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Abstract: Cruciferous vegetables hold a myriad of bioactive molecules that are renowned for
possessing unique medicinal benefits. Sulforaphane (SFN) is one of the potential nutraceuticals
contained within cruciferous vegetables that is useful for improving health and diseased conditions.
The objective of this review is to discuss the mechanistic role for SFN in preventing oxidative
stress, fatigue, and inflammation. Direct and indirect research evidence is reported to identify the
nontoxic dose of SFN for human trials, and effectiveness of SFN to attenuate inflammation and/or
oxidative stress. SFN treatment modulates redox balance via activating redox regulator nuclear
factor E2 factor-related factor (Nrf2). SFN may play a crucial role in altering the Keap1/Nrf2/ARE
pathway (an intricate response to many stimuli or stress), which induces Nrf2 target gene activation
to reduce oxidative stress. In addition, SFN reduces inflammation by suppressing centrally involved
inflammatory regulator nuclear factor-kappa B (NF-κB), which in turn downregulates the expression
of proinflammatory cytokines and mediators. Exercise may induce a significant range of fatigue,
inflammation, oxidative stress, and/or organ damage due to producing excessive reactive oxygen
species (ROS) and inflammatory cytokines. SFN may play an effective role in preventing such damage
via inducing phase 2 enzymes, activating the Nrf2/ARE signaling pathway or suppressing nuclear
translocation of NF-κB. In this review, we summarize the integrative role of SFN in preventing fatigue,
inflammation, and oxidative stress, and briefly introduce the history of cruciferous vegetables and
the bioavailability and pharmacokinetics of SFN reported in previous research. To date, very limited
research has been conducted on SFN’s effectiveness in improving exercise endurance or performance.
Therefore, more research needs to be carried out to determine the effectiveness of SFN in the field of
exercise and lifestyle factors.
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1. Introduction

1.1. History and Epidemiology of Cruciferous Vegetables Intake and Disease Risk

In the 21st century, reduced consumption of fruits and vegetables is related with increased
risk of chronic diseases [1]. Consuming cruciferous or Brassica vegetables (brussel sprouts, cabbage,
broccoli, etc.) is inversely associated with the risk of developing chronic diseases [2], including various
malignancies, such as prostate [3], lung [4], colon [5], and breast cancer [6]. The non-nutritive bioactive
compounds in cruciferous vegetables are also known as phytochemicals or phytonutrients. They are
also referred to as guardians of our health, for having multiple potentially protective effects. Since
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the period of the Roman Empire, Brassicas have been considered very valuable vegetables, and in
the mid-18th century in England, broccoli was first introduced as “Italian asparagus”, and in the
1920s, it first became popular in USA [7,8]. Early research was conducted in to the dose–response
relationship between decreasing consumption of cruciferous vegetables and increasing risks of colon
cancer, reported by Graham et al. [9]. Various studies have been conducted regarding the medicinal
benefits of consuming cruciferous vegetables. Many of them have reported the constituents or bioactive
compounds present in these vegetables to be cancer preventive. Furthermore, an extensive review
on epidemiological cohort or case-control studies conducted previously has also reported inverse
associations between cancer risk and the consumption of cabbage, broccoli, cauliflower, and brussel
sprouts [10]. Although a few studies showed no or positive association, the majority of studies
supported the potential anticancer effects of cruciferous vegetables. In a population-based prospective
cohort study, it was reported that increased intake of cruciferous vegetables promotes cardiovascular
health and reduces related mortality [11]. However, no direct effects were found on reducing the
risk of type-2 diabetes by consuming cruciferous vegetables [12]. Another prevailing low-grade
inflammatory disease is obesity, which leads to various other chronic diseases. Daily servings
of cruciferous vegetables may have a significant effect on reducing body weight [13]. Despite the
cumulative supporting evidence on health impacts of cruciferous vegetable consumption, this review
will briefly discuss the one potential nutraceutical present in cruciferous vegetables, sulforaphane
(SFN), and introduce the protective health benefits of SFN against oxidative stress and inflammation
alongside the purported mechanisms of action. Furthermore, we discuss the potential role of SFN in
the field of exercise, alongside potential limitations and future directions.

1.2. Biologically Active Constituents of Cruciferous Vegetables: SFN

Glucosinolates (GCS) are the most studied biologically active compound within cruciferous
vegetables, and they are also a major secondary metabolite. GCS are the precursors of isothiocyanates
(ITCs), produced by enzymatic degradation (myrosinase enzyme) during chopping, harvesting,
and mastication of these vegetables [14]. In cooked cruciferous vegetables (i.e., mustard leaves,
watercress) the typical hot, pungent flavor of ITCs are very familiar due to presence of volatile ITCs.
SFN is one of the most extensively studied naturally occurring ITCs, and holds some unique attributes
that may not be offered by other phytochemicals [15]. In the mid-1990s, it was isolated from red cabbage
or hoary cress as an antibiotic [16]. Later, another group of scientists isolated it from broccoli and
reported it as possessing cancer chemopreventive properties [17]. SFN is a temperature-sensitive small
molecule, and degrades in many aqueous solutions, including water [18,19]. It is lipophilic in nature
and has a low molecular weight, (M.W. 177.29 and log P = 0:23), and has higher bioavailability than
other widely used phytochemical-based supplements, i.e., curcumin, silymarin, and resveratrol [15].
Although it possesses a wide spectrum of biological activities, the fate of this molecule in food or
dietary supplements is yet to be discovered.

The edible portion of mature broccoli contains 507–684 µg/g SFN dry matter [20], while broccoli
sprouts contain 10 times greater SFN concentration (1153 mg/100g dry weight) and are therefore
considered to be rich sources of SFN. From 1980 to 2015, the production of broccoli increased by
around 400%, due to its potential health-promoting effects [21]. Cooking or blanching broccoli
at less than 100 ◦C makes it more effective through releasing the enzyme myrosinase. However,
if the enzyme is destroyed during processing or preparing a meal, the intestinal microflora may
contribute to the microbial degradation of GSC to ITCs [22]. In a recently published research article,
the metabolic pathway of activating GSC by gut bacterium has been reported [23]. In the past several
years, the protective effects of SFN have been well studied in a myriad of in vivo model and in vitro
studies. Furthermore, it was established that administering SFN to humans is nontoxic and well
tolerated [24].
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1.3. Bioavailability and Pharmacokinetics of SFN

Examining a phytochemical’s bioavailability is a key step in establishing its effectiveness.
The magnitude and bioavailability of SFN depends to some extent on the cutting style or preserving
process; before considering intra- or interindividual differences in biochemistry, SFN’s mode of delivery
and gut microbiota composition should be considered [25]. Several human or animal studies have been
conducted to identify the efficacy of SFN using three routes of administration; oral, intraperitoneal,
and topical. Inside the mammalian cell, SFN is metabolized rapidly via a conjugation reaction with
glutathione. This conjugate undergoes a series of reactions catalyzed by two enzymes to produce
the final product, N-acetylcysteine derivatives (mercapturic acids). These are collectively known as
conjugates of SFN, or dithiocarbamates (DTC). Following SFN administration to animals or humans,
the conjugates (DTC) of SFN or individual metabolites can be identified in blood, plasma, urine,
and tissues by cyclocondensation reactions, or even more refined methods, e.g., liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) [22,26,27]. It was reported that around 70% to
90% of DTC metabolites are identified in the urine (within 2 h), followed by an oral dose of 200 µmol
of SFN (extracted from broccoli seeds or sprouts) [28].

