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Abstract: The mainstay of therapy for chronic kidney disease is control of blood pressure and
proteinuria through the use of angiotensin-converting enzyme inhibitors (ACE-Is) or angiotensin
receptor blockers (ARBs) that were introduced more than 20 years ago. Yet, many chronic kidney
disease (CKD) patients still progress to end-stage kidney disease—the ultimate in failed prevention.
While increased oxidative stress is a major molecular underpinning of CKD progression, no treatment
modality specifically targeting oxidative stress has been established clinically. Here, we review the
influence of oxidative stress in CKD, and discuss regarding the role of the Nrf2 pathway in kidney
disease from studies using genetic and pharmacologic approaches in animal models and clinical
trials. We will then focus on the promising therapeutic potential of sulforaphane, an isothiocyanate
derived from cruciferous vegetables that has garnered significant attention over the past decade for
its potent Nrf2-activating effect, and implications for precision medicine.
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1. Introduction

Chronic kidney disease (CKD) affects about 14% of the United States population [1].
Individuals with CKD disease have a high risk of cardiovascular morbidity and mortality,
and this risk increases with CKD severity [2]. In addition to the adverse clinical course,
CKD care is expensive and consumes a disproportionate amount of health care dollars [3].
Treatment of CKD has historically focused on addressing traditional risk factors such
as hypertension, proteinuria, and, in diabetics, blood glucose control [4]. While these
treatments can delay disease progression, many patients with CKD ultimately progress to
end-stage kidney disease and require renal replacement therapy.

Oxidative stress—a state of imbalance between the generation and degradation of
free radical oxidant compounds, including reactive oxygen species (ROS) and reactive
nitrogen species (RNS)—is increasingly recognized as an important factor in the initiation
and progression of chronic kidney disease [5–7]. Commonly generated endogenous ROS
and RNS include the superoxide (O2

.−), hydroxyl (OH.), nitric oxide (NO.), and nitrogen
dioxide (NO2

.) radicals. At physiologic concentrations, ROS and RNS fulfill homeostatic
roles such as cell signaling and the synthesis of some cell structures, and are used in
phagocytic cell defense against pathogens [8]. The pathophysiologic effects occur when
there is an imbalance between oxidation and reduction—an altered redox state in which
excess free radicals react with other molecules, including lipids, proteins, and nuclear
DNA. Lipid peroxidation damages cell membranes and lipoproteins, leads to formation
of toxic reactive aldehydes, and promotes further lipid peroxidation, ultimately affecting
a large number of lipid molecules [8]. When ROS react with proteins, they may induce
conformational changes that render the proteins partially or completely nonfunctional [8].
ROS reaction with DNA may lead to mutagenesis, disruption of the cell cycle, and induction
of apoptosis [8,9]. This review will focus on oxidative stress in chronic kidney disease,
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and sulforaphane, a bioactivator of the NRF2 pathway, as a potential therapy to mitigate
this stress.

2. Sources of Oxidative Stress in the Kidney

In the kidney (as in other tissues), ROS and RNS may be produced via a variety of
mechanisms. The kidneys (in particular, the proximal tubules) require a significant amount
of energy in the form of adenosine tri-phosphate (ATP) in order to achieve solute reabsorp-
tion, protein synthesis and degradation, and regulation of glomerular filtration required to
maintain homeostasis [10]. Mitochondria are the cellular organelles that provide the major
source of ATP via the electron transport chain. In this reaction, electrons are transferred
between a series of electron donors and acceptors, ultimately to oxygen, which is then
reduced to water [10,11]. This process, called oxidative phosphorylation, generates energy
and drives the generation of ATP via an ATP synthase [10]. During electron transfer, some
of the reactions may be incomplete, leading to the premature leakage of free electrons
which can interact with oxygen and generate excess ROS [12]. Similar to lipids, proteins,
and nuclear DNA, mitochondrial DNA is also susceptible to oxidative damage. This may
result in impaired transcription of mRNA and post-translational modification of mito-
chondrial proteins, including oxidative phosphorylation enzymes and proteins involved
in antioxidant defense, ultimately resulting in both ROS generation and compromised
ATP production [10]. Mitochondrial dysfunction has been shown to play a major role in
progression of renal diseases, including acute kidney injury and diabetic nephropathy [13].

