a homodimer that is involved in sequestering 
of Nrf2 in the cytosol and inactivates the latter. 
Keap1 is a protein that contains thiol groups in 
reactive cysteine residues. Although it shuttles 
between cytoplasm and nucleus, it is mostly located 
in the cytoplasm [44]. Without oxidation Nrf2 is 
unable enter the nucleus, thus, transcription of 
antioxidant system components is limited [45]. 

The mechanism of Nrf2 restriction was disco-
vered by A. Kobayashi and colleagues [46]. In the 
normal state, Nrf2 is inactivated by proteolysis to 
prevent its harmful action. Nrf2 is sequestered in the 
cytosol by the Keap1 homodimer, which acts as a 
substrate adaptor for the ubiquitination of Nrf2 in a 
cullin-3 (Cul3) dependent manner. The associa tion 
with Keap1 facilitates the proteasomal degradation 
of Nrf2. Bound to Keap1 Nrf2 undergoes poly-ubiq-
uitination via the Cul3 E3 ligase and is subjected to 
degradation by the 26S proteasome. This results in 
low content of Nrf2 in the cell. These degradative 
processes are energy-dependent but under stress-
ful conditions, the cell can quickly handle it [46].

The studies of A. Dinkova-Kostova with col-
leagues [47] gave the first evidence that electro-

philes are capable of separating Keap1 from the 
Neh2 region of Nrf2. They deduced that the sensor 
must be Keap1, as the Neh2 region does not con-
tain cysteine residues. Nrf2 is active after the Keap/
Nrf2 complex dissociation, which can be promoted 
by electrophilic or oxidative factor [48, 49]. Thiols 
are targets for electrophiles that can modify the 
structure of Keap1 and disrupt its normal function-
ing as a ubiquitinating element for Nrf2. Therefore, 
Keap1 may be an oxidative stress marker [50]. 

After entering the nucleus, Nrf2 forms a he-
terodimer with MAFF, MAFG or MAFK and binds 
to the antioxidant response element (ARE) in the 
upstream promoter region of the target genes and 
initiates their transcription [51]. 

He and colleagues [52] listed next Nrf2 regula-
tory abilities in metabolic processes: (1) induction 
of expression of genes encoding enzymes of pen-
tose phosphate pathway which produces NADPH; 
(2) promotion of amino acid metabolism, especial-
ly de novo serine biosynthesis; (3) regulation of 
degradation and biosynthesis of triacylglycerides 
and phospholipids, lipid transport and fatty acid 
oxidation; (4) regulation of heme and iron metabo-
lism; (5) regulation of unfolded protein response, 
proteostasis and autophagy; (6) induction of ex-
pression of NAD(P)Quinone oxidoreductase 1, 
glutathione-S-transferases and glutamate cysteine 
ligase [52]. 

Sulforaphane is able to interact with cysteine 
residues of Keap1 (Cys151, Cys273, Cys288), 
which causes a "simulation" of ROS attack under 
oxidative stress conditions. When Nrf2 is not de-
graded, MAPK, PKC, GSK-3b (protein kinase en-
zymes) activate Nrf2 via phosphorylation, then Nrf2 
is transferred into the nucleus and interacts with the 
Maf protein [53]. Phosphorylated Nrf2 binds to Maf 
and activates ARE which results in the expression 
of antioxidant and anti-inflammatory enzymes. In 
this manner, sulforaphane activates Nrf2 and re-
presses development of neuroinflammation and 
neurodegeneration [23]. 

The biological activity of sulforaphane at the 
cellular level is well studied. Sulforaphane is able 
to reduce inflammation and oxidative stress inten-
sity through intracellular regulatory mechanisms. 
Decreased concentration of pro-inflammatory cy-
tokines along with enhanced antioxidant response 
leads to the inhibition of inflammatory processes 
and the restoration of homeostasis in the brain. 
However, there are difficulties in transportation 
sulforaphane to the site of its therapeutic action and 
its practical using. 

POTENTIAL USE. Due to the broad spectrum 
of action of sulforaphane, consumption of products 
that contain glucoraphanin and sulforaphane can 
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be beneficial for the organism. Cruciferous vegeta-
bles are known to prevent colorectal adenoma 
development due to high content of isothiocyanates 
[54]. Also, diets rich in broccoli, are associated with 
lower risk of bladder cancer [55]. Broccoli (Brassica 
oleracea var. Italica) is one of the most common 
plants containing glucoraphanin and sulforaphane 
[56]. The amount of glucoraphanin and sulfora-
phane in broccoli is in the range of 1.4-32.9 μg/g of 
raw weight, the highest content was found in flo wers 
and seeds [57].

The process of isolation and purification of 
sulforaphane is important for work with it and 
high-performance liquid chromatography seems is 
the best one in this context [58]. A solid-phase ex-
traction with nanostructured silicon dioxide SBA-15 
can be used for pre-concentration of sulforaphane 
which was tested with broccoli [59].

Mice treated with a glucoraphanin-enriched diet 
at a young age had less cognitive dysfunction and 
oxidative stress signatures in adulthood [60]. Ad-
ministration of sulforaphane to the abdominal cav-
ity of rats led to the activation of Nrf2, reduced in-
tensity oxidative stress and neuroinflammation. In 
addition, sulforaphane application restored memo-
ry function in rats with memory dysfunction due to 

okadaic acid treatment [61]. Administration of sul-
foraphane by intracerebroventricular injection to 
bypass BBB prevented spatial memory dysfunction 
in mice [62]. Oral administration of aqueous extracts 
of broccoli prevented the toxic effects of vincristine, 
a drug from the group of alkaloids, which has anti-
cancer abilities with concomitant induction of oxi-
dative stress [63].