To determine the absolute bioavailability of SFN following oral and intravenous administration,
a pharmacokinetics study was conducted using an animal model. It was identified that the lowest
oral dose of SFN (2.8 µmol/kg or 0.5 mg/kg) has an absolute bioavailability of more than 80%, whilst
with the highest dose (28 µmol/kg or 5 mg/kg) had only 20% bioavailability [29]. The bioavailability of
SFN further depends on the preparation process of broccoli and broccoli sprouts [30]. For example,
quickly steaming broccoli sprouts, followed by myrosinase treatment, contains the highest amount
SFN, which is approximately 11 and 5 times higher than freeze dried and untreated steamed broccoli
sprouts, respectively [31]. The peak concentration of SFN metabolites (1.91 ± 0.24 µM) was identified
in urine after 1 h of oral dose (200 µmol) of broccoli sprout ITCs to four healthy human volunteers [25].
Similarly, in another study with 20 participants, providing 200 µmol of SFN in capsule form revealed a
peak of SFN equivalence (0.7 ± 0.2 µM) at 3 h [32]. A dietary study conducted with broccoli soups
comparing standard broccoli against super broccoli (high GCS) reported that blood concentrations of
SFN and its metabolites were three-fold greater in the super-broccoli-fed group compared to standard
broccoli [27]. Furthermore, it was suggested that higher SFN concentration in broccoli leads to longer
exposure within the body after consumption [27].

2. Effects of SFN Treatment on Redox Modulation

2.1. Keap1/Nrf2/ARE Signaling Pathway

Nuclear factor E2 factor-related factor (Nrf2), the master regulator of cellular detoxification
responses and redox status, stimulates the cellular defense mechanism and detoxification process.
Nrf2 is a member of the cap ‘n’ collar (CNC) family of basic region-leucine zipper (bZIP)
transcription factors [33]. Previous research has identified that Nrf2 activity can be regulated by
dietary phytochemicals and other chemoprotective agents [34]. In homeostatic conditions, the Nrf2
signaling pathway activity remains suppressed in the cytoplasm by the repressor protein Keap1
(Kelch-like erythroid cell-derived protein with CNC homology-associated protein 1), localized near the
plasma membrane, which targets Nrf2 for proteasomal degradation [35]. Furthermore, in response
to pathological conditions associated with oxidative damage by reactive oxygen or nitrogen species
(ROS, RNS), Nrf2 readily translocates to the nucleus and interacts with the specific antioxidant
responsive element (ARE) present in gene promoter [36–38]. Nrf2 has six functional protein regions
called Nrf2-ECH domains, Neh1 to Neh6 with 605 amino acids, and these are highly conserved across
different species [39,40]. At the C-terminal of its Neh1 domain, it binds with small musculoaponeurotic
fibrosarcoma (sMaf) proteins for ARE activation [41]. The N-terminal of the Neh2 domain is the binding
site of Keap1 [42]. The basic DNA binding region of Neh6 functions as a redox insensitive degron [39],
whereas Neh3 along with Neh4 and 5 was identified as transcriptional activation domains (TADs)
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and mediates transcriptional response of proteins under homeostatic conditions [43,44]. Any external
stimulation or oxidative stress causes a disruption to the Keap1-Nrf2 complex, which facilitates the
nuclear translocation of Nrf2. This reaction may be enhanced by different activators of Nrf2 (i.e., SFN)
by interacting with the thiol group of cysteine residues in the Keap1 complex, which alters Keap1
conformation and blocks Nrf2 ubiquitination [45]. In our cellular redox system, the Keap1/Nrf2/ARE
pathway is an intricate response; therefore, SFN may play a crucial role in altering this pathway to
benefit human health and wellness.

2.2. SFN as a Potential Nutrigenomic Activator of Nrf2

Nutrigenomics is the field of exploring the effects of bioactive compounds on the gene expression
profile of an individual [46]. The most noted attribute of SFN is its nutrigenomic effects. Emerging
evidence reports that SFN induces the expression of detoxification enzymes via the Keap1/Nrf2/ARE
signaling pathway under oxidative and/or electrophilic states [16]. SFN acts indirectly on by inducing
Nrf2 translocalization and accumulation in nucleus, and may phosphorylate Nrf2 through the activation
of multiple kinases, such as MAP (mitogen-activated protein kinase), PKB/Akt (protein kinase B),
and PKC (protein kinase C) [47,48]. It has been reported that more than 500 genes are activated by SFN
through the Nrf2/ARE signaling pathway [49–51]. ARE is a cis-acting enhancer sequence that regulates
the basal expression of phase 2 detoxification and antioxidant genes. This activation requires the nuclear
translocation of Nrf2, which further induces a conformational change in the Keap1 protein complex.
Over the past decades, SFN has been reported as a promising natural inducer of phase 2 enzymes
both in vitro and in vivo [17,52]. The majority of phase 2 enzymes are glutathione S-transferase
(GST), heme oxygenase 1 (HO-1), NADPH quinone oxidoreductase (NQO), and thioredoxin reductase
(TR). These enzymes are typically known as Nrf2/ARE gene products, and are usually involved in
detoxification through conjugation reactions, thereby inactivating and excreting toxic substances [53].
Furthermore, many human intervention studies have explained that SFN induces ARE-dependent
antioxidant enzymes via activation of Nrf2 in different organ sites [54]. The classical antioxidant
enzymes are superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and γ-glutamate cysteine ligase (γ-GCL). The coordinated action of both detoxification
(GST, NQO1, HO-1) and antioxidant enzymes can defend against oxidative stress, while Nrf2 is an
important inducer. Depending on the severity of diseases, higher or lower doses of SFN may induce
significant changes in Nrf2 target genes.

2.3. SFN Reduces Oxidative Stress via Inducing Nrf2 Target Genes

As a part of normal metabolic processes, cells are producing free radicals, and antioxidants are
simultaneously produced to neutralize the radicals. Oxidative stress is conventionally referred to as
an imbalance between ROS production and antioxidant capacity, or a state when oxidation exceeds
antioxidation capacity. The efficacy of a drug can be assessed by measuring some cellular biomarkers of
oxidative stress. Indeed, Nrf2 expression is induced by any electrophilic stimulation or stress, while SFN
(indirect antioxidant) triggers the reaction promptly to recover quickly from the stressed conditions.
Nrf2 phosphorylation and activation depends on the upstream activity of intracellular protein kinases.
In rat cardiomyocytes, SFN can activate protein kinase B (Akt) and extracellular signal-regulated
kinases 1 and 2 signaling pathways, which assist in Nrf2 phosphorylation and ARE binding capacity.
Moreover, SFN can modify the Keap1 conformation by forming SFN–Keap1 thionoacyl adducts,
which ensure the stabilization of Nrf2 and nuclear translocation [55,56]. For example, it has been
shown that SFN actives signaling pathways and phosphorylates Nrf2, which further increases the
expression and activity of phase 2 enzymes, such as GR, GST, TR, NQO1, to minimize cardiac cell
arrest, resulting in a cryoprotective effects against oxidative damage [57] (Figure 1). As an inducer
of phase 2 enzymes, SFN attenuates oxidative stress markers and may reduce the risk of developing
cardiovascular problems, such as hypertension and atherosclerosis. Daily consumption of 200 mg
of dried broccoli sprouts increased glutathione content, decreased levels of oxidized glutathione,
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increased the activity of GR and glutathione peroxidase (GPx), which are associated with decreasing
oxidative stress in the cardiovascular system [58].
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3.2. SFN Reduces Inflammatory Responses by Suppressing NF-κB Activation 

Figure 1. Sulforaphane (SFN) reduces oxidative stress via phosphorylation and accumulation of
nuclear factor E2 factor-related factor (Nrf2) inside the nucleus. Therefore, it binds with the small
musculoaponeurotic fibrosarcoma (sMAF) protein to activate specific antioxidant responsive element
(ARE) present in gene promoter. Then, it elicits transcription of various phase 2 detoxification enzymes
and antioxidant defense enzymes such as glutathione S-transferase (GST), heme oxygenase 1 (HO-1),
NADPH quinone oxidoreductase (NQO), and thioredoxin reductase (TR) to reduce oxidative stress.