NADPH (nicotinamide adenine dinucleotide) oxidases (NOX) are another potential
source of oxidative stress. NOX catalyze the oxidation of NADPH or NADH and produce
the ROS species O2

− and H2O2, which react with iron ions Fe3+ and Fe2+, respectively, in
the Haber–Weiss reaction, resulting in the net generation of •OH and OH− radicals [14]. At
low basal activity, NOX generate ROS that have physiologic functions in cell proliferation,
metabolism, and death. However, under conditions such as activated renin angiotensin
system (RAS) or a high-salt diet, NOX activity in the kidney is upregulated [15] and can
lead to overproduction of H2O2 and other free radicals with deleterious consequences.

Endothelial nitric oxide synthase (eNOS) produces nitric oxide (NO) via the oxidation
of L-arginine to L-citrulline in a process requiring tetrahydrobiopterin (BH4) as a cofac-
tor [16]. NO has a critical role in vascular biology by mediating a cell signaling cascade that
leads to vasodilation, thereby lowering blood pressure. The bioavailability of NO can be
increased by polyphenols found in plant-based foods that can augment eNOS expression,
as well as by nitrates found in high concentrations in many leafy green vegetables and
beets that serve as an eNOS-independent source of NO [17]. Under pathophysiologic
conditions, eNOS can act as another source of free radicals by generating O2

.− instead
of NO in a process known as eNOS uncoupling [18]. The importance of eNOS in kidney
health is illustrated in a study showing that deletion of eNOS in the mouse resulted in
progressive renal abnormalities, including tubular apoptosis and necrosis, and glomerular
and tubular scarring [19].

Other enzymatic sources of free radicals include myeloperoxidase (MPO), which nor-
mally catalyzes the H2O2-mediated oxidation of halide ions, but under pathophysiologic
conditions oxidizes other substrates and mediates tissue damage [20]. In a renal ablation
model of CKD, MPO knockout mice displayed attenuated glomerular injury and decreased
expression of markers of fibrosis and inflammation [21], suggesting that increased activity
of MPO may contribute to kidney disease progression. Xanthine oxidase, in the process
of generating uric acid, generates oxidants such as O2

.− and H2O2 [22]. In addition, there
is evidence supporting the role of uric acid in hypertension [23] and CKD progression, in
part through its direct role activating NADPH oxidase [24,25].

Free radicals and oxidative stress may also be generated via exogenous sources such
as radiation, xenobiotic compounds, cigarette smoke, and environmental or industrial
toxins such as heavy metals or solvents [7,26].
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To combat oxidative stress and prevent pathophysiologic alterations in the redox
state, organisms have developed a number of antioxidant defenses. Antioxidants inhibit
the formation of free radicals or mitigate their damaging effects by: (1) acting as an
alternative substrate for oxidation, thereby preventing an oxidation reaction which would
lead to the formation of free radicals, (2) directly scavenging free radicals, or (3) indirectly
preventing the development of oxidant compounds by either upregulating antioxidant
defenses or inhibiting free radical production [27]. These antioxidants may be endogenous
or exogenous from food sources [9], and can be enzymatic or nonenzymatic. The enzymatic
antioxidants may be primary and constitutively acting such as superoxide dismutase (SOD),
catalase (CAT), and peroxidase. Superoxide dismutase catalyzes the reaction of O2

− to
H2O2 and O2 [28]. The H2O2 may be subsequently converted to oxygen and water via CAT
or via a peroxidase such as glutathione peroxidase (GPx), used to oxidize another substance
such as gluthathione [GSH] whose thiol groups allow them to donate electrons to detoxify
the free radicals [28]. Alternatively, oxidative stress may alter the activity of transcription
factors mediated by antioxidant responsive elements (AREs) in promoter regions of genes
that combat oxidative stress [29]. The nuclear factor erythroid 2 related factor 2 (NRF2) is
one such critical transcription factor that is discussed in more detail below.