CONCLUSION. Economic and technological 
development of mankind and the improvement of 
the general quality of life leads to the prolongation 
of human life. But, achievements of longevity give 
new challenges to humanity. In young age and 
early adulthood, the organisms can relatively  easily 
maintain homeostasis, then in old age intensification 
of oxidative stress and inflammatory processes may 
lead to the development of dementias and mental 
disorders. What should we do now to save clear 
mind in old age? In this review, sulforaphane is 
considered to be a potential neuroprotector. Biologi-
cally active supplements and drugs containing 
sulforaphane can weaken up inflammatory proces-
ses in the brain and in the body in general, and 
therefore they can be used for prevention and 
treatment of neurodegenerative diseases.
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ПОТЕНЦІЙНЕ ВИКОРИСТАННЯ СУЛЬФОРАФАНУ ЯК НЕЙРОПРОТЕКТОРА

Резюме
Вступ. За звичайних умов інтенсивність як оксидативного стресу, так і прозапальних процесів пе-

ребуває у певних межах. Однак під час розвитку нейрозапалення і надлишкового утворення активних форм 
кисню гомеостаз порушується, що спричиняє розвиток хвороби Альцгеймера, хвороби Паркінсона та 
інших нейродегенеративних розладів. Запальні процеси, викликані активацією імунної системи, можуть 
призвести до нейродегенеративних порушень. Сульфорафан – це сполука з групи ізотіоціанатів, яка має 
потенціал для лікування нейродегенеративних розладів. Його терапевтичний вплив базується на здат-
ності даної речовини активувати транскрипцію генів, які регулюють захисну активність клітин. Важли-
вість робіт у цьому керунку зумовлена тим, що хвороба Альцгеймера та інші деменції займають сьоме 
місце серед провідних причин смерті у світі. У цій оглядовій статті обговорюються протизапальна дія 
сульфорафану в головному мозку та його використання як потенційного нейропротектора у лікуванні 
нейродегенеративних захворювань.

Мета дослідження – проаналізувати сучасні джерела літератури щодо використання сульфорафа-
ну в медичній практиці задля його потенційного застосування з метою профілактики або пом’якшення 
нейрозапальних процесів.

Висновки. Економічний і технологічний прогрес привів до поліпшення загальної якості життя та 
подовження його тривалості. Але досягнення у довголітті ставлять перед нами нові виклики. Якщо в 
молодому та зрілому віці організм добре підтримує гомеостаз, то в старших людей інтенсифікація окси-
дативних і запальних процесів може призвести до розвитку деменцій та психічних розладів. Одним із 
кандидатів для боротьби за ясний розум у старості є сульфорафан. У цьому огляді його розглянуто як 
потенційний нейропротектор. Біологічно активні добавки і препарати на основі сульфорафану здатні 
зменшувати запальні процеси у головному мозку та в організмі загалом, а тому їх можна застосовувати 
для профілактики і лікування нейродегенеративних захворювань.

КЛЮЧОВІ СЛОВА: нейропротектор; сульфорафан; нейрозапалення; нейродегенеративні захво-
рювання.
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ПОТЕНЦИАЛЬНОЕ ИСПОЛЬЗОВАНИЕ СУЛЬФОРАФАНА 
КАК НЕЙРОПРОТЕКТОРА

Резюме
 Вступление. В обычных условиях интенсивность как оксидативного стресса, так и провоспали-

тельных процессов находится в определенных пределах. Однако во время развития нейровоспаления и 
избыточного образования активных форм кислорода гомеостаз нарушается, что является причиной 
развития болезни Альцгеймера, болезни Паркинсона и других нейродегенеративных расстройств. Воспа-
лительные процессы, вызванные активацией иммунной системы, могут привести к нейродегенератив-
ным нарушениям. Сульфорафан – это соединение из группы изотиоцианатов, которое имеет потенциал 
для лечения нейродегенеративных расстройств. Его терапевтическое влияние базируется на способ-
ности данного вещества активировать транскрипцию генов, регулирующих защитную активность 
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клеток. Важность работ в этом направлении обусловлена   тем, что болезнь Альцгеймера и другие де-
менции занимают седьмое место среди ведущих причин смерти в мире. В этой обзорной статье обсуж-
даются противовоспалительное действие сульфорафана в головном мозге и его использование в ка честве 
потенциального нейропротектора в лечении нейродегенеративных заболеваний.

Цель исследования – проанализировать современные источники литературы относительно исполь-
зования сульфорафана в медицинской практике для его потенциального применения с целью профилак-
тики или смягчения нейровоспалительных процессов.

Выводы. Экономический и технологический прогресс привел к улучшению общего качества жизни и 
увеличению его продолжительности. Но достижения в долголетии ставят перед нами новые вызовы. 
Если в молодом и зрелом возрасте организм хорошо поддерживает гомеостаз, то в старших людей 
интенсификация оксидативных и воспалительных процессов может привести к развитию деменций и 
психических расстройств. Одним из кандидатов для борьбы за ясный ум в старости является сульфо-
рафан. В этом обзоре его рассмотрено как потенциальный нейропротектор. Биологически активные 
добавки и препараты на основе сульфорафана способны уменьшать воспалительные процессы в голов-
ном мозге и в организме в целом, а поэтому их можно применять для профилактики и лечения нейроде-
генеративных заболеваний. 
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