3. Effects of SFN on Reducing Inflammation

3.1. Activation of NF-κB in Response to Stimulation

Nuclear factor-kappa B (NF-κB) is an inducible protein transcription factor that regulates a wide
range of genes involved in different inflammatory and immune responses. This protein complex is
composed of dimeric complexes of members of the Rel protein family, including NF-κB1 (or p50),
NF-κB2 (or p52), RelA (or p65), RelB, and c-Rel; where almost all members (except RelB) form
homodimers or heterodimers with each other [59]. The major NF-κB complex is composed of p50–p65
heterodimers, which contains transactivation domains necessary for gene induction. Under resting
conditions, the NF-κB complex remains in the cytoplasm bound to members of the inhibitory I-κB
kinases (IKK) family [59]. This interaction with I-κB protein retards the DNA binding activity and
masks the nuclear localization sequences of NF-κB.

The activation of NF-κB involves canonical and noncanonical (alternative) pathways [60]. Usually,
at the site of inflammation, NF-κB activation is associated with the canonical pathway, which is
triggered by proinflammatory cytokines, chemokines, and microbial products, such as TNF-α and
IL-1 [61]. The noncanonical or alternative pathway is activated by other subsets of TNF family cytokines
rather than TNF-α; such as B-cell activating factor, CD40 ligand, lymphotoxin β, and receptor activator
of NF-κB ligand [61]. This activation requires differential regulation of IKK, such as IKKα/IKK1 and
IKKβ/IKK2. The activation of the canonical pathway requires degradation and phosphorylation of IKKβ,
and IKKα involves the activation of an alternative pathway. In immune cells (macrophages), Toll-like
receptors (TLRs) recognize inflamed cells, pathogens, infection, or tissue injury, and trigger signal
transduction mechanisms, and subsequently degrade IKKβ and activate the NF-κB pathway [60,62].
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3.2. SFN Reduces Inflammatory Responses by Suppressing NF-κB Activation

SFN is renowned for its promising anti-inflammatory effects. After cellular stimulation related to
stress, bacteria, viruses, and proinflammatory cytokines, the IκB kinase is phosphorylated, followed by
degradation of kinases, which leaves the dimer of NF-κB free to translocate into the nucleus and induce
transcription of proinflammatory cytokines (IL-6, IL-10, TNF-α) [63]. SFN inhibits the activation of
I-κB and translocation of NF-κB, thereby reducing inflammation [64,65]. It has been reported that
SFN can also attenuate inflammation by inhibiting NF-κB binding to DNA [65]. Several in vitro
studies have been conducted with various cell lines; using different stimuli such as lipopolysaccharide
(LPS) and TNF-α to mimic inflammatory states and test various concentrations of SFN to identify
the most effective dose to minimize inflammatory responses [65–71]. A few in vivo studies have also
been carried out, and reported that selective doses of SFN were inversely related to inflammatory
responses [72–74]. Tumor-cell proliferation, apoptosis, or cancer-cell mutations can be stimulated with
the activation of NF-κB and production of cascade of inflammatory cytokines or chemokines [75].
Therefore, inhibiting the activation of NF-κB is an important approach to prevent deleterious effects.
Previously cited studies showed that SFN can significantly attenuate various inflammatory mediators,
e.g., IL-6, IL-1β, TNF-α, nitric oxide (NO), and prostaglandin E2 (PGE2), and inflammatory enzymes,
e.g., inducible NO synthase (iNOS) and cyclooxygenase 2 (COX-2), by suppressing activation of the
NF-κB signaling pathway.

4. Effects of SFN on Exercise-induced Organ Damage

Exercise is a purposeful activity to maintain both physical and mental health. Routine exercise
boosts our immune system, improves general health, and protects against different metabolic and
chronic diseases [76]. Moreover, the activities of proteolytic enzymes significantly increases due to the
adaptive response of moderate routine exercise [77]. Whilst regular physical exercise has many health
benefits, these beneficial effects can be reversed with intense/exhaustive exercise. As such, depending
on the intensity and duration of exercise, it may cause muscle and/or organ damage [78]. During
acute and/or exhaustive exercise, inflammatory cells such as neutrophils and macrophages infiltrate
into injured tissues and can, therefore, reduce exercise performance and increase fatigue and soreness.
Exercise enhances free radical production and oxygen supply via the mitochondrial electron transport
chain (ETC), which is a prime source of ROS production. Exercise increases blood supply in muscle
tissue, but excessive production of ROS causes hypoperfusion of other internal organs, and results
in organ damage. Production of cytokines, chemokines, and damage-associated molecular patterns
(DAMPs) are increased in the damaged cells, which enhances migration of leukocytes to the damaged
tissues and causes further damage [78]. In this regard, SFN is an active antioxidant to prevent muscle
and internal organ damage (Figure 2). Although NF-κB is activated in response to inflammatory
responses, modulation of Nrf2 is also considered as an important step in reducing inflammation [73].

Administering SFN has been shown to increase muscle strength, improve muscle function and
exercise capacity, and protect muscle from oxidative damage and inflammation [79]. SFN treatment
induces expression of phase 2 enzymes via activation of Nrf2. Moreover, expression of inflammatory and
proinflammatory cytokines was also mitigated by decreasing the expression of NF-κB [73]. To ensure
the interaction between SFN and Nrf2 activation, an animal experiment was conducted using wild-type
mice (Nrf2+/+) and Nrf2-null mice (Nrf2−/−). It was reported that SFN induces Nrf2 activation and
reduces exercise-induced muscle fatigue due to antioxidative properties via the upregulation of cellular
defensive antioxidants and phase 2 enzymes [80]. Furthermore, creatinine phosphokinase (CPK) and
lactate dehydrogenase (LDH) (two enzymatic markers to assess muscle damage) were significantly
lower after SFN treatment compared to a placebo [81]. SFN treatment also protects exercise-induced
liver damage, evidenced by reducing blood levels of enzymes such as alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), via inducing antioxidant defense response through the
transcriptional activation of the Nrf2/HO-1 signal transduction pathway [82,83]. Although exercise
increases production of proinflammatory cytokines in the liver, kidney, and intestine [82,84–86],
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SFN induces phase 2 enzymes through Nrf2 activation in renal tissue to reduce renal oxidative
insults [87]. SFN treatment has been shown to reduce p38 and NF-κB phosphorylation to protect
kidney tissue from injury [88]. Moreover, SFN pretreatment for seven days confers protection
from inflammation of the inner lining of the colon by, once again, increasing mRNA expression of
Nrf2-dependent genes and reducing expression of inflammatory genes [89].
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Figure 2. The organ protective effect of SFN after exercise. Acute exhaustive exercise increases
the production of reactive oxygen species (ROS), cytokines, and chemokines in liver and muscles.
SFN treatment activates Nrf2, which translocates into the nucleus to induce production of cellular
defense enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
heme oxygenase (HO) 1, NADPH quinone oxidoreductase (NQO) 1, etc. Therefore, SFN reduces ROS,
cytokines, and chemokines expression.

5. Future Remarks and Application and/or Synergistic Use of SFN

SFN is an emerging nutraceutical, a functional ingredient that provides health benefits, and is
potentially helpful for preventing and/or treating diseased conditions. There is also evidence on the use
of SFN as a cancer chemopreventive compound, due to its potential anticarcinogenic and antioxidative
properties [90,91]. SFN can also produce synergistic effects and prevent inflammation and protein
expression of inflammatory enzymes, such as iNOS and COX-2, in combination with other functional
ingredients, such as nobiletin (NBN) [92]. In addition, compared with other functional bioactive
compounds, SFN can rapidly induce phase 2 enzyme activity in bladder tissues [93]. It was reported
that administration a single dose of SFN (5 µmol) can reach into different tissues (brain, liver, kidney,
gastrointestinal tract, lung, etc.) within 2 to 6 h of feeding. However, the highest concentration of SFN
conjugates was reported in small intestine, kidney, and lung, and the lowest was in the brain [94]. It is
conventionally known that mitochondria are a major source of ROS production in exercising muscle,
which leads to oxidative damage as well as muscle fatigue [95]. A couple of years ago, it was identified
that four injections of SFN in wild-type mice (Nrf2+/+) significantly increased markers of mitochondrial
biogenesis in gastrocnemius muscle, including elevated mtDNA copy number relative to nDNA [80].
SFN was associated with reducing mitochondrial oxidative stress, preserving mitochondrial function
via reducing free radicals, and increasing antioxidant enzyme activities [96]. From these animal model
experiments, data were extrapolated to human studies. Recently, a human study was performed
with 40 overweight healthy adults with an aim to evaluate the anti-inflammatory effects of SFN.
The subjects were instructed to eat raw, fresh broccoli sprouts (30 g/day) daily for 10 weeks. After the
intervention period, plasma IL-6 concentrations were significantly lower, and remained so until 90 days.
However, at day 160, concentrations had climbed slightly, but remained below baseline [97]. As being
overweight or obese is a chronic inflammatory state, which may induce other diseases like type 2
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diabetes, cardiovascular diseases, etc., long-term consumption of an SFN-rich diet may be a promising
strategy to attenuate chronic inflammation.

SFN can improve endurance capacity, decrease muscle fatigue, increase mitochondrial biogenesis,
and prevent organ damage via inducing enzymatic pathways. However, the evidence is still insufficient
to determine whether a purposeful prescription of SFN consumption is plausible. Although we have
discussed studies that have focused on SFN’s effects on exercise-induced inflammation and oxidative
stress, more research is needed to identify the effectiveness and dose–response relationship between
SFN consumption and long duration exercise, such as marathon races, or moderate intensity exercise.

Author Contributions: R.T.R. conceived the review and drafted the manuscript. K.S. made some additions to the
text, revised the manuscript and approved the final version. All authors have read and agreed to the published
version of the manuscript.

Funding: There is no financial support.

Acknowledgments: We gratefully appreciate our colleagues and laboratory team for research progress and
discussion, and Dr. Llion Roberts from Griffith University, Australia, for English editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bazzano, L.A.; Serdula, M.K.; Liu, S. Dietary intake of fruits and vegetables and risk of cardiovascular disease.
Curr. Atheroscler. Rep. 2003, 5, 492–499. [CrossRef] [PubMed]

2. Manchali, S.; Chidambara Murthy, K.N.; Patil, B.S. Crucial facts about health benefits of popular cruciferous
vegetables. J. Funct. Foods 2012, 4, 94–106. [CrossRef]

3. Cipolla, B.G.; Mandron, E.; Lefort, J.M.; Coadou, Y.; Della Negra, E.; Corbel, L.; Le Scodan, R.; Azzouzi, A.R.;
Mottet, N. Effect of sulforaphane in men with biochemical recurrence after radical prostatectomy. Cancer Prev.
Res. (Phila.) 2015, 8, 712–719. [CrossRef]

4. Jiang, L.-L.; Zhou, S.-J.; Zhang, X.-M.; Chen, H.-Q.; Liu, W. Sulforaphane suppresses in vitro and in vivo lung
tumorigenesis through downregulation of HDAC activity. Biomed. Pharmacother. 2016, 78, 74–80. [CrossRef]
[PubMed]

5. Kim, D.H.; Sung, B.; Kang, Y.J.; Hwang, S.Y.; Kim, M.J.; Yoon, J.H.; Im, E.; Kim, N.D. Sulforaphane inhibits
hypoxia-induced HIF-1alpha and VEGF expression and migration of human colon cancer cells. Int. J. Oncol.
2015, 47, 2226–2232. [CrossRef]

6. Liu, X.; Lv, K. Cruciferous vegetables intake is inversely associated with risk of breast cancer: A meta-analysis.
Breast 2013, 22, 309–313. [CrossRef]

7. Filippone, P.T. The History of Broccoli. Available online: https://www.thespruceeats.com/broccoli-history-
1807573 (accessed on 4 February 2020).

8. Fahey, J.W. Brassica: Characteristics and properties. In Encycl. Food Health; Elsevier: Amsterdam,
the Netherlands, 2015; pp. 469–477.

9. Graham, S.; Dayal, H.; Swanson, M.; Mittelman, A.; Wilkinson, G. Diet in the epidemiology of cancer of the
colon and rectum. J. Natl. Cancer Inst. 1978, 61, 709–714.

10. Verhoeven, D.T.; Goldbohm, R.A.; van Poppel, G.; Verhagen, H.; van den Brandt, P.A. Epidemiological
studies on brassica vegetables and cancer risk. Cancer Epidem. Prev. Biom. 1996, 5, 733–748.

11. Zhang, X.; Shu, X.-O.; Xiang, Y.-B.; Yang, G.; Li, H.; Gao, J.; Cai, H.; Gao, Y.-T.; Zheng, W. Cruciferous
vegetable consumption is associated with a reduced risk of total and cardiovascular disease mortality. Am. J.
Clinic. Nutr. 2011, 94, 240–246. [CrossRef]

12. Chen, G.-C.; Koh, W.-P.; Yuan, J.-M.; Qin, L.-Q.; van Dam, R.M. Green leafy and cruciferous vegetable
consumption and risk of type 2 diabetes: Results from the Singapore Chinese Health Study and meta-analysis.
Br. J. Nutr. 2018, 119, 1057–1067. [CrossRef]

13. Bertoia, M.L.; Mukamal, K.J.; Cahill, L.E.; Hou, T.; Ludwig, D.S.; Mozaffarian, D.; Willett, W.C.; Hu, F.B.;
Rimm, E.B. Changes in intake of fruits and vegetables and weight change in United States men and women
followed for up to 24 years: Analysis from three prospective cohort studies. PLoS Med. 2015, 12, e1001878.
[CrossRef]

http://dx.doi.org/10.1007/s11883-003-0040-z
http://www.ncbi.nlm.nih.gov/pubmed/14525683
http://dx.doi.org/10.1016/j.jff.2011.08.004
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0459
http://dx.doi.org/10.1016/j.biopha.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26898427
http://dx.doi.org/10.3892/ijo.2015.3200
http://dx.doi.org/10.1016/j.breast.2012.07.013
https://www.thespruceeats.com/broccoli-history-1807573
https://www.thespruceeats.com/broccoli-history-1807573
http://dx.doi.org/10.3945/ajcn.110.009340
http://dx.doi.org/10.1017/S0007114518000119
http://dx.doi.org/10.1371/journal.pmed.1001878


Antioxidants 2020, 9, 521 9 of 13

14. Dinkova-Kostova, A.T.; Kostov, R.V. Glucosinolates and isothiocyanates in health and disease.
Trends Mol. Med. 2012, 18, 337–347. [CrossRef]

15. Houghton, C.A.; Fassett, R.G.; Coombes, J.S. Sulforaphane and other nutrigenomic Nrf2 activators: Can the
clinician’s expectation be matched by the reality? Oxid. Med. Cell Longev. 2016, 2016, 7857186. [CrossRef]

16. Fahey, J.W.; Talalay, P. Antioxidant functions of sulforaphane: A potent inducer of phase II detoxication
enzymes. Food Chem. Toxicol. 1999, 37, 973–979. [CrossRef]

17. Zhang, Y.; Talalay, P.; Cho, C.G.; Posner, G.H. A major inducer of anticarcinogenic protective enzymes from
broccoli: Isolation and elucidation of structure. Proc. Natl. Acad. Sci. USA 1992, 89, 2399–2403. [CrossRef]

18. Jin, Y.; Wang, M.; Rosen, R.T.; Ho, C.-T. Thermal degradation of sulforaphane in aqueous solution. J. Agric.
Food Chem. 1999, 47, 3121–3123. [CrossRef]

19. Franklin, S.J.; Dickinson, S.E.; Karlage, K.L.; Bowden, G.T.; Myrdal, P.B. Stability of sulforaphane for topical
formulation. Drug Dev. Ind. Pharm. 2014, 40, 494–502. [CrossRef]

20. Campas-Baypoli, O.; Sánchez-Machado, D.; Bueno-Solano, C.; Ramírez-Wong, B.; López-Cervantes, J. HPLC
method validation for measurement of sulforaphane level in broccoli by-products. Biomed. Chromatogr. 2010,
24, 387–392. [CrossRef]

21. Wells, H.F. United States Department of Agriculture. Available online: http://usda.mannlib.cornell.edu/usda/

ers/VEGANDPULSESYEARBOOK/2016/VegetableandPulsesYearbook2016.pdf (accessed on 5 February 2020).
22. Vanduchova, A.; Anzenbacher, P.; Anzenbacherova, E. Isothiocyanate from broccoli, sulforaphane, and its

properties. J. Med. Food 2019, 22, 121–126. [CrossRef]
23. Liou, C.S.; Sirk, S.J.; Diaz, C.A.C.; Klein, A.P.; Fischer, C.R.; Higginbottom, S.K.; Erez, A.; Donia, M.S.;

Sonnenburg, J.L.; Sattely, E.S. A metabolic pathway for activation of dietary glucosinolates by a human gut
symbiont. Cell 2020, 180, 717–728.e19. [CrossRef]

24. Fahey, J.W.; Kensler, T.W. Health span extension through green chemoprevention. AMA J. Ethics 2013, 15,
311–318.

25. Torres-Contreras, A.M.; Nair, V.; Cisneros-Zevallos, L.; Jacobo-Velázquez, D.A. Stability of bioactive
compounds in broccoli as affected by cutting styles and storage time. Molecules 2017, 22, 636. [CrossRef]
[PubMed]

26. Ye, L.; Dinkova-Kostova, A.T.; Wade, K.L.; Zhang, Y.; Shapiro, T.A.; Talalay, P. Quantitative determination of
dithiocarbamates in human plasma, serum, erythrocytes and urine: Pharmacokinetics of broccoli sprout
isothiocyanates in humans. Clin. Chim. Acta 2002, 316, 43–53. [CrossRef]

27. Gasper, A.V.; Al-Janobi, A.; Smith, J.A.; Bacon, J.R.; Fortun, P.; Atherton, C.; Taylor, M.A.; Hawkey, C.J.;
Barrett, D.A.; Mithen, R.F. Glutathione S-transferase M1 polymorphism and metabolism of sulforaphane
from standard and high-glucosinolate broccoli. Am. J. Clin. Nutr. 2005, 82, 1283–1291. [CrossRef] [PubMed]

28. Fahey, J.W.; Wade, K.L.; Wehage, S.L.; Holtzclaw, W.D.; Liu, H.; Talalay, P.; Fuchs, E.; Stephenson, K.K.
Stabilized sulforaphane for clinical use: Phytochemical delivery efficiency. Mol. Nutr. Food Res. 2017,
61, 1600766. [CrossRef] [PubMed]

29. Hanlon, N.; Coldham, N.; Gielbert, A.; Kuhnert, N.; Sauer, M.J.; King, L.J.; Ioannides, C. Absolute
bioavailability and dose-dependent pharmacokinetic behaviour of dietary doses of the chemopreventive
isothiocyanate sulforaphane in rat. Br. J. Nutr. 2008, 99, 559–564. [CrossRef]

30. Vermeulen, M.; Klopping-Ketelaars, I.W.; van den Berg, R.; Vaes, W.H. Bioavailability and kinetics of
sulforaphane in humans after consumption of cooked versus raw broccoli. J. Agric. Food Chem. 2008, 56,
10505–10509. [CrossRef]

31. Li, Y.; Zhang, T.; Li, X.; Zou, P.; Schwartz, S.J.; Sun, D. Kinetics of sulforaphane in mice after consumption of
sulforaphane-enriched broccoli sprout preparation. Mol. Nutr. Food. Res. 2013, 57, 2128–2136. [CrossRef]

32. Atwell, L.L.; Hsu, A.; Wong, C.P.; Stevens, J.F.; Bella, D.; Yu, T.W.; Pereira, C.B.; Lohr, C.V.; Christensen, J.M.;
Dashwood, R.H.; et al. Absorption and chemopreventive targets of sulforaphane in humans following
consumption of broccoli sprouts or a myrosinase-treated broccoli sprout extract. Mol. Nutr. Food. Res. 2015,
59, 424–433. [CrossRef]

33. Dhakshinamoorthy, S.; Jaiswal, A.K. Functional characterization and role of INrf2 in antioxidant response
element-mediated expression and antioxidant induction of NAD (P) H: Quinone oxidoreductase1 gene.
Oncogene 2001, 20, 3906–3917. [CrossRef]

34. Stefanson, A.L.; Bakovic, M. Dietary regulation of Keap1/Nrf2/ARE pathway: Focus on plant-derived
compounds and trace minerals. Nutrients 2014, 6, 3777–3801. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molmed.2012.04.003
http://dx.doi.org/10.1155/2016/7857186
http://dx.doi.org/10.1016/S0278-6915(99)00082-4
http://dx.doi.org/10.1073/pnas.89.6.2399
http://dx.doi.org/10.1021/jf990082e
http://dx.doi.org/10.3109/03639045.2013.768634
http://dx.doi.org/10.1002/bmc.1303
http://usda.mannlib.cornell.edu/usda/ers/VEGANDPULSESYEARBOOK/2016/VegetableandPulsesYearbook2016.pdf
http://usda.mannlib.cornell.edu/usda/ers/VEGANDPULSESYEARBOOK/2016/VegetableandPulsesYearbook2016.pdf
http://dx.doi.org/10.1089/jmf.2018.0024
http://dx.doi.org/10.1016/j.cell.2020.01.023
http://dx.doi.org/10.3390/molecules22040636
http://www.ncbi.nlm.nih.gov/pubmed/28420123
http://dx.doi.org/10.1016/S0009-8981(01)00727-6
http://dx.doi.org/10.1093/ajcn/82.6.1283
http://www.ncbi.nlm.nih.gov/pubmed/16332662
http://dx.doi.org/10.1002/mnfr.201600766
http://www.ncbi.nlm.nih.gov/pubmed/27935214
http://dx.doi.org/10.1017/S0007114507824093
http://dx.doi.org/10.1021/jf801989e
http://dx.doi.org/10.1002/mnfr.201300210
http://dx.doi.org/10.1002/mnfr.201400674
http://dx.doi.org/10.1038/sj.onc.1204506
http://dx.doi.org/10.3390/nu6093777
http://www.ncbi.nlm.nih.gov/pubmed/25244368


Antioxidants 2020, 9, 521 10 of 13

35. Velichkova, M.; Hasson, T. Keap1 regulates the oxidation-sensitive shuttling of Nrf2 into and out of the
nucleus via a Crm1-dependent nuclear export mechanism. Mol. Cell. Biol. 2005, 25, 4501–4513. [CrossRef]
[PubMed]

36. Osburn, W.O.; Wakabayashi, N.; Misra, V.; Nilles, T.; Biswal, S.; Trush, M.A.; Kensler, T.W. Nrf2 regulates an
adaptive response protecting against oxidative damage following diquat-mediated formation of superoxide
anion. Arch. Biochem. Biophys. 2006, 454, 7–15. [CrossRef] [PubMed]

37. Kobayashi, A.; Kang, M.-I.; Watai, Y.; Tong, K.I.; Shibata, T.; Uchida, K.; Yamamoto, M. Oxidative and
electrophilic stresses activate Nrf2 through inhibition of ubiquitination activity of Keap1. Mol. Cell. Biol.
2006, 26, 221–229. [CrossRef] [PubMed]

38. Itoh, K.; Tong, K.I.; Yamamoto, M. Molecular mechanism activating Nrf2–Keap1 pathway in regulation of
adaptive response to electrophiles. Free Rad. Biol. Med. 2004, 36, 1208–1213. [CrossRef] [PubMed]

39. McMahon, M.; Thomas, N.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Redox-regulated turnover of Nrf2
is determined by at least two separate protein domains, the redox-sensitive Neh2 degron and the
redox-insensitive Neh6 degron. J. Biol. Chem. 2004, 279, 31556–31567. [CrossRef]

40. Katoh, Y.; Itoh, K.; Yoshida, E.; Miyagishi, M.; Fukamizu, A.; Yamamoto, M. Two domains of Nrf2
cooperatively bind CBP, a CREB binding protein, and synergistically activate transcription. Genes Cells 2001,
6, 857–868. [CrossRef]

41. Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; Hayashi, N.; Satoh, K.; Hatayama, I.
An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through
antioxidant response elements. Biochem. Biophys. Res. Commun. 1997, 236, 313–322. [CrossRef]

42. Kobayashi, A.; Kang, M.-I.; Okawa, H.; Ohtsuji, M.; Zenke, Y.; Chiba, T.; Igarashi, K.; Yamamoto, M. Oxidative
stress sensor Keap1 functions as an adaptor for Cul3-based E3 ligase to regulate proteasomal degradation of
Nrf2. Mol. Cell. Biol. 2004, 24, 7130–7139. [CrossRef]

43. Nioi, P.; Nguyen, T.; Sherratt, P.J.; Pickett, C.B. The carboxy-terminal Neh3 domain of Nrf2 is required for
transcriptional activation. Mol. Cell. Biol. 2005, 25, 10895–10906. [CrossRef]

44. Bhakkiyalakshmi, E.; Sireesh, D.; Rajaguru, P.; Paulmurugan, R.; Ramkumar, K.M. The emerging role of
redox-sensitive Nrf2–Keap1 pathway in diabetes. Pharmacol. Res. 2015, 91, 104–114. [CrossRef] [PubMed]

45. Kensler, T.W.; Egner, P.A.; Agyeman, A.S.; Visvanathan, K.; Groopman, J.D.; Chen, J.-G.; Chen, T.-Y.;
Fahey, J.W.; Talalay, P. Keap1–nrf2 signaling: A target for cancer prevention by sulforaphane. In Natural
Products in Cancer Prevention and Therapy; Springer: Berlin, Germany, 2012; pp. 163–177.

46. Sales, N.; Pelegrini, P.; Goersch, M. Nutrigenomics: Definitions and advances of this new science.
J. Nutr. Metab. 2014, 2014, 202759. [CrossRef] [PubMed]

47. Huang, H.-C.; Nguyen, T.; Pickett, C.B. Regulation of the antioxidant response element by protein kinase
C-mediated phosphorylation of NF-E2-related factor 2. Proc. Natl. Acad. Sci. USA 2000, 97, 12475–12480.
[CrossRef] [PubMed]

48. Sun, Z.; Huang, Z.; Zhang, D.D. Phosphorylation of Nrf2 at multiple sites by MAP kinases has a limited
contribution in modulating the Nrf2-dependent antioxidant response. PLoS ONE 2009, 4, e6588. [CrossRef]

49. Murata, S.; Matsuda, T.; Kiguchi, S.; Kobayashi, M.; Cho, K.; Okuyama, K. Effects of long term administration
of KUR-1246, a selective β2-adrenoceptor agonist, on pregnant sheep and their fetuses. BJOG Int. J.
Obst. Gynaecol. 2005, 112, 69–74. [CrossRef] [PubMed]

50. Chen, X.-L.; Kunsch, C. Induction of cytoprotective genes through Nrf2/antioxidant response element
pathway: A new therapeutic approach for the treatment of inflammatory diseases. Curr. Pharm. Des. 2004,
10, 879–891. [CrossRef] [PubMed]

51. Hu, R.; Xu, C.; Shen, G.; Jain, M.R.; Khor, T.O.; Gopalkrishnan, A.; Lin, W.; Reddy, B.; Chan, J.Y.; Kong, A.-N.T.
Gene expression profiles induced by cancer chemopreventive isothiocyanate sulforaphane in the liver of
C57BL/6J mice and C57BL/6J/Nrf2 (−/−) mice. Cancer Lett. 2006, 243, 170–192. [CrossRef] [PubMed]

52. Talalay, P. Chemoprotection against cancer by induction of phase 2 enzymes. Biofactors 2000, 12, 5–11.
[CrossRef]

53. Zhang, Y. Phase II Enzymes. In Encyclopedia of Cancer; Schwab, M., Ed.; Springer: Berlin/Heidelberg, Germany,
2011; pp. 2853–2855. [CrossRef]

54. Mein, J.R.; James, D.R.; Lakkanna, S. Induction of phase 2 antioxidant enzymes by broccoli sulforaphane:
Perspectives in maintaining the antioxidant activity of vitamins A, C, and E. Front. Genet. 2012, 3, 7.

http://dx.doi.org/10.1128/MCB.25.11.4501-4513.2005
http://www.ncbi.nlm.nih.gov/pubmed/15899855
http://dx.doi.org/10.1016/j.abb.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16962985
http://dx.doi.org/10.1128/MCB.26.1.221-229.2006
http://www.ncbi.nlm.nih.gov/pubmed/16354693
http://dx.doi.org/10.1016/j.freeradbiomed.2004.02.075
http://www.ncbi.nlm.nih.gov/pubmed/15110385
http://dx.doi.org/10.1074/jbc.M403061200
http://dx.doi.org/10.1046/j.1365-2443.2001.00469.x
http://dx.doi.org/10.1006/bbrc.1997.6943
http://dx.doi.org/10.1128/MCB.24.16.7130-7139.2004
http://dx.doi.org/10.1128/MCB.25.24.10895-10906.2005
http://dx.doi.org/10.1016/j.phrs.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25447793
http://dx.doi.org/10.1155/2014/202759
http://www.ncbi.nlm.nih.gov/pubmed/24795820
http://dx.doi.org/10.1073/pnas.220418997
http://www.ncbi.nlm.nih.gov/pubmed/11035812
http://dx.doi.org/10.1371/journal.pone.0006588
http://dx.doi.org/10.1111/j.1471-0528.2004.00333.x
http://www.ncbi.nlm.nih.gov/pubmed/15663400
http://dx.doi.org/10.2174/1381612043452901
http://www.ncbi.nlm.nih.gov/pubmed/15032691
http://dx.doi.org/10.1016/j.canlet.2005.11.050
http://www.ncbi.nlm.nih.gov/pubmed/16516379
http://dx.doi.org/10.1002/biof.5520120102
http://dx.doi.org/10.1007/978-3-642-16483-5_4510


Antioxidants 2020, 9, 521 11 of 13

55. Hong, F.; Freeman, M.L.; Liebler, D.C. Identification of sensor cysteines in human Keap1 modified by the
cancer chemopreventive agent sulforaphane. Chem. Res. Toxicol. 2005, 18, 1917–1926. [CrossRef]

56. Ahn, Y.-H.; Hwang, Y.; Liu, H.; Wang, X.J.; Zhang, Y.; Stephenson, K.K.; Boronina, T.N.; Cole, R.N.;
Dinkova-Kostova, A.T.; Talalay, P. Electrophilic tuning of the chemoprotective natural product sulforaphane.
Proc. Natl. Acad. Sci. USA 2010, 107, 9590–9595. [CrossRef] [PubMed]

57. Leoncini, E.; Malaguti, M.; Angeloni, C.; Motori, E.; Fabbri, D.; Hrelia, S. Cruciferous vegetable phytochemical
sulforaphane affects phase II enzyme expression and activity in rat cardiomyocytes through modulation of
Akt signaling pathway. J. Food Sci. 2011, 76, H175–H181. [CrossRef] [PubMed]

58. Wu, L.; Ashraf, M.H.N.; Facci, M.; Wang, R.; Paterson, P.G.; Ferrie, A.; Juurlink, B.H. Dietary approach to
attenuate oxidative stress, hypertension, and inflammation in the cardiovascular system. Proc. Natl. Acad.
Sci. USA 2004, 101, 7094–7099. [CrossRef] [PubMed]

59. Ghosh, S.; May, M.J.; Kopp, E.B. NF-κB and Rel proteins: Evolutionarily conserved mediators of immune
responses. Ann. Rev. Immun. 1998, 16, 225–260. [CrossRef]

60. Ahn, K.S.; Aggarwal, B.B. Transcription factor NF-κB: A sensor for smoke and stress signals. Ann. N. Y.
Acad. Sci. 2005, 1056, 218–233. [CrossRef]

61. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017,
2, 17023. [CrossRef]

62. Moynagh, P.N. The NF-κB pathway. J. Cell Sci. 2005, 118, 4589–4592. [CrossRef]
63. Ruhee, R.T.; Roberts, L.A.; Ma, S.; Suzuki, K. Organosulfur compounds: A review of their anti-inflammatory

effects in human health. Front. Nutr. 2020, 7, 64. [CrossRef]
64. Qin, Z.; Tang, J.; Han, P.; Jiang, X.; Yang, C.; Li, R.; Tang, M.; Shen, B.; Wang, W.; Qin, C.; et al. Protective effects

of sulforaphane on di-n-butylphthalate-induced testicular oxidative stress injury in male mice offsprings via
activating Nrf2/ARE pathway. Oncotarget 2017, 8, 82956–82967. [CrossRef]

65. Heiss, E.; Herhaus, C.; Klimo, K.; Bartsch, H.; Gerhäuser, C. Nuclear factor κB is a molecular target for
sulforaphane-mediated anti-inflammatory mechanisms. J. Biol. Chem. 2001, 276, 32008–32015. [CrossRef]

66. Moon, D.-O.; Kim, M.-O.; Kang, S.-H.; Choi, Y.H.; Kim, G.-Y. Sulforaphane suppresses TNF-α-mediated
activation of NF-κB and induces apoptosis through activation of reactive oxygen species-dependent caspase-3.
Cancer Lett. 2009, 274, 132–142. [CrossRef] [PubMed]

67. Lin, W.; Wu, R.T.; Wu, T.; Khor, T.-O.; Wang, H.; Kong, A.-N. Sulforaphane suppressed LPS-induced
inflammation in mouse peritoneal macrophages through Nrf2 dependent pathway. Biochem. Pharmacol. 2008,
76, 967–973. [CrossRef] [PubMed]

68. Qin, S.; Yang, C.; Huang, W.; Du, S.; Mai, H.; Xiao, J.; Lü, T. Sulforaphane attenuates microglia-mediated
neuronal necroptosis through down-regulation of MAPK/NF-κB signaling pathways in LPS-activated BV-2
microglia. Pharmacol. Res. 2018, 133, 218–235. [CrossRef] [PubMed]

69. Ruhee, R.T.; Ma, S.; Suzuki, K. Sulforaphane protects cells against lipopolysaccharide-stimulated inflammation
in murine macrophages. Antioxidants 2019, 8, 577. [CrossRef] [PubMed]

70. Shan, Y.; Zhao, R.; Geng, W.; Lin, N.; Wang, X.; Du, X.; Wang, S. Protective effect of sulforaphane on human
vascular endothelial cells against lipopolysaccharide-induced inflammatory damage. Cardiovas. Toxicol.
2010, 10, 139–145. [CrossRef] [PubMed]

71. Woo, K.J.; Kwon, T.K. Sulforaphane suppresses lipopolysaccharide-induced cyclooxygenase-2 (COX-2)
expression through the modulation of multiple targets in COX-2 gene promoter. Int. Immunopharmacol. 2007,
7, 1776–1783. [CrossRef]

72. Wang, C.; Wang, C. Anti-nociceptive and anti-inflammatory actions of sulforaphane in chronic constriction
injury-induced neuropathic pain mice. Inflammopharmacology 2017, 25, 99–106. [CrossRef]

73. Sun, C.-C.; Li, S.-J.; Yang, C.-L.; Xue, R.-L.; Xi, Y.-Y.; Wang, L.; Zhao, Q.-L.; Li, D.-J. Sulforaphane attenuates
muscle inflammation in dystrophin-deficient mdx mice via NF-E2-related factor 2 (Nrf2)-mediated inhibition
of NF-κB signaling pathway. J. Biol. Chem. 2015, 290, 17784–17795. [CrossRef]

74. Qi, T.; Xu, F.; Yan, X.; Li, S.; Li, H. Sulforaphane exerts anti-inflammatory effects against
lipopolysaccharide-induced acute lung injury in mice through the Nrf2/ARE pathway. Int. J. Mol. Med. 2016,
37, 182–188. [CrossRef]

75. Baldwin, A.S. Control of oncogenesis and cancer therapy resistance by the transcription factor NF-κB.
J. Clin. Investig. 2001, 107, 241–246. [CrossRef]

http://dx.doi.org/10.1021/tx0502138
http://dx.doi.org/10.1073/pnas.1004104107
http://www.ncbi.nlm.nih.gov/pubmed/20439747
http://dx.doi.org/10.1111/j.1750-3841.2011.02311.x
http://www.ncbi.nlm.nih.gov/pubmed/22417554
http://dx.doi.org/10.1073/pnas.0402004101
http://www.ncbi.nlm.nih.gov/pubmed/15103025
http://dx.doi.org/10.1146/annurev.immunol.16.1.225
http://dx.doi.org/10.1196/annals.1352.026
http://dx.doi.org/10.1038/sigtrans.2017.23
http://dx.doi.org/10.1242/jcs.02579
http://dx.doi.org/10.3389/fnut.2020.00064
http://dx.doi.org/10.18632/oncotarget.19981
http://dx.doi.org/10.1074/jbc.M104794200
http://dx.doi.org/10.1016/j.canlet.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18952368
http://dx.doi.org/10.1016/j.bcp.2008.07.036
http://www.ncbi.nlm.nih.gov/pubmed/18755157
http://dx.doi.org/10.1016/j.phrs.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29391237
http://dx.doi.org/10.3390/antiox8120577
http://www.ncbi.nlm.nih.gov/pubmed/31766492
http://dx.doi.org/10.1007/s12012-010-9072-0
http://www.ncbi.nlm.nih.gov/pubmed/20405237
http://dx.doi.org/10.1016/j.intimp.2007.09.018
http://dx.doi.org/10.1007/s10787-016-0307-y
http://dx.doi.org/10.1074/jbc.M115.655019
http://dx.doi.org/10.3892/ijmm.2015.2396
http://dx.doi.org/10.1172/JCI11991


Antioxidants 2020, 9, 521 12 of 13

76. Abou Elmagd, M. Benefits, need and importance of daily exercise. Int. J. Phys. Educ. Sports Health 2016, 3,
22–27.

77. Radak, Z.; Kaneko, T.; Tahara, S.; Nakamoto, H.; Ohno, H.; Sasvari, M.; Nyakas, C.; Goto, S. The effect of
exercise training on oxidative damage of lipids, proteins, and DNA in rat skeletal muscle: Evidence for
beneficial outcomes. Free Rad. Biol. Med. 1999, 27, 69–74. [CrossRef]

78. Suzuki, K.; Tominaga, T.; Ruhee, R.T.; Ma, S. Characterization and modulation of systemic inflammatory
response to exhaustive exercise in relation to oxidative stress. Antioxidants 2020, 9, 401. [CrossRef] [PubMed]

79. Sun, C.; Yang, C.; Xue, R.; Li, S.; Zhang, T.; Pan, L.; Ma, X.; Wang, L.; Li, D. Sulforaphane alleviates muscular
dystrophy in mdx mice by activation of Nrf2. J. Appl. Physiol. 2015, 118, 224–237. [CrossRef] [PubMed]

80. Oh, S.; Komine, S.; Warabi, E.; Akiyama, K.; Ishii, A.; Ishige, K.; Mizokami, Y.; Kuga, K.; Horie, M.;
Miwa, Y. Nuclear factor (erythroid derived 2)-like 2 activation increases exercise endurance capacity via
redox modulation in skeletal muscles. Sci. Rep. 2017, 7, 1–11. [CrossRef]

81. Malaguti, M.; Angeloni, C.; Garatachea, N.; Baldini, M.; Leoncini, E.; Collado, P.S.; Teti, G.; Falconi, M.;
Gonzalez-Gallego, J.; Hrelia, S. Sulforaphane treatment protects skeletal muscle against damage induced by
exhaustive exercise in rats. J. Appl. Physiol. 2009, 107, 1028–1036. [CrossRef] [PubMed]

82. Ruhee, R.T.; Ma, S.; Suzuki, K. Protective effects of sulforaphane on exercise-induced organ damage via
inducing antioxidant defense responses. Antioxidants 2020, 9, 136. [CrossRef]

83. Kikuchi, M.; Ushida, Y.; Shiozawa, H.; Umeda, R.; Tsuruya, K.; Aoki, Y.; Suganuma, H.;
Nishizaki, Y. Sulforaphane-rich broccoli sprout extract improves hepatic abnormalities in male subjects.
World J. Gastroenterol. 2015, 21, 12457. [CrossRef]

84. Wu, G.; Chen, Y.; Huang, X.; Zhang, L. Exhaustive swimming exercise related kidney injury in rats–Protective
effects of acetylbritannilactone. Int. J. Sports Med. 2012, 33, 1–7. [CrossRef]

85. Godínez-Victoria, M.; Drago-Serrano, M.E.; Reyna-Garfias, H.; Viloria, M.; Lara-Padilla, E.;
Resendiz-Albor, A.A.; Sánchez-Torres, L.E.; Cruz-Hernández, T.R.; Campos-Rodriguez, R. Effects on
secretory IgA levels in small intestine of mice that underwent moderate exercise training followed by a bout
of strenuous swimming exercise. Brain Behav. Immun. 2012, 26, 1300–1309. [CrossRef]

86. Hou, P.; Zhou, X.; Yu, L.; Yao, Y.; Zhang, Y.; Huang, Y.; Chen, M.; Yi, L.; Mi, M. Exhaustive Exercise Induces
Gastrointestinal Syndrome through Reduced ILC3 and IL-22 in Mouse Model. Med. Sci. Sports Exerc. 2020.
[CrossRef] [PubMed]

87. Yoon, H.-Y.; Kang, N.-I.; Lee, H.-K.; Jang, K.Y.; Park, J.-W.; Park, B.-H. Sulforaphane protects kidneys against
ischemia-reperfusion injury through induction of the Nrf2-dependent phase 2 enzyme. Biochem. Pharmacol.
2008, 75, 2214–2223. [CrossRef] [PubMed]

88. Nguyen, B.; Luong, L.; Naase, H.; Vives, M.; Jakaj, G.; Finch, J.; Boyle, J.; Mulholland, J.W.; Kwak, J.-h.; Pyo, S.
Sulforaphane pretreatment prevents systemic inflammation and renal injury in response to cardiopulmonary
bypass. J. Thorac. Cardiovasc. Surg. 2014, 148, 690–697.e693. [CrossRef] [PubMed]

89. Wagner, A.E.; Will, O.; Sturm, C.; Lipinski, S.; Rosenstiel, P.; Rimbach, G. DSS-induced acute colitis in C57BL/6
mice is mitigated by sulforaphane pre-treatment. J. Nutr. Biochem. 2013, 24, 2085–2091. [CrossRef]

90. Mokhtari, R.B.; Baluch, N.; Homayouni, T.S.; Morgatskaya, E.; Kumar, S.; Kazemi, P.; Yeger, H. The role of
Sulforaphane in cancer chemoprevention and health benefits: A mini-review. J. Cell Commun. Signal. 2018,
12, 91–101. [CrossRef]

91. Clarke, J.D.; Dashwood, R.H.; Ho, E. Multi-targeted prevention of cancer by sulforaphane. Cancer Lett. 2008,
269, 291–304. [CrossRef]

92. Guo, S.; Qiu, P.; Xu, G.; Wu, X.; Dong, P.; Yang, G.; Zheng, J.; McClements, D.J.; Xiao, H. Synergistic
anti-inflammatory effects of nobiletin and sulforaphane in lipopolysaccharide-stimulated RAW 264.7 cells.
J. Agric. Food Chem. 2012, 60, 2157–2164. [CrossRef]

93. Jones, S.B.; Brooks, J.D. Modest induction of phase 2 enzyme activity in the F-344 rat prostate. BMC Cancer
2006, 6, 62. [CrossRef]

94. Beaver, L.M.; Williams, D.E.; Dashwood, R.H.; Ho, E. Chemoprevention of prostate cancer with cruciferous
vegetables: Role of epigenetics. In Nutrition, Diet and Cancer; Shankar, S., Srivastava, R.K., Eds.; Springer:
Dordrecht, the Netherlands, 2012; pp. 49–81.

95. Saborido, A.; Naudí, A.; Portero-Otín, M.; Pamplona, R.; Megías, A. Stanozolol treatment decreases
the mitochondrial ROS generation and oxidative stress induced by acute exercise in rat skeletal muscle.
J. Appl. Physiol. 2011, 110, 661–669. [CrossRef]

http://dx.doi.org/10.1016/S0891-5849(99)00038-6
http://dx.doi.org/10.3390/antiox9050401
http://www.ncbi.nlm.nih.gov/pubmed/32397304
http://dx.doi.org/10.1152/japplphysiol.00744.2014
http://www.ncbi.nlm.nih.gov/pubmed/25593219
http://dx.doi.org/10.1038/s41598-017-12926-y
http://dx.doi.org/10.1152/japplphysiol.00293.2009
http://www.ncbi.nlm.nih.gov/pubmed/19713431
http://dx.doi.org/10.3390/antiox9020136
http://dx.doi.org/10.3748/wjg.v21.i43.12457
http://dx.doi.org/10.1055/s-0031-1284397
http://dx.doi.org/10.1016/j.bbi.2012.07.018
http://dx.doi.org/10.1249/MSS.0000000000002298
http://www.ncbi.nlm.nih.gov/pubmed/32079925
http://dx.doi.org/10.1016/j.bcp.2008.02.029
http://www.ncbi.nlm.nih.gov/pubmed/18407246
http://dx.doi.org/10.1016/j.jtcvs.2013.12.048
http://www.ncbi.nlm.nih.gov/pubmed/24521949
http://dx.doi.org/10.1016/j.jnutbio.2013.07.009
http://dx.doi.org/10.1007/s12079-017-0401-y
http://dx.doi.org/10.1016/j.canlet.2008.04.018
http://dx.doi.org/10.1021/jf300129t
http://dx.doi.org/10.1186/1471-2407-6-62
http://dx.doi.org/10.1152/japplphysiol.00790.2010


Antioxidants 2020, 9, 521 13 of 13

96. Gaona-Gaona, L.; Molina-Jijón, E.; Tapia, E.; Zazueta, C.; Hernández-Pando, R.; Calderón-Oliver, M.;
Zarco-Márquez, G.; Pinzón, E.; Pedraza-Chaverri, J. Protective effect of sulforaphane pretreatment against
cisplatin-induced liver and mitochondrial oxidant damage in rats. Toxicology 2011, 286, 20–27. [CrossRef]

97. Lopez-Chillon, M.T.; Carazo-Díaz, C.; Prieto-Merino, D.; Zafrilla, P.; Moreno, D.A.; Villaño, D. Effects of
long-term consumption of broccoli sprouts on inflammatory markers in overweight subjects. Clin. Nutr.
2019, 38, 745–752. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tox.2011.04.014
http://dx.doi.org/10.1016/j.clnu.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29573889
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	History and Epidemiology of Cruciferous Vegetables Intake and Disease Risk 
	Biologically Active Constituents of Cruciferous Vegetables: SFN 
	Bioavailability and Pharmacokinetics of SFN 

	Effects of SFN Treatment on Redox Modulation 
	Keap1/Nrf2/ARE Signaling Pathway 
	SFN as a Potential Nutrigenomic Activator of Nrf2 
	SFN Reduces Oxidative Stress via Inducing Nrf2 Target Genes 

	Effects of SFN on Reducing Inflammation 
	Activation of NF-B in Response to Stimulation 
	SFN Reduces Inflammatory Responses by Suppressing NF-B Activation 

	Effects of SFN on Exercise-induced Organ Damage 
	Future Remarks and Application and/or Synergistic Use of SFN 
	References