3. Evidence That Oxidative Stress Is Operant in CKD

There are several lines of evidence establishing a link between oxidative stress and
CKD. Some studies have shown that individuals with CKD have elevated markers of oxida-
tive injury [30–33] that are, depending on the marker evaluated, proportional to the degree
of kidney dysfunction [30,31,33]. Mechanistically, mitochondrial dysfunction, as discussed
above, is an increasingly recognized contributor, particularly in diabetic nephropathy,
in which mitochondrial ROS production exceeds the local antioxidant capacity [13,34].
Evidence suggests that mitochondrial dysfunction may also play a role in other kidney
diseases, including IgA nephropathy, membranous nephropathy, and polycystic kidney
disease [35]. All of the mechanisms discussed above have been shown to be present in
CKD, namely upregulated NOX activity, eNOS uncoupling, and pro-oxidative activities
of myeloperoxidase and xanthine oxidase [7,12]. Moreover, a number of studies showed
when levels of antioxidant agents such as SOD, CAT, GPx/glutathione, and, as discussed
in more detail below, NRF-2 are reduced, the harmful effects of oxidation and generation
of ROS cannot be appropriately mitigated [12].

4. NRF2 in Kidney Disease

Nuclear factor erythroid 2 related factor 2 (NRF2) plays a central role in protecting
cells from oxidative injury. As a transcription factor, NRF2 induces gene expression
of enzymes that combat the effects of oxidative stress [36]. NRF2 target genes share
a common DNA sequence known as the antioxidant response element (ARE) in their
promoter regions that is required for NRF2 binding and gene induction [37]. NRF2 is
constitutively expressed in the cytoplasm of all cell types; however, it is normally kept at
low levels via Kelch-like ECH-associated protein 1 (KEAP1)-mediated ubiquitination and
degradation. This also serves to keep NRF2 target antioxidant genes at the low, basal levels
needed to maintain their “housekeeping” functions [38]. When modified during periods
of oxidative stress, interaction between reactive oxygen species and cysteine residues
of KEAP1 allows NRF2 to escape KEAP1-mediated ubiquitination and degradation and
translocate to the nucleus where it can induce ARE-containing targets for the purpose of
restoring oxidative homeostasis in the cell [38]. The myriad target genes include antioxidant
proteins, phase I oxidation, reduction, and hydrolysis genes, phase II detoxifying enzymes
such as glutathione s-transferases (GSTs), NADPH-generating enzymes, drug transporters,
and stress proteins involved in heme and metal metabolism, such as heme oxygenase
1 (HO-1) [26].

The role of NRF2 has been studied in both animal models and human CKD. In animal
models, under normal, healthy conditions, NRF2 knockout mice exhibit no abnormalities
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throughout their lifespan. However, in disease state models, such as cardiac disease,
diabetes, and obesity, loss of NRF2 augments disease severity [36]. In the kidney, studies
using both genetic and pharmacologic approaches have revealed the protective effect of
NRF2 in animal models of CKD.

Jiang et al. studied the role of NRF2 in a streptozotocin (STZ)-induced diabetic
nephropathy model in Nrf2 wild-type (WT) and knockout (KO) mice [39]. After 16 weeks,
despite a similarly achieved level of hyperglycemia, Nrf2 KO mice had a higher degree of
oxidative damage, more albuminuria, and more severe glomerulosclerosis, compared to
WT mice [39]. In other models of kidney disease, including autoimmune nephritis, toxic
injury, ischemia reperfusion injury (IRI), ureteral obstruction, and podocyte injury, Nrf2
KO organisms also displayed an increase in disease severity, suggesting that NRF2 plays a
nephroprotective role through a common pathway [39–50]. Similar nephroprotection is
seen with NRF2 activators and KEAP1 suppressors (which allows NRF2 to translocate to
the nucleus and exert its effect) [36]. In mouse models of ischemia and unilateral ureteral
obstruction, KEAP1 hypomorphic mice displayed attenuated kidney disease compared to
KEAP1-intact mice [47]. Zheng et al. studied the role of the NRF2 activators sulforaphane
(more below) and cinnamic aldehyde in a STZ-induced diabetic nephropathy model in
Nrf2 wild-type and knockout mice. They found that the NRF2 activators attenuated
markers of kidney damage and minimized glomerular pathology in wild-type but not
in Nrf2 knockout mice [50]. However, Nrf2 deletion has been shown to be beneficial in a
model of autoimmune nephritis, by increasing sensitivity to tumor necrosis factor-alpha
(TNF-α)-mediated apoptosis [51]. Similarly, in the Akita mouse model of Type 1 diabetes,
genetic deletion or pharmacological inhibition of Nrf2 attenuated hypertension and kidney
disease [52]. It is possible that effect of NRF2 is disease context-dependent. Nevertheless,
taken together, the data suggest that NRF2 has a nephroprotective role in kidney disease.

In humans, the most well-studied pharmacologic agent activating the NRF2 system
is the drug bardoxolone methyl, which covalently binds to cysteine residues of KEAP1,
allowing NRF2 to escape ubiquitination and degradation and translocate to the nucleus to
induce the myriad antioxidant genes [53]. The potential beneficial effect of bardoxolone
methyl on kidney function was first observed in a phase I cancer trial, where it was found
to result in a statistically significant increase in estimated glomerular filtration rate (eGFR)
of 26% [54]. Based on this finding, bardoxolone methyl was investigated as a potential
treatment for CKD. The earliest study evaluated 20 patients with stage 3b–4 chronic
kidney disease (eGFR range 15–45 mL/min/ 1.73 m2) due to diabetes. In this non-placebo-
controlled trial, eGFR statistically increased after 4 and 8 weeks compared with baseline
(2.8 mL/min/1.73 m2 and 7.2 mL/min/1.73 m2 at each time point, respectively) [55].

This study was followed by the BEAM study—a double-blinded, placebo-controlled
trial designed to assess the efficacy and safety of bardoxolone methyl in patients with Stage
3b to 4 diabetic kidney disease. Of the 227 patients enrolled, 57 received placebo, and the
remainder were evenly divided into three different doses of bardoxolone methyl (25 mg,
75 mg, and 150 mg). After one year, the change in eGFR was significantly higher in the
bardoxolone methyl groups as compared with placebo (5.8 ± 1.8 mL/min/1.73 m2 for
25 mg vs. placebo, 10.5 ± 1.7 mL/min/1.73 m2 for 75 mg vs. placebo, and 9.3 ± 1.9 for
150 mg ml/min/1.73 m2 vs. placebo) [56].

The BEACON trial was a phase 3 double-blinded, placebo-controlled trial in individu-
als with stage 4 diabetic kidney disease (eGFR range 15–29 mL/min/1.73 m2) designed
to test the hypothesis that bardoxolone methyl would reduce the risk of end-stage kidney
disease or death from cardiovascular causes in these patients [57]. The trial was stopped
early due to an increased incidence of hospitalization or death from heart failure in the
bardoxolone methyl group [57]. After a median of nine months of follow-up, however,
the bardoxolone methyl group did show an increase in eGFR of 5.5 mL/min/1.73 m2

vs. −0.9 mL/min/1.73 m2 for the placebo group [57]. Post hoc analysis identified those
at risk for fluid overload [58], and the TSUBAKI study evaluated whether bardoxolone
methyl would increase eGFR in patients with diabetic kidney disease in whom these risk
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factors were absent [59]. In this study, 85 patients with stage 3 or 4 diabetic kidney dis-
ease (eGFR range 15–60 mL/min/1.73 m2), and with no identified risk factors for heart
failure, were randomized to receive bardoxolone methyl or placebo. After 16 weeks of
follow-up, the bardoxolone methyl group showed an increase in inulin-measured GFR of
5.95 mL/min/1.73 m2 vs. −0.69 mL/min/1.73 m2 for the placebo group.

The role of bardoxolone methyl in nondiabetic kidney disease is currently being
evaluated in the CARDINAL study of Alport’s syndrome. Although not published at
the time of this review, a press release from Reata pharmaceuticals highlighted the year
one results: at 48 weeks of treatment, patients treated with bardoxolone had a statistically
significant improvement in mean eGFR of 9.50 mL/min/1.73 m2 (p < 0.0001) compared
to placebo [60].

Taken together, these data suggest that pharmacologic intervention in the KEAP1/NRF2
pathway can increase GFR. Whether this leads to a reduction of progression to end-stage
kidney disease is still not certain, and the negative cardiovascular effects are still a concern.
Further, despite the increase in GFR, bardoxolone methyl seems to lead to an increase in
urinary protein excretion [57,59], raising the question and concern whether this could be
related to the undesirable glomerular hyperfiltration or increased intraglomerular pressure
that contributes to kidney disease progression long term [61]. An alternative explanation is
that bardoxolone may have a favorable effect on glomerular surface area, and the increase in
albuminuria may be tubular rather than glomerular in origin [62]. Animal studies suggest that
bardoxolone has a narrow therapeutic window, since its metabolites could also be toxic [63].
Thus, the jury is still out regarding the long-term effect of bardoxolone on kidney function
and disease progression.

5. Potential Role for Sulforaphane (SFN) in Kidney Disease

Nutrition has an important role in health and disease; certain nutrients are not only
essential but they are also important for optimal health. Traditionally, food is viewed as a
source of energy which, through its nutrients, can maintain homeostasis. However, it is
now recognized that certain types of foods, known as functional foods, can provide more
than just energy and essential nutrients [64]. Functional foods are those which contain
bioactive compounds such as phytochemicals that have antioxidant and anti-inflammatory
properties. As the hallmark of CKD is oxidative stress and inflammation, these compounds
may play an important role in ameliorating or preventing CKD progression [64,65]. There
are a large number of phytochemicals which can provide oxidative defense via upregula-
tion of NRF2 [66]. Among these are glucosinolates (β-thioglucoside N-hydroxysulfates),
including glucoraphanin found in all members of the plant family Brassicaceae, which
encompasses a large number of commonly consumed species in the Brassica genus [67],
including the species Brassica oleracea—better known as cruciferous vegetables such as
broccoli, cauliflower, cabbage, kale, Brussels sprouts, kohlrabi, and collard greens [68].

Dietary administration of broccoli seeds induced a significant increase in activities
of the phase II detoxification enzymes NAD(P)H dehydrogenase, quinone 1 (NQO1),
and GSTs (that are downstream targets of Nrf2) in stomach, small intestine, and liver
tissues of wild-type mice, but not in Nrf2 KO mice [69]. The increased GST activities were
associated with increased protein levels of GSTA1, GSTA2, GSTA3, and GSTM1 [69]. These
studies illustrate that broccoli seeds induce antioxidant and detoxification proteins in a
NRF2-dependent manner.

Many studies have shown the benefits of cruciferous vegetables intake including a
decrease in: all-cause mortality [70–73], cardiovascular mortality [74,75], the incidence
of type 2 diabetes [76,77], the incidence of renal cell carcinoma [78], and mortality in
individuals with breast [79] and lung [80] cancer. To date, there are no data examining the
association between cruciferous vegetables and outcomes in those with CKD. However,
studies looking at plant protein as a whole have shown benefits of increased plant protein
intake including a decrease in incident CKD [81,82], and a decrease in rate of decline in GFR
in older women [83]. A recent analysis of data from the Chronic Renal Insufficiency Cohort
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found that, in those with prevalent CKD, adherence to a “healthy dietary pattern”, of
which high vegetable intake is a prominent component, was associated with a lower risk of
progression and mortality [84]. However, as several cruciferous vegetables such as Brussels
sprouts and broccoli are also rich in potassium, the excretion of which becomes impaired
with advanced CKD, patients are often advised to limit their consumption to prevent
potentially life-threatening hyperkalemia. The beneficial effect of cruciferous vegetables
on human health is thought to be in large part mediated by sulforaphane (SFN) [85,86].
Supplementation with SFN may therefore provide kidney-protective effects in those prone
to hyperkalemia.

In the digestive tract, when a cruciferous plant tissue is initially injured by the process
of mastication, glucoraphanin, a chemically inert glucosinolate, is exposed to the released
enzyme myrosinase found in the plant tissue, or in the gut microbiome, and becomes hy-
drolyzed [86]. The result of this hydrolysis is the liberation of glucose and the formation of
SFN and other products. SFN is a relatively small, lipophilic molecule (MW = 177.29 g/mol)
which offers an advantage in bioavailability as compared to other larger phytochemicals
such as hydrophilic polyphenols [85]. Animal studies using oral or intravenous SFN show
that its bioavailability is up to ~80% [87]. Human studies of whole foods or supplements
show that the bioavailability of SFN varies, and depends on many factors, including the
type and part of cruciferous vegetable consumed, and their stage of maturation. For ex-
ample, a study reported the glucoraphanin content in the seeds of a number of Brassica
cultivars [88], which is summarized in Figure 1A. Another study examined the ability of
extracts of different Brassica species to induce the quinone reductase NQO1 in a Hepa 1c1c7
murine hepatoma cell line [89] (Figure 1B). These studies illustrate that broccoli has the
highest glucoraphanin content and antioxidant capacity. Different parts of broccoli also
contain different levels of glucoraphanin and therefore exhibit different degrees of antioxi-
dant effects. Broccoli seeds and sprouts contain the highest amount of glucoraphanin, and
their extracts exhibit more antioxidant activity than broccoli heads [86]. Not surprisingly,
consumption of broccoli strains with more glucoraphanin leads to higher plasma levels of
SFN compared to consumption of strains with lower glucoraphanin levels [90].

The method by which broccoli is processed and prepared also affects the SFN content.
Cooking broccoli changes the amount of SFN [91,92], as heat may destroy the enzyme my-
rosinase required for the conversion of the chemically inert glucoraphanin to the bioactive
SFN [93]. Among the different cooking methods, stir frying and steaming retain more
SFN than boiling [92], whereas microwaving can either increase or decrease SFN levels,
depending on timing (shorter times can increase levels) and power setting [93–96]. Blanch-
ing and freezing broccoli to extend shelf life can also decrease the amount of SFN [97,98].
SFN levels can be increased if cooked broccoli is consumed with an exogenous source of
myrosinase (such as powdered mustard seed) [99].

The most well-studied role of SFN is its action on the KEAP1-NRF2 pathway. By
chemically modifying the cysteine sensors of KEAP1, thereby releasing NRF2 from KEAP1-
mediated ubiquitination, SFN is one of the most potent NRF2 activators [100,101]. SFN
is 13.5-fold and 105-fold more effective than curcumin and resveratrol, respectively, in
inducing NQO1 [101]. Several preclinical studies suggest SFN may be a potential novel
therapy for kidney disease.
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In a mouse model of diabetic nephropathy induced by STZ, SFN attenuated hy-
perglycemia, polyuria, and polydipsia in wild-type mice, but not in Nrf2 KO mice [50].
Compared to STZ treatment alone, addition of SFN decreased nephromegaly, glomerular
collagen accumulation, glomerulosclerosis, glomerular basement membrane thickness, and
urine albumin excretion, but only in wild-type mice [50]. Furthermore, wild-type, but not
Nrf2 KO, mice displayed increased protein levels of both NQO1 and γ-glutamylcysteine
synthetase (γ-GCS), when treated with SFN [50]. A separate study using STZ-induced
diabetic nephropathy in rats also demonstrated that SFN offered biochemical and histologic
protection, as well as protection of DNA from oxidative damage [102]. In addition, SFN-
treated animals also demonstrated reduced levels of mRNA expression of transforming
growth factor beta (TGF-β) 1, collagen IV, and fibronectin, as well as decreased protein
levels when assessed via immunohistochemistry [102]. SFN also increased transcriptional
activation and protein levels of the antioxidant enzymes NQO1 and HO-1 [102]. In a rat
model of STZ-induced diabetic nephropathy with superimposed contrast media injury,
treatment with SFN partially abrogated renal injury, lowered renal markers of oxidative
stress [malondialdehyde (MDA) and 8-hydroxy-2′-deoxyguanosine (8-OHdG)], and im-
proved renal function [103]. SFN also offered protection in a model of type 2 DM in
which mice were fed a high-fat diet followed by STZ injection [104]. In this study, SFN
treatment mitigated the proteinuria and fibrosis seen in the diabetic mice, and also at-
tenuated the kidney levels of profibrotic mediators (TGF-β and connective tissue growth
factor), inflammatory mediators [plasminogen activator inhibitor -1 (PAI-1) and vascular
cell adhesion molecule-1 (VCAM-1)], and indicators of oxidation (3-nitrotyrosine and
4-hydroxy-2-noneal) [104]. Taken together, these data indicate that SFN is protective in
animal models of diabetic nephropathy, and its effect is mediated by activation of NRF2.
Another study provided more evidence of SFN’s protective role by replicating the renal
protective effect and NRF2 activation by SFN in mice with STZ-induced diabetes, and
demonstrating that benefits were not sustained following three subsequent months without
further treatment [105]. Expression of products of NRF2 activation such as NQO1 and
HO-1 were significantly higher during SFN treatment, but this difference dissipated once
treatment was stopped [105]. These data suggest continued SFN administration is needed
to maintain the activation of the NRF2 pathway to confer protection against the oxidative
damage of diabetes.

The renal protective effect of SFN has been demonstrated in many other models of
kidney injury. In a mouse model of calcium oxalate nephrocalcinosis-induced kidney
injury, SFN treatment decreased renal calcium oxalate deposition, inflammation, and cell
death [106]. Gene expression analysis showed SFN-induced protection was associated with
increased levels of NRF2 as well as decreased levels of toll-like receptor 4, a protein which
upregulates the proinflammatory nuclear factor kappa β (NF-kB) [107]. In a rat model of
unilateral ureteral obstruction (UUO), treatment with SFN attenuated pathophysiologic
and histologic changes [108,109]. In addition, SFN partially improved renal blood flow and
cortical and medullary O2 tension, and reduced the level of renal ROS [108]. Furthermore,
SFN treatment increased nuclear NRF2 levels, and simultaneously decreased the level of
cytoplasmic NRF2, suggesting SFN increased nuclear NRF2 activity [108]. SFN treatment
also decreased renal infiltration of monocytes and macrophages, expression of proteins
associated with cell death (from apoptosis, autophagy, or pyropotosis), and staining for
TGF-β [108]. In a mouse model of obesity-related glomerulopathy, SFN-treated mice dis-
played a lower degree of albuminuria and improved glomerular architecture as compared
to those not treated with SFN [110]. As in previous models, these changes were seen only
in wild-type mice, but not in Nrf2 KO mice, suggesting that the protective effect of SFN
is mediated by NRF2 [110]. In a maleic acid acute kidney injury and acquired Fanconi
syndrome model, pretreatment of rats with SFN prior to maleic acid injection abrogated
increases in proteinuria and markers of proximal tubular injury and oxidative stress [111].
Moreover, mitochondrial oxidative phosphorylation capacity, which was reduced in maleic
acid AKI, was restored in SFN-treated animals [112]. In a rat model of chronic renal allo-
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graft dysfunction, treatment with SFN delayed the rise in serum creatinine and proteinuria
and attenuated the histologic findings of chronic allograft nephropathy [113]. Compared to
untreated rats, those treated with SFN displayed lower renal cortical tissue levels of the ox-
idative stress markers malondialdehyde and 8-OHdG and higher levels of the antioxidant
enzymes SOD, CAT, and GPx [113]. This protective effect was again likely mediated via
activation of NRF2 [113]. A separate study using a transplant model in rats demonstrated
that SFN improved post-transplant BUN and creatinine, and attenuated post-transplant
tubular injury on light microscopy and mitochondrial shape and ultrastructure on elec-
tron microscopy [114]. Kidneys from SFN-treated animals also had higher levels of the
antioxidant enzyme SOD-2 than kidneys from untreated ones [114]. In spontaneously
hypertensive stroke-prone rats (SHRSP) [115], treatment with SFN significantly reduced
blood pressure and significantly increased DNA methylation (an epigenetic mechanism
to control gene expression [116]) to levels seen in control normotensive Sprague Dawley
rats [115]. In addition, SFN reduced the number of sclerotic glomeruli in the SHRSP rats,
and significantly decreased wall thickness and increased luminal area in small renal arteries
and arterioles [115].

In rodent models of ischemia reperfusion injury [117,118], arsenic-induced nephropa-
thy [119], hemolysis-mediated acute kidney injury [120], and gentamicin [121] and ochra-
toxin [122] induced nephrotoxicity, treatment with SFN ameliorated oxidative stress and
cell death; attenuated the inflammatory cytokines interleukin-1β and interleukin-6 and
several proapoptotic factors; and improved renal function [117–122].

The beneficial effects of SFN have also been illustrated in vitro. In human kidney 2
(HK2) cell culture, hippuric acid-mediated fibrosis was accompanied by an alteration of
the redox state due to disruption of the NRF-2-driven antioxidant system [123]. Treatment
of the cells with SFN significantly suppressed hippuric acid-mediated ROS and H2O2
production, and upregulated the antioxidant proteins NRF2, HO-1, and NQO1 [123]. SFN
also decreased expression levels of the fibrosis-associated proteins collagen-I, alpha-smooth
muscle actin, and vimentin [123]. In an HK2 cell culture model of hyperglycemia, treatment
with SFN prevented high glucose-induced epithelial-to-mesenchymal transition, likely
via an NRF2-dependent mechanism [124]. Pretreatment of HK2 cells with SFN protected
against hypoxia–reoxygenation-induced cytotoxicity in a dose-dependent manner, and
significantly augmented mRNA expression of phase 2 enzymes [118]. In other kidney cell
lines (human embryonic kidney 293, human proximal tubule epithelial, and LLC-PK1 cells)
exposed to cisplatin [125,126], SFN protected against a cisplatin-induced increase in ROS
and decrease in antioxidant mediators [126] and against cisplatin-induced cell death [125].
SFN was also shown to be beneficial in attenuating uranium-induced cell damage in a rat
kidney line (NRK-52) [127].

While the major protective mechanism by SFN is thought to be via NRF2 and induc-
tion of phase II enzymes, there are also other pathways potentially influenced by SFN,
including the cytochrome P450 enzymes, apoptotic pathways, cell cycle progression, angio-
genesis, and anti-inflammatory activity [128]. SFN also covalently modifies the N-terminal
proline residue of macrophage migration inhibitory factor (MIF) [129] and inhibits its
catalytic tautomerase activity [130]. SFN is also metabolized into several active metabolites:
SNF–N-acetylcysteine (SFN-NAC), SFN-glutathione (SFN-GHS), and SFN-cysteine (SFN-
Cys) [131]. Several of these metabolites have anticancer activities by modulating ERK1/2
phosphorylation [132] and microtubule function [132,133] although their biological actions
have not been well studied.

Importantly, the strength of the beneficial effect of SFN may be determined by the
presence or absence of the enzyme glutathione S-transferase µ-1 (GSTM1), a downstream
target of NRF2. GSTM1 has been shown to have activity against several reactive aldehy-
des [134–136] and epoxides [137]. In humans, a common deletion variant of the GSTM1
gene, the GSTM1 null allele (GSTM1(0)), results in decreased or absent GSTM1 enzymatic
activity and is associated with higher levels of oxidative stress. The highly prevalent
GSTM1(0) is associated with more rapid CