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Cruciferous vegetables: rationale for exploring potential
salutary effects of sulforaphane-rich foods in patients with

chronic kidney disease

Ludmila F.M.F. Cardozo (@, Livia A. Alvarenga (®, Marcia Ribeiro, Lu Dai, Paul G. Shiels, Peter Stenvinkel,

Bengt Lindholm, and Denise Mafra

Sulforaphane (SFN) is a sulfur-containing isothiocyanate found in cruciferous vege-
tables (Brassicaceae) and a well-known activator of nuclear factor-erythroid 2-re-
lated factor 2 (Nrf2), considered a master requlator of cellular antioxidant
responses. Patients with chronic diseases, such as diabetes, cardiovascular disease,
cancer, and chronic kidney disease (CKD) present with high levels of oxidative stress
and a massive inflammatory burden associated with diminished Nrf2 and elevated
nuclear transcription factor-xB-xB expression. Because it is a common constituent
of dietary vegetables, the salutogenic properties of sulforaphane, especially it’s anti-
oxidative and anti-inflammatory properties, have been explored as a nutritional in-
tervention in a range of diseases of ageing, though data on CKD remain scarce. In
this brief review, the effects of SFN as a senotherapeutic agent are described and a
rationale is provided for studies that aim to explore the potential benefits of SFN-

rich foods in patients with CKD.

INTRODUCTION

Cruciferous  vegetables, which Dbelong to the
Brassicaceae family, such as broccoli, broccoli sprouts,
brussels sprouts, cabbage, cauliflower, kale, and green
cabbage, are highly nutritious foodstuffs in the diet, as
highlighted by numerous clinical' > and epidemiologi-
cal*® studies. These vegetables are rich in vitamins,
minerals, (poly)phenolics, and have sulfur-containing
compounds, such as the isothiocyanate sulforaphane
(SEN).°

Recent studies have demonstrated that SFN poten-
tially has numerous essential roles as an antimicrobial,
antioxidant, anti-inflammatory,”® and anti-onco-
genic'® agent and as an epigenetic modulator."'""?
Sulforaphane is a nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) agonist and as such, it indirectly can influ-
ence the transcription of a battery of antioxidant
enzymes.'* Sulforaphane also exhibits cytoprotective
properties, through increasing natural killer (NK) cell
activity and TP53 expression, suppression of nuclear
transcription factor-«B (NF-xB), increase in inhibition
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of histone deacetylases, induction of apoptosis, as well
as antimicrobial properties.” Sulforaphane has been
reported to act as a bactericidal agent against
Helicobacter pylori by inhibiting bacterial urease synthe-
sis.” It has also been speculated that Nrf2 activators
have a potential role in the treatment of coronavirus
disease 2019 (COVID-19) viral pneumonia via benefit-
ing the pulmonary antibacterial defense system."
Indeed, Miiller et al'®showed in a randomized con-
trolled study that SFN-containing broccoli-sprout
homogenates increased virus-induced, peripheral-
blood, NK-cell granzyme B production in NK cells
compared to alfalfa sprout homogenate; thus, the effects
of broccoli sprouts on severity of COVID-19 infection
need attention.

The beneficial properties of SEN have been exten-
sively studied in the context of cancer.'’~*° In addition,
SEN may contribute to prevention and mitigation of
complications in several other diseases, such as diabetes,
obesity, and cardiovascular and neurological dis-
eases.”' ** In this review, we summarize some of the po-
tential beneficial effects of SFN in various diseases and
then provide a rationale for studies exploring its poten-
tial also in chronic kidney disease (CKD).

CRUCIFEROUS VEGETABLES AS A SOURCE OF
SULFORAPHANE

Sulforaphane (4-methyl-sulfinyl butyl isothiocyanate) is
a naturally occurring, oily isothiocyanate found in cru-
ciferous vegetables. Glucoraphanin (4-methyl-sulfinyl
butyl) is the inactive and chemically stable biological
precursor of SFN, which belongs to a group of phyto-
chemicals termed glucosinolates (GLSs) that have a
sugar component (ie, D-glucose or dextrose) built into
their structure.®*

When a cruciferous vegetable suffers tissue damage
by a microbial attack, mechanical food processing, or
chewing, the enzyme myrosinase, which usually is in

the plant, is physically segregated from glucosinolates,
released, and comes into contact with glucoraphanin.
Myrosinase catalyzes the hydrolysis of glucoraphanin,
releasing glucose and sulphate components, the latter
forming stable intermediate products, of which the
most reactive is SEN isothiocyanate (Figure 1).>*

Broccoli, cabbage, cauliflower, and kale are vegeta-
bles rich in SFN. Among these vegetables, broccoli con-
tains the highest concentration of SFN,* and broccoli
sprouts contain even higher SFN levels (1153 mg/100 g
dry weight) than mature broccoli (44-171 mg/100 g dry
weight). Figure 2 shows the approximate glucosinolate
concentration in 100g of cruciferous fresh vegeta-
bles.”>*®* Sulforaphane is prevalent in fresh vegetable
material but not in vegetable derivatives, such as pow-
der and tablets, where it is not detectable.?

Total concentrations of GLS in cruciferous vegeta-
bles can be influenced by processing methods and heat
treatment (>70°C), as in routine domestic-cooking
procedures such as blanching, boiling, and freezing,*>*°
where the plant’s myrosinase is inactivated, thus inter-
rupting the formation of SEN.?® Blanching reduces total
GLS concentrations by 13.0% in white cauliflower and
30.0% in brussels sprouts and broccoli. In boiled vegeta-
bles, losses are more substantial, reaching 35.3% in
white cauliflower and 72.4% in curly kale. For broccoli,
the loss of glucoraphanin has been reported as 39.1% by
blanching and 60.6% by boiling.*® Apart from this, cold
storage in a domestic refrigerator (4-8°C) for 7 days
reduces the concentration of GLSs in broccoli (—27%),
brussels sprouts (—20%), cauliflower (—11%), and green
cabbage (—14%).”" In contrast, microwaving and mild
heating in the range of 40-60°C has been reported to
increase the levels of glucoraphanin and SFN in broc-
coli compared to raw broccoli.** Although mammals do
not possess myrosinases, the conversion of glucorapha-
nin to SFN still occurs and seems to be carried out by
the intestinal microbiota; this is discussed later in this
review.
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Figure 1 Conversion of glucoraphanin to sulforaphane.
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Figure 2 Glucosinolate concentration in cruciferous fresh vegetables.

The GLS fraction that is released from the plant
matrix is bioaccessible as it is hydrolyzed by the myrosi-
nase present in plants or by the myrosinase-like activity
of the human gut microbiota. The underlying biochem-
istry of these processes is exemplified by the mercaptu-
ric acid pathway, where isothiocyanates are conjugated
to glutathione (GSH) by a reaction catalyzed by gluta-
thione transferase. Several cleavage reactions occur, giv-
ing rise to sulforaphane-N-acetylcysteine.**® The
isothiocyanate conjugates are then actively transported
into the extracellular space by multidrug resistance-as-
sociated protein 1, 2, and P-glycoprotein.”

Isothiocyanate-glutathione conjugates dissociate in
the blood, partly due to the low plasma GSH concentra-
tion and partly through further conjugation with serum
albumin, which is a source of free thiol groups. Free iso-
thiocyanate can be absorbed by peripheral organs,
where it can accumulate in cells by reacting with thiol
groups in GSH and other proteins, with both forms ex-
creted mainly in the urine.”>**

Sulforaphane absorption and excretion in humans
have been evaluated in several small clinical studies,
and the evidence indicates absorption is affected by the
way SEN is consumed.””® SFN absorption was
assessed in healthy individuals after a meal containing
air-dried broccoli sprouts rich in myrosinase, broccoli
powder lacking myrosinase, and a combination of both.
The 24-hour urinary excretion of SFN was 74% for
broccoli sprouts, 19% for broccoli powder, and 49% for
the combination,”® demonstrating that the presence of
myrosinase appears to improve SEN absorption.’>?’
Higher levels of SEN were found in human blood and
urine after raw broccoli was consumed (bioavailability
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of 37%), compared with cooked broccoli (bioavailability
of 3.4%). The time to reach the peak of plasma SFN
concentration was also shorter in raw broccoli
(1.6 hours) compared with cooked broccoli (6 hours).*

In humans, a moderate dose of SFN appears safe;
the metabolites are rapidly eliminated®** and daily ad-
ministration of broccoli-sprout extract for 3 months to
patients with type 2 diabetes resulted in no severe ad-
verse effects.*’ Notably, in vitro studies have reported
that although low doses of SFN (0.25uM) protected
mesenchymal stem cells from cellular oxidative injuries
and inhibited those cells from undergoing senescence
(detected with f-galactosidase assay) and apoptosis,
high doses of SEN (20 uM) exerted a cytotoxic effect by
boosting DNA damage, resulting in cell-cycle arrest, se-
nescence, and apoptosis.** This finding suggests a high
dose of SNF potentially could be toxic and pro-oxidant
by causing GSH depletion and superoxide production.
Kubo et al*’ proposed that such toxic and pro-oxidant
SEN activity is related to overactivation of NRF2-
mediated Kruppel-like (KIf9) expression and down-
stream repression of peroxiredoxin 6 (Prdx6) (ie, Nrf2/
KIf9/Prdx6 axis), inducing unfavorable oxidative stress
and cell death.*’

Sulforaphane has gained increased attention be-
cause of salutogenic effects mediated through the Nrf2
pathway,14 especially in cancer, but also because of its
potential preventive effects in diabetes and cardiovascu-
lar and neurological diseases.2"*>** Here, we discuss
the potential effects of SFN as an anti-inflammatory
agent, an antioxidant, an antioncogenic agent, and a
senotherapeutic, all in the context of CKD.

Nutrition Reviews® Vol. 79(11):1204—-1224

202 Iudy Gz U0 1senB AQ L1/ L709/¥0Z L/ | L/6.L/BIOIE/SMBIABILONLINU/WOO"ANO"dILSPEOE/:SARY WOI) PEPEOUMO(]



SULFORAPHANE EFFECTS ON NRF2 AND
INFLAMMATION

In a bibliometric review of the biological effects of SEN,
activation of Nrf2 was the most cited pathway.'* The
Keap 1-Nrf2-ARE pathway is the primary regulator of
cell cytoprotective responses to increased oxidative
stress, through inducible expression of detoxification
and antioxidant enzymes.** Nrf2 is a protein that con-
tains 605 amino acids and is expressed in several tissues
and cell types. It belongs to a subgroup of fundamental
leucine zipper genes that share a conserved structural
domain called Cap-N-Collar.*>*° In the absence of oxi-
dative stress, the cytosolic repressor protein Kelch-like
ECH-associated protein 1 (Keapl), an adapter compo-
nent of the E3 ubiquitin ligase complex based on Cullin
3 (Cul3), inhibits the Nrf2, which then undergoes ubiq-
uitination and promotes Nrf2 proteasomal degrada-
tion.*® Thus, Keapl is a negative cysteine-rich Nrf2
regulator,”’ and these reactive cysteine residues act as
sensors for oxidants and electrophiles.*®

The main characteristic of SEN is its electrophilic-
ity, which occurs because of the high chemical reactivity
of the central carbon of the isothiocyanate group that
reacts with nucleophiles containing a sulfur, nitrogen,
or oxygen center.*® Thus, the isothiocyanates promote
modification of the thiol groups on Keapl, inducing the
dissociation of the 2 proteins and a consequent increase
in Nrf2 intracellular levels.*” Nrf2 moves to the nucleus
and interacts with small musculoaponeurotic fibrosar-
coma proteins and coactivating proteins, activating an-
tioxidant response elements in their promoter regions,
activating the transcription of the target gene,**’ lead-
ing to the expression of more cytoprotective proteins
with antioxidant and detoxifying functions, such as
NAD(P)H quinone oxidoreductase 1 (NQO1) and
heme oxygenase 1 (HO-1).>"** Nrf2 also binds to the
regulatory regions of these inflammatory cytokine
genes™ and also can antagonize NF-xB, which coordi-
nates the expression of inflammatory genes, by prevent-
ing the degradation of its cytosolic repressor (IxB).”*>>
In vitro studies have shown a positive regulation of
phase II antioxidant enzymes, a downregulation of NF-
kB, and a decrease of reactive oxygen species (ROS)
production, and ICAM-1, VCAM-1, E-selectin, and
monocyte adhesion to endothelial expression in cells
treated with SEN.>*"%°

Sulforaphane also had anti-inflammatory activity in
several contexts across a range of in vitro and in vivo

58,61-63 8,9,41,58,59,61,62,64-108 .
(Table1). Evidence

studies
indicates SEN not only activates Nrf2 but also targets
other pathways associated with inflammation, including

direct inhibitory activity on NF-xB and direct negative
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regulation of pro-inflammatory genes and inflamma-
Somes.1097113

Sulforaphane modulates NF-«B activity by selective
reduction of NF-«B target DNA binding with or with-
out interfering with NF-xB nuclear translocation.
Mechanistically, SEN interacts with thiol groups by the
formation of dithiocarbamate, thus preventing reduc-
tion-oxidation-sensitive DNA binding and NF-xB
transactivation. Sulforaphane appears to directly inacti-
vate NF-xB subunits by binding to essential Cys resi-
dues or interacting with GSH or other reduction-
oxidation regulators important to NF-xB function.'"
In an in vitro study, SEN induced phosphatidylinositol
3-kinase/protein kinase B (AKT) activity, with conse-
quent phosphorylation of glycogen synthase kinase 3 f§
(GSK3p) leading to Nrf2 activation. Sulforaphane also
prevented the interaction between NF-xB and its con-
sensus sequence by modifying free thiols on NF-xB in
lymphocytes.''

Wang et al* demonstrated that 0.5 mg/kg SEN ad-
ministered subcutaneously for 5 days/week over 4
months in a mouse model of type 2 diabetes increased
Nrf2 mRNA expression, with consequent increase in
SOD-1 and HO-1 expression. Treated animals displayed
reduced changes in wall thickness and structural de-
rangement of the aorta. In addition, SFN decreased lev-
els of some inflammatory markers, including TNF and
VCAM-1. In keeping with these observations, Giacoppo
et al” demonstrated that 10 mg/kg/day (R,)-glucora-
phanin bioactivated with myrosinase decreased NF-xB
translocation to the nucleus, resulting in decreased ex-
pression of IL-1f, Bax, and caspase 3 in a murine model
of multiple sclerosis, indicating the cytoprotective and
antiapoptotic effect of such a treatment.

Inflammasomes are multiprotein cytoplasmic com-
plexes from the innate immune system; they are formed
in response to stimuli of pathogen-associated and
danger-associated molecular patterns, such as by infec-
tions, tissue damage, or cell stress. The inflammasomes
promote the activation of caspase-1, which, through
cleavage of IL-1f and IL-18, give rise to its mature
forms, leading to local and systemic inflammatory reac-
tions.!1&117 Surprisingly, inflammasome inhibition by
SEN seems to be independent of the transcription factor
Nrf2 and the antioxidant response-element pathway.
Sulforaphane inhibits the autoproteolytic activation of
caspase-1 and IL-1f maturation and reduces the activa-
tion of NLRP1 and NLRP3 inflammasome.'"” These
findings contribute to a better understanding of the
anti-inflammatory effects of SNF, because they indicate
SEN can inhibit the inflammasomes and, consequently,
the inflammatory process, by an alternative mechanism.
Because SFN has been overlooked as a mediator of
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Figure 3 Effects on Nrf2 and inflammatory factors in the cells. Sulforaphane in cruciferous vegetables activates the nuclear factor erythroid
2-related factor 2 (Nrf2) and through this and other pathways, influences inflammatory factors in the cells. Sulforaphane modifies the thiol
groups of Keap1, increases the availability of Nrf2 to the nucleus, binds to the essential Cys residues, inactivates NF-kB, and reduces the acti-

vation of NLRP3 inflammasome.

many inflammatory pathways, the Nrf2-independent
anti-inflammatory effects of SEN deserve more study.'"

Inflammation and oxidative stress are intrinsically
involved in the pathogenesis of chronic noncommuni-
cable diseases such as CVD, hypertension, obesity,
CKD, diabetes, and cancer.''® Accordingly, numerous
nutritional strategies have been developed and applied
in an attempt to decrease inflammation and oxidative
stress, and to improve the quality of life of affected indi-
viduals.""®'"* According to studies summarized in this
review, SEN treatment seems to be an efficient anti-
inflammatory and antioxidant strategy, as shown the
Figure 3. Clinical studies in humans should be encour-
aged because only a limited number of published
reports dealing with this topic currently exist in the
literature.

SULFORAPHANE AS A MODULATOR OF AGEING
PROCESSES

Ageing is a process characterized by physiological de-
cline and a diminished capacity to maintain physiologi-
cal homeostasis due to “the burden of wear and
tear”'?! resulting from allostatic (over)load over the life
course.'”*"?! As such, the human body becomes suscep-
tible to exogenous or endogenous stress stimuli and cel-
lular insults, predisposing individuals at high risk for
development of chronic degenerative diseases (eg,
CVD, CKD, diabetes, cancer, sarcopenia, neurodegen-
erative diseases).'”> One of the prominent features of

1212

premature ageing is the incremental increase in oxida-
tive stress and the waning of the antioxidant defense
system, which eventually lead to cumulative oxidative
DNA damage and cellular senescence concomitant with
chronic inflammation.'*> Accumulating evidence sug-
gests that isothiocyanates, including SEN, can counter-
act aspects of the ageing process via a range of
underlying mechanisms, from Nrf2-dependent or inde-
pendent pathways to modification of the epigenetic
landscape of ageing.'**

Given the role of Nrf2 as a geroprotective agent
and mediator of ageing processes,'>” it is tempting to
speculate on the capacity of SFN to prevent or mitigate
the progression of ageing-related diseases. Indeed, the
Nrf2-dependent antiaging potential of SNF has been
widely demonstrated for cardiovascular ageing in pre-
clinical and clinical studies. Accordingly, SNF-mediated
Nrf2 signaling has been demonstrated to hurdle endo-
thelial cell activation in atherosclerotic plaque,'* regu-
late vascular smooth-muscle proliferation,'””” and
mitigate the inflammatory and thrombotic burden.'*®
Such a protective and geroprotective role for SNF has
also been described in various neuropathological dis-
eases, including Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, Huntington’s dis-
ease, and multiple sclerosis, 41297133 Recently, Saleh et
al”® showed that SEN could improve liver ageing and
inhibit hepatic fibrosis via the Keap-1/Nrf2 pathway in
D-galactose-induced liver ageing rats.
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Apart from targeting Nrf2 signaling-mediated oxi-
dative DNA damage and inflammation, low-dose treat-
ment with SNF (1 uM, once per week) delayed the onset
of cellular senescence by repressing cellular glucose up-
take and downregulating glycolysis, thus exerting a ca-
loric  restriction ~mimetic-like response.””*  Such
antisenescence activity has also been reported in mesen-
chymal stem cell culture under oxidative stress condi-
tions (300 uM hydrogen peroxide [H,0,]), where a
hormetic (ie, biphasic dose response) behavior of SNF
was observed.*?

SULFORAPHANE AND THE EPIGENOME

The epigenetic landscape comprises canonical features,
such as DNA methylation and chromatin modification,
as well as noncanonical features, such as reciprocal reg-
ulatory networks of noncoding RNAs."** This landscape
enables rapid genomic responses to environmental
changes without the requirement to fix these in the
DNA sequence, which would otherwise take many gen-
erations."**'*” Dysregulation of the epigenome can lead
to multistage carcinogenesis, accelerated ageing, and
the development of chronic diseases.'">'>>!**1>%

Cancer cells also display several DNA alterations,
such as site-specific DNA hypermethylation, altered cel-
lular histone deacetylase (HDAC) activity, and altered
microRNA (miRNA) expression. DNA methyltransfer-
ases (DNMTs), enzymes that methylate DNA cytosine
residues, and HDACs function to enable stable gene re-
pression.'”” In this context, SEN has been characterized
as a modulator of epigenetic enzymes, via inhibition of
HDAC expression, that may have a similar effect as tri-
chostatin A, a pharmaceutical HDAC inhibitor."**'*

Abbaoui et al'’ showed in an in vitro study of blad-
der cancer that SFN inhibits HDAC, specifically
HDACG:s 1, 2, 4, and 6, by decreased histone acetyltrans-
ferase activity. In addition, SFN decreases the phos-
phorylation status of histone H1 and increases
phosphatase PP1 and PP2A activity. These data sup-
port the assertion that SFN modulates histone status
through HDAC inhibition and increase of phosphatase
activity."> Also, in a study in melanoma cell lines, SEN
reduced cell viability and total histone deacetylase activ-
ity, and modulated the expression levels of histone
deacetylases, and acetyl and methyltransferases. These
results indicate SFN regulates the epigenetic response
by modulation of acetylation and methylation in mela-
noma cells."

In a study of colorectal cancer in rats, a single ad-
ministration of 60mg/kg SFN by gavage decreased
HDACS3 expression and histone acetyltransferase activ-
ity, and increased y-H2AX levels, a marker of DNA
damage. These results have shown that SEN causes

Nutrition Reviews® Vol. 79(11):1204-1224

DNA damage in colon cancer cells and decreases their
proliferation."*" This hypothesis is an essential caveat
for strategies using SFN to treat cancers, especially
Nrf2-positive cancers, that dosing requirement and
signs of any hormetic effects need more investigation,
robust data, and data analysis.

In another in vitro study, SFN was described as af-
fecting the hypomethylation of phosphatase and tensin
homolog (PTEN) and retinoic acid receptor f 2
(RARS2) promoters, which led to concomitant tumor
suppressor gene upregulation. The PTEN and RARp2
promoters are involved in the tumor suppressor genes
that are silenced in breast cancer cells. It is thus essen-
tial to recognize that PTEN and RARfS2 promoters can
decrease DNMT expression through negative regulation
of the MAPKAPI signaling pathway, an intracellular
oncogenic pathway.'** Another study in breast cancer
cells showed that the anticancer effects of SEN were me-
diated by global DNA hypomethylation, decreased lev-
els of DNMT1 and DNMT3B, and diminished N6-
methyladenosine RNA methylation. In another study,
SEN upregulated expression of 60 miRNAs and down-
regulated expression of 32 miRNAs.'*’

Another study using human hepatocellular carci-
noma cells showed that SFN can downregulate DNA
damage and modulate expression of histone deacety-
lases, leading to downregulated genes involved in in-
flammatory signaling (HDACS5 and HDACI1) as well as
upregulated and hypomethylated genes linked to the
Nrf2 pathway, including NQOI, HO-I, glutamate-
cysteine ligases, and thioredoxin reductase 1.'**
Epigenetic regulation of Nrf2 through SFN promotes
the transcription of Nrf2 and its nuclear translocation
and activation.'** Also, in primary effusion lymphoma
cells, SEN decreased cell viability and inhibited the
phosphorylation of p38 mitogen-activated protein ki-
nase and AKT, both of which are involved in the in-
flammatory response. Consequently, there was a
reduction in cell growth and enhanced apoptosis.'*®

In a study in dendritic cells, which have a pivotal
role in host immune responses, SEN inhibited the
lipopolysaccharide-induced HDAC6, HDACI0, and
DNMT3a gene expression. Moreover, SEN upregulated
the expression of the DNMT]I gene and inhibited global
HDAC activity. Sulforaphane altered the induction of
toll-like 4 receptor gene expression, consequently regu-
lating the toll-like 4 receptor-induced activity of tran-
scription factor NF-xB and leading to decreased pro-
inflammatory cytokine secretion.'*”

Another epigenetic action of SEN is by inhibition
of telomerase reverse transcriptase (hnTERT) expression
and activity. Levels of hTERT, a catalytic subunit of tel-
omerase responsible for changes in chromatin structure
and c:omposi‘[ion,148 are elevated in 90% of cancers and
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essential for their proliferation.'** Sulforaphane medi-
ates changes in histone post-translational modifications
levels,"*® which is pertinent because HDACI1 regulates
hTERT mRNA levels and expression.'** Moreover, SEN
downregulates telomerase protein expression levels and
enzymatic activity. These effects lead to inhibition of
cell viability and induce apoptosis of the colorectal can-
cer cells. In in vitro studies, Chen et al'*® observed anti-
tumor activities of SFN in nasopharyngeal carcinoma
and concluded that SEN could be useful in suppressing
the development of neural progenitor cells through the
DNMT1/WIF1 axis pathways.

Nutraceutical combinations have been evaluated as
a potent treatment for colon cancer, and among these
substances, SFN has been evaluated for its antionco-
genic capabilities in HT-29 and Caco-2 colon cancer
cells, wherein the combination with dihydrocaffeic acid
was more effective. Subsequently, this combinatorial
therapy has been proposed as a basis for the creation of
effective food products in the prevention and even
cotreatment of colon cancer.'®" Corroborating this, Lan
et al'>* evaluated the apoptotic potential of SEN in co-
lon cancer cells. SW480 cells with P53 deficiency were
treated with varying concentrations of SEN (5, 10, 15,
and 20 uM). All studied concentrations of SFN were
able to cause apoptosis, and the authors concluded that
SEN might be a therapeutic strategy in the cotreatment
of patients with p53-deficient colon cancer.

Lewinska et al'*’ have observed the effects of SFN
(concentrations of 5, 10, and 20 uM) on breast cancer
cells. Sulforaphane at 5 and 10 pM was effective in stop-
ping the cell cycle, increasing the levels of p21 and p27.
and inducing cellular senescence, whereas at 20 pM,
SEN induced apoptosis. They also observed nitro-
oxidative stress, genotoxicity, reduced AKT signaling,
negative regulation of miRNAs, and a significant reduc-
tion in the levels of miR-23b, miR-92b, miR-381, and
miR-382 in 3 types of cancer cells, showing that SFN
can exert its effect via the epigenetic landscape.

SULFORAPHANE AND MITOCHONDRIA

Mitochondria are the most important providers of en-
ergy to the cell through cellular adenosine triphosphate
(ATP) and metabolic intermediaries and participates in
several signaling processes leading to ROS production.
As an adaptation against stress, mitochondria are dy-
namic, and they can build extensive interorganelle net-
works among themselves and between isolated
organelle fragments.'>> Maintenance of mitochondrial
mass is an essential homeostatic function within the cell
to  optimize  cellular  metabolic  capacity."*
Mitochondrial biogenesis is responsible for the increase
in mitochondrial mass, which is mediated by the

1214

nuclear respiration factors (including Nrfl), not to be
confused with Nrf2. Nuclear respiration factors are acti-
vated by the peroxisome proliferator-activated recep-
tor-y coactivator 1-o (PGC-1x)."> The reorganization
of the mitochondrial dynamics (ie, fusion and fission) is
carried out by mitofusins 1 and 2 and the optic atrophy
protein-1. Any associated mitochondrial spoilage is
attended to via mitophagy, mediated by the protein
p62, and followed by recruitment to the autophagosome
by light-chain protein 3. In the autophagosome, mito-
chondria are hydrolyzed and their components are
recycled.'”*

In this context, some studies have reported that
SEN acts as a protector for mitochondrial function and
proteins and enzymes involved in mitochondrial bio-
genesis. This is supported by data from in vitro studies
in which SFN induced mitochondrial biogenesis and
stabilized Nrf2.°*'*>">” Mitochondrial biogenesis has
also been reported to play an essential role in cancer
cell death.'®® Furthermore, the induced knockdown of
NRF1 has been reported to attenuate SFN activity in
cancer cells."”® These data indicate SFN can induce
Nrf2 directly or through a transient increase in ROS
production. This is in keeping with a role for Nrf2 as an
inducer of Nrfl expression, because Nrfl activation
leads to the production of proteins involved in mito-
chondrial biogenesis, such as mitochondrial transcrip-
tion factor-A (TFAM).!>¢

A range of studies have indicated SFN treatment
affects mitochondrial biology with consequential effects
on cell metabolism and viability. de Oliveira et al®®
showed that the pretreatment of mitochondria from hu-
man neuroblastoma cells exposed to H,0,, with SEN,
prevented the loss of viability in these cells and de-
creased lipid peroxidation, protein carbonylation, and
protein nitration in mitochondrial membranes.
Furthermore, SEN increased the levels of cellular and
mitochondrial GSH, maintained the mitochondrial bio-
energetics state, and increased the expression of Nrf2.
The authors concluded that SFN abrogated mitochon-
drial impairment in a Nrf2-dependent manner.
Sulforaphane has also been reported to decrease the oxi-
dative stress and mitochondrial apoptosis induced by
angiotensin II in vitro, through ROS scavenger, induc-
tion of Nrf2 activation, and expression.157

Sulforaphane induces the nuclear expression of
Nrf2 and activates HO-1 enzyme. The increase of anti-
oxidant response by Nrf2/HO-1 leads to preservation of
mitochondrial function, with a consequent decrease of
ROS production from damaged mitochondria.'*®'** In
addition, SFN induces the expression of PGC-1o,
NRF1, and TFAM, which leads to the improvement of
mitochondrial biogenesis and keeps the mitochondrial
membrane potential of ATP.1%0 Also, the antioxidant
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and anti-inflammatory effects of SEN improve mito-
chondrial bioenergetic function. Consequently, there is
a prevention of cholesterol alterations by the improve-
ment of mitochondrial respiration, ATP turnover, and
avoiding the impairment of the electron flow at com-
plexes I, II, and v.%

SULFORAPHANE AND MICROBIOTA

Among the food components known as essential modu-
lators of the gut microbiota, dietary fibers and phytonu-
trients stand out.'®"'*> Consequently, the consumption
of cruciferous vegetables can alter the composition of
the gut microbiota and lead to the growth of specific
bacteria that increase the production of SEN,'®>'** be-
cause gut microbiota metabolize GLS to SFN.'**'®> The
evidence for this mechanism is supported by data indi-
cating the suppression of intestinal microbiota with
antibiotics and mechanical cleaning of the intestine
made the conversion of GLS into SFN insignificant.*®
In a pioneering study on the effect of brussels sprouts,
inulin, and fermented milk on the fecal microbiota di-
versity of human microbiota-associated rats, Humblot
et al'® observed that brussels sprouts consumption led
to an increase in the abundance of salutogenic bacteria,
including Lactobacillus levels, associated with increase
in levels of butyrate and acetate.

Liu et al'®* observed that the consumption of broc-
coli altered the composition of the caecal microbiota in
rats, especially the genera of the phylum Clostridiales
(eg, Blautia, Clostridium, Dorea, Ruminococcaceae,
Oscillospira), and led to an increase in the hydrolysis of
glucoraphanin (the main glycosinolate of broccoli) to
bioactive isothiocyanate. Following these observations,
Wu et al'®” evaluated the effects of broccoli ingestion
on the hydrolytic action of myrosinase, the NQO1 en-
zyme, and on the diversity and composition of the in-
testinal microbiota of rats fed diets containing cooked
and hydrolyzed broccoli. At the end of the study, they
observed that the ingestion of broccoli for 6 weeks in-
creased the activity of the hydrolytic action of myrosi-
nase present in the colon and cecum and intensified the
NQOL activity of the colon mucosa. Broccoli ingestion
also strongly interfered in the bacterial composition of
the rat microbiota; both cooked broccoli and hydro-
lyzed broccoli led to a significant increase in the popu-
lations from the Bacteroidetes and Firmicutes and
significantly decreased the Proteobacteria popula-
tion.'®” Members of the Bacteroidetes and Firmicutes
can hydrolyze glucosinolates to isothiocyanate,'®® and
members of Proteobacteria are associated with diseases
sustained by inflammation.'®’

Butyric and isobutyric acids are essential short-
chain fatty acids that act as a source of energy used by

Nutrition Reviews® Vol. 79(11):1204-1224

intestinal cells and help in the formation of the intesti-
nal barrier and in the development of the intestinal epi-
thelium.'”>"”"  Sulforaphane treatment can have a
beneficial effect on these aspects of intestinal health.
Rats treated with SFN had increased levels of butyric
acid and isobutyric acid in their colon and positive reg-
ulation of the expression of junction proteins and GLP2
after lesion of the mucosal epithelium of the colon and
cecum.'”” The rats also had reduced levels of IL-6 and
secretory immunoglobulin A, and a near-normative in-
testinal microbiota. The study authors also observed a
significant increase in Bacteroides fragilis, one of the
most abundant species in the mucosa that helps main-
tain a normative immune system, and an increase in
Clostridium cluster 1, a group of bacteria that aid in the
degradation of carbohydrates and production of butyric
acid.

Corroborating these findings, Xu et al’*~ evaluated
the impact of glucoraphanin from broccoli seeds on the
intestinal microbiota and lipid parameters of mice fed a
high-fat diet, noting that glucoraphanin present in the
broccoli reduced the Firmicutes and Bacteroidetes frac-
tion in the microbiota and reduced levels of total cho-
lesterol, triglycerides, and LDL-cholesterol. They also
observed a reduction in the weight of the liver and vis-
ceral fat, a reduction in the concentrations of inflamma-
tory markers and in the actions of the FAS gene, in
addition to a significant increase in the hepatic expres-
sion of the PPARo, CPT1, and ACOX genes. Finally, Xu
et al'”? emphasized that glucoraphanin can be a potent
adjuvant in preventing obesity and can be used as a
functional food in the form of flour made from the
seeds of cruciferous vegetables.

In human studies, Li et al'®® have conducted a ran-
domized, crossover, controlled study with 17 partici-
pants who received for 14 days a regular diet with a low
content of phytochemicals and fiber (ie, they ate refined
grains without fruits or vegetables) and the researchers
compared findings with that of a diet rich in cruciferous
vegetables (14 g/kg of weight). At the end of the study,
the ingestion of cruciferous vegetables had modified the
bacterial composition of the intestinal microbiota, espe-
cially Eubacterium hallii, Phascolarctobacterium fae-
cium, Alistipes putredinis, and Eggerthella spp. These
bacteria use the glycosinolate present in cruciferous
vegetables as a metabolic substrate,'®*!'7*

In a randomized crossover study of the relationship
between consumption of a diet rich in brassicaceous
vegetables and a decrease in sulfate-reducing bacteria,
Kellingray et al'”> showed that consumption of a diet
rich in brassicaceous vegetables (consisting of 6 por-
tions of 84 g of broccoli, 6 84-g portions of cauliflower,
and 6 300-g portions of a broccoli and sweet potato
soup) for 2 weeks interfered with the bacterial
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composition of the microbiota of 10 healthy adults.
Specifically, in the brassicaceous vegetable-rich diet
group, there was a significant reduction in the propor-
tions of 5 bacterial taxa (4 members of the Clostridiales
and 1 member of the Bacteroidales).

In a controlled and randomized study, Kaczmarek
et al'® demonstrated that broccoli can be a crucial
piece in the modulation of the intestinal microbiota
and, consequently, health promotion. They analyzed
the effects of the intervention of 200 g of cooked broc-
coli and 20g of raw radish per day on the intestinal
microbiota of 18 healthy individuals in a study consist-
ing of 2 18-day sessions, interspersed with a 24-day
washout period. At the end of the analyses, they found
that the intervention with broccoli modulated the intes-
tinal microbiota of these individuals, leading to a signif-
icant reduction in members of the Firmicutes and a
significant increase in the Bacteroidetes members.'®*

SULFORAPHANE IN CHRONIC KIDNEY DISEASE

Chronic inflammation and oxidative stress are common
findings and are associated with the uremic phenotype
in patients with CKD.'”® These patients have decreased
Nrf2 expression and translocation to the nucleus, with a
consequent decrease in the production of antioxidant
enzymes and greater ROS production.'”” The increased
ROS concentration is 1 of the triggers for the overex-
pression of NF-xB, which generates greater production
of pro-inflammatory cytokines.'’® This process gener-
ates a vicious cycle of oxidative stress and inflammation
in CKD.**"7*'”® The presence of inflammation and oxi-
dative stress worsens the underlying, unregulated age-
ing process, mitochondrial dysfunction, and gut
dysbiosis in CKD and increases the risk of premature
cardiovascular events and death.'*>!?%17%180

Patients with CKD have a gut microbiota imbal-
ance (uremic dysbiosis) that leads to overproduction of
bacteria species responsible for the production of ure-
mic toxins, such as indoxyl sulfate, p-cresyl sulfate, and
indole-3 acetic acid."®' The accumulation of these ure-
mic toxins is linked to changes in the gut barrier, con-
tributing to an increase of lipopolysaccharide
production and of local and systemic inflammation and
oxidative stress.'®> Mitochondrial dysfunction is linked
to CKD pathogenesis.”ﬁ’185 Therefore, in CKD, there is
an overproduction of ROS, a decrease in ATP genera-
tion, loss of inner mitochondrial membrane potential
and cytochrome C and PGC-1o release.'®® Together,
these factors lead to cell apoptosis or cell injury and
DNA mitochondrial damage, which stimulates the acti-
vation of toll-like receptor and inflammation in
CKD."*”'® Both acute kidney injury (AKI) and CKD
are associated with defects in mitochondrial biogenesis,
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demonstrated by low levels of PGC-1a, TFAM, and
mitofusin 2."**'® Mitochondrial dysfunction is linked
with CKD progression, muscle dysfunction, and sarco-
penia in CKD.185’186’190’191

Several epigenetic alterations are linked with the
uremic state, including hypermethylation of the RAS
protein activator like 1 gene induced by the overpro-
duction and retention of uremic toxins.'”> This leads to
kidney fibrosis and suppression of Klotho activity,
which is a significant regulator of anti-ageing
defenses.”>'”> Another factor in the epigenetic changes
in CKD is the MTHFR gene, which leads to methyl rad-
ical synthesis and provides methyl groups for global ge-
nomic methylation. This factor is associated with an
increased CVD risk and an increase in biological age.'*>

Studies using dietary components and their potent
bioactive compounds to improve the alterations found
in patients with CKD have been conducted. Several
studies have shown that bioactive compounds such as
curcumin, prebiotics, and Brazil nuts, among others,
can be an adjuvant therapy for patients with
CKD'!7192194°196 and the findings indicate food as
medicine would be an attractive novel treatment option
for this patient group.'”’”

Although SEN is a promising nutritional therapy in
several diseases, no studies have investigated the effects
of SEN in CKD, to our knowledge. However, some
in vivo and in vitro studies have investigated the effects
of SNF in the kidney and renal cells as a renoprotective
agent in CKD and AKI (Table 2),'>*!%%-22!

Sulforaphane prevented cell death and renal and
mitochondrial damage induced by cisplatin treat-
ment."*®***> Moreover, SEN improved the nuclear trans-
location of Nrf2 in the cells, attenuating processes
leading to renal dysfunction, structural damage, oxida-
tive/nitrosative stress, and GSH depletion; and de-
creased the activity of catalase, GSH peroxidase, and
glutathione S-transferase.'”®*** Pretreatment with SFN
can prevent renal injury and attenuate activation of in-
flammation pathway signaling in cisplatin-induced ne-
phropathy.**> Another study demonstrated, in vitro and
in vivo, that Nrf2 plays a protective role against intra-
hemolysis-mediated ~AKI  caused by
hemoglobin/heme-induced renal damage. Sulforaphane
activated Nrf2 expression, which conferred protection
against hemoglobin toxicity in mice and cultured tubu-
lar epithelial cells, leading to amelioration of kidney in-
jury, cell stress and death, and improvement in renal
function.”'® Some animal studies and in vitro studies in
diabetic nephropathy showed that SFN decreases the
production of ROS and inflammation (IL-6 and caspase
3) in kidney tissues by activation of Nrf2-HO-1/NQO-1
and reduction in the activity of the GSK3f signaling
pathway, with the improvement of renal function and

vascular
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Table 2 Studies involving sulforaphane supplementation and its effects on models of renal injury and disease

References

Sample/design

Intervention

Results

Guerrero-Beltran
et al (2010)'*®

Zheng et al (2011)"°

Senanayake et al
(2012)*®

Cui et al (2012)%"

Guerrero-Beltran
et al (2012)%%

Gonzalez-Guerrero
et al (2013)%%

Cekauskas et al
(2013)%%*

Ryoo et al (2014)*%

Saito et al (2014)%°°

Shang et al (2015)*"’

Shokeir et al

(2015)%%8

Wu et al (2015)%%°

Ebihara et al
(2016)*"°
Zhao et al (2016)?"

Zhang et al (2016)*'2

Atilano-Roque et al
(2016)°"

In vivo:

Wistar rats, cisplatin-induced
nephrotoxicity

In vitro:

Porcine renal epithelial cells
(LLC-PK1 cells), CDDP-induced
cell death

Mice with streptozotocin-in-
duced diabetic nephropathy

Spontaneously hypertensive
stroke-prone rats

Type 1 diabetic mouse model

Male Wistar rat, cisplatin-in-
duced nephropathy

MCT proximal tubular epithelial
cells, calcineurin inhibitors in-
duce inflammatory responses

Male Brown Norway rats, kidney
injury after transplantation
model

Human kidney tubular epithelial
HK2 cell line

Male Sprague Dawley (SD) rats,
ischemia/reperfusion-induced
AKI

Male Sprague-Dawley rats, dia-
betic nephropathy streptozo-
tocin induced

Sprague-Dawley rats, renal is-
chemia model

Type 2 diabetes-induced dia-
betic nephropathy rats

Human renal mesangial cells,
TNF-o-stimulated

Adult Sprague-Dawley rats,
contrast-induced
nephropathy

Rat vascular smooth-muscle cell,
vascular calcification in end-
stage renal disease model

Human proximal tubule cells
and human embryonic kidney
293 cells, cisplatin-induced

In vivo:

SFN (500 ug/kg i.v.) twice (be-
fore and after CDDP-injection)

In vitro:

Preincubation of LLC-PK1 cells
with 0.5-5 uM SFN by 24 h

12.5 mg/kg SFN 3 x/wk for
16 wk

10 umol/kg BW of SFN by ga-
vage for 4 mo

0.5 mg/kg SFN daily for 3 mo

SFN 500 pg/kg via jugular vein
two times (24 h before and
24 h after 7.5 mg/kg cisplatin
injection)

SFN 20 uM

D, L-sulforaphane 4.4 mg/kg BW
i.v. to the recipients 24 and
1h before, and 6 h after
transplantation

SFN 5 uM

SFN (5 mg/kg) orally adminis-
tered to rats 24 and 1 h be-
fore and 24 h after renal I/R
treatment

SFN at 5 mg/kg BW daily for
12 wk, i.p. injection

500 1g/BW kg i.v. SFN was ad-
ministered to the rats 1 h be-
fore clamping the renal
pedicle

0.5 mg/kg SFN 5 d/wk for 4 mo

10 uM SFN

5mg/kg SFN for consecutive 5d

5 uM SFN pretreatment

SFN 5 uM, pretreatment

In vivo:

Lrenal dysfunction, |structural damage,
oxidative/nitrosative stress, GSH de-
pletion, urinary H,0, excretion

TCAT, GPX, GST

In vitro:

| CDDP-induced cell death

TNuclear Nrf2 translocation

Restored normal morphology of
glomeruli

| Albuminuria, 8-oxo-dG

TNrf2, NQOT, y-GCS

| Blood pressure; | protein nitration in
kidney

Ty-glutamyl-cysteine ligase catalytic
subunit protein

TMethylated deoxycytosine levels

Prevented diabetes-induced renal fi-
brosis, inflammation (PAI-1, TNF- «),
and oxidative stress (3-nitrotyrosine,
4-hydroxy-2-nonenal)

INF-kB p53

L TNF-o levels, NF-xB activation in
kidney

|ICAM-1, VCAM-T

TNrf2 and HO-1 levels

L1xBo phosphorylation/activation

|MCP1, Rantes, and IL-6 mRNA
synthesis

1Cr and urea

| Tubular damage

Preserved mitochondrial microstructure

1SOD 2 expression

TGSH reductase, GSH

LROS; [fibronectin-1, and collagen 1A1

1Cr and urea

LIS levels

TNrf2 expression in kidney

IRenal injury (Cr level, ratio of urine
albumin/urine creatinine)

18-0xo0-dG; | TGF-f31, collagen IV and fi-
bronectin mRNA

TNQO1, HO-1 mRNA levels

|Cr and urea

TNrf2, HO-1, NQO-1 expression

|TNF-g, IL-1, ICAM-1, caspase-3, MDA

TLevels of GSH, SOD activities

| Urinary albumin-to-creatinine ratio

|Renal hypertrophy

TNrf2 protein and NQO-1 expressions

THO-1, NQO1; TNrf2 activation

IMCP-1 and IL-6; |[NF-xB

|Renal histological damage; | Cr and
urea; | MDA levels in renal tissues

1SOD levels in renal tissues

TNrf2, NQO-1, and HO-1T mRNA
expressions

TNrf-2 expression in nuclear

|ROS production

TGCLC, NQO1T mRNA expressions
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Table 2 Continued

References

Sample/design

Intervention

Results

Lv et al (2018)*'

Briones-Herrera et al
(2018)*"

Shin et al (2019)*'°

Kim et al (2019)*"7

Rubio-Navarro et al
(2019)*'®

Khaleel et al
(2019)*°

Thangapandiyan
etal (2019)**°

Briones-Herrera et al
(2020)"**

Gigliotti et al
(2020)221

F344 rat kidneys were ortho-
topically transplanted into
Lewis rat, chronic renal allo-
graft dysfunction models

AKI rat model

Human proximal renal tubule
cell, HG-induced EMT model

Human renal tubule cells HK-2,
HG model on autophagy

In vivo:

WT C57BL/6 mice, intravascular
hemolysis—mediated AKI
model

In vitro:

Proximal MCT cells, Hb/heme
stimulated

Adult male Wistar rats, strepto-
zotocin-induced diabetes and
CIN

Male albino Wistar rats, arsenic-
induced renal damage

AKI rat model
Gstm1 knockout mouse line,

subtotal nephrectomy-in-
duced CKD model

1.5 mg/kg SFN i.p. once daily for
24 wk

1mg/kg of SFN each day for 4
ds before AKI induction

SFN 0.63 um for 1 h prior to b-
glucose stimulation

1.25 um SFN 1 h before p-glu-
cose stimulation

In vivo:

SFN (12.5 mg/ kg BW) i.p. 48,
24, and 2 h before phenylhy-
drazine injection

In vitro:

SFN, 2 uM pretreatment

SFN 3 mg/kg, i.p., pretreatment

SFN (80 mg/kg BW) daily for
28d

1mg/kg of SFN each day for 4 d
before AKI induction

SFN-rich broccoli powder mixed
with powdered chow at a 1:1
ratio

| MDA, 8-isoprostane, ox-LDL and 8-
OHdG

1SOD, CAT, GPx, GR, and y-GCS

TLevels of Nrf2, HO-1, and NQO-1

| Proteinuria; | MDA and 4-hydroxy-
nonenal

| Mitochondrial H,0, generation

Prevented alterations in mitochondrial
bioenergetics

TNrf2-HO-1 protein levels

LROS,

HG-induced attenuation in EMT markers

Modulates autophagy and |apoptosis;
|ROS levels

THO-1

|Protein 1 LC3, and beclin-1

In vivo:

TNrf2 phosphorylation and HO-1 in
kidney

Improved renal function

| Tubular injury markers; | oxidative
stress

In vitro:

|ROS production, H,0,, mitochondrial
superoxide, total superoxide

TmRNA and protein HO-1 expression,
GSH

In CIN rat:

|Crand urea

restored histopathological features

|Renal MDA and 8-OHdG levels

TNrf2 protein levels; THO-1 mRNA

|IL-6, caspase 3 expression level

|ROS, OHdG, lipid peroxidation, DNA
damage

| Urea, uric acid, Cr, and bilirubin; |ICAM

1 SOD, CAT, GPx, GST, and GR

| Proteinuria; |4-hydroxy-nonenal

TNrf1, Nrf2, PGC1a, and TFAM

In vivo (animal)

|Renal levels of superoxide, albumin-to-
Cr ratio, kidney histopathology scores

Abbreviations: 8-oxo-dG, 8-oxo-deoxyguanosine; AKI, acute kidney injury; BW, bOdY weight; CAT, catalase; CKD, chronic kidney disease;

Cr, creatinine; CIN, contrast-induced nephropathy; EMT, epithelial-to-mesenchyma
GSH, glutathione; GPX, glutathione peroxidase; GST, glutathione-S-transferase; H,0,, hydrogen peroxide; H

transition; GCLC, GCLC, %Iutamate—cysteine ligase;

hemoglobin; HG, high

glucose; HO-1, heme oxygenase 1; IL, interleukin; IS, indoxyl sulfate; i.p., intraperitoneally; i.v., intravenous; LC3, light-chain 3; MCT, mu-
rine cortical tubular renal epithelial cell; MDA, malondialdehyde; mRNA, messenger RNA; NF-«B, nuclear transcription factor-xB; Nrf2,
nuclear factor erythroid 2—related factor 2; NQO1, NAD(P)H quinone oxidoreductase 1; OHdG, hydroxydeoxyguanosine; ROS, reactive
oxygen species; SFN, sulforaphane; SOD, superoxide dismutase; TFAM, mitochondrial transcription factor-A; TNF-o, tumor necrosis

ligase. Consistent with its role as a cytoprotectant, SEN

factor-o..
prevention of fibrosis and tubular
207,214,216,217,219
atrophy.

Current evidence suggests an essential role Nrf2 re-
nal expression in SFN action to prevent renal damage
and that the most critical effect of SEN on chemical or
ischemia-induced renal damage is exerted by the induc-
tion of Nrf2.*** **® Sulforaphane also reduces ROS pro-
duction and increases cytoprotective enzymes, quinone
oxidoreductase 1 (NQO1), and y-glutamyl cysteine

1218

improved renal function, increased Nrf2 expression,
and reduced inflammation and the expression of apo-
ptotic markers in an animal model of renal injury.
Moreover, animals receiving SEN had a significant in-
crease in glutathione and SOD activities, with a de-
crease in malondialdehyde levels in renal tissues.”***®
SFN-mediated renoprotection was abolished in diabetic
Nrf2-null mice, confirming a central role for Nrf2 in
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4 Renal dysfunction, ¥ structural damage
{ Crand urea; 4 proteinuria; + MDA
Preserve mitochondrial microstructure
T Nrf2, NQO-1, and HO-1 SOD mRNA expressions

Chronic Kidney Disease

Figure 4 Possible effects of sulforaphane in chronic kidney disease. Sulforaphane seems to prevent structural damage in the kidney and
reduce renal dysfunction, including proteinuria by mitigating inflammation; increasing nuclear factor erythroid 2-related factor 2 (Nrf2),
NAD(P)H quinone oxidoreductase 1 (NQO-1), heme oxygenase 1 (HO-1) and superoxide dismutase (SOD) messenger RNA expression; and re-
ducing oxidative stress. Abbreviations: Cr, creatinine; MDA, malondialdehyde.

SFN-mediated benefits."””** In maleic acid-induced
nephropathy, SEN has been reported to induce avoid-
ance of the decrease in fatty acid-related oxygen con-
sumption rate, oxidative phosphorylation on proximal
kidney tubule, and mitochondrial membrane potential,
with consequent better control of the respiratory index
and decreased mitochondrial production of H,0,.2°

Cekauskas et al’** have shown that SEN can de-
crease kidney injury in transplanted rats. Sulforaphane
decreased reperfusion damage in the kidney and de-
creased serum urea nitrogen and creatinine serum lev-
els. Moreover, mitochondrial microstructure was
preserved and there was an increase in SOD2 gene
expression.

To our knowledge, no clinical studies have explored
the effects of SFN supplementation in CKD. However,
Gigliotti et al**' showed that supplementation with
broccoli powder improved kidney injury in a glutathi-
one S-transferase m-1 (GSTM1) knockout-mice CKD
model. Findings from the African American Study of
Kidney Disease and Hypertension Trial and the
Atherosclerosis Risk in Communities study suggest that
deletion of GSTM1 (part of the superfamily of phase 2
antioxidant enzymes) is linked to CKD progression.**’
This could provide a mechanism whereby high vs low
consumption of cruciferous vegetables is associated with
fewer kidney failure events and suggests an effect of pro-
tective metabolites from dietary intake when there is
GSTM1 deficiency.**” It seems conceivable that SEN can
activate the Nrf2 signaling pathway directly and induce
phase-2 detoxification enzymes indirectly.”*'

Nutrition Reviews® Vol. 79(11):1204-1224

Taken together, study findings indicate SEN could
act in several pathways in renal injuries, especially in
ameliorating inflammation and oxidative stress (Figure
4). Sulforaphane may represent an alternative strategy
for improving the prognosis of patients with CKD by
preventing progression of CKD and targeting common
complications such as CVD in this patient population.
More studies on the effects of SFN in CKD are
warranted.

CONCLUSION

Sulforaphane is an important bioactive compound pre-
sent in cruciferous vegetables. Throughout scientific
studies in different diseases, several beneficial functions
of the SFN have been observed in chronic noncommu-
nicable diseases. An extensive literature has shown that
the main route of action of SEN is by its antioxidant po-
tential and activation of the transcription factor Nrf2,
which has a key role in the antioxidant response. In ad-
dition, SEN acts as a geroprotectant, modulates the epi-
genetic landscape, protects against mitochondrial
damage, and helps maintain a normative gut micro-
biota, thus suggesting a promising role for SEN in the
control of several diseases.

In this context, patients with CKD, a disease char-
acterized by inflammation, oxidative stress, gut dysbio-
sis, mitochondrial dysfunction, and an altered
epigenetic machinery, may be an ideal patient group for
using food as medicine as a novel treatment strategy.
Although there are no clinical studies demonstrating an
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effect of SEN in CKD, findings of studies in other pa-
tient groups suggest SEN could be a promising adjunc-
tive therapy also in CKD. Notably, SEN therapy has
already been shown to improve renal function in a
range of preclinical models of renal damage. Clinical
studies with patients with CKD using SFN should thus
be encouraged to promote improvement in patients’
quality of life.
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ATP adenosine triphosphate;

CKD chronic kidney disease;
DNMT  DNA methyltransferase;

GLS glucosinolate;

GSTM1  glutathione S-transferase m-1;
HO-1 heme oxygenase 1;

H202 hydrogen peroxide;

HDAC  histone deacetylase;

HTERT telomerase reverse transcriptase;

Keapl Kelch-like ECH-associated protein 1;

miRNA  mitochondrial RNA;

NQO1 NAD(P)H quinone oxidoreductase 1;

Nrf2 nuclear factor-erythroid 2-related factor 2;

NF-xkB  nuclear factor-kB;

PGC-1o0  peroxisome proliferator-activated receptor-y
coactivator 1-u;

PTEN phosphatase and tensin homolog;

RARB2  retinoic acid receptor f§ 2;
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ROS reactive oxygen species;

SEN sulforaphane;

TFAM

20.
21.
22
23.
24,

25.

26.

27.

mitochondrial transcription factor-A
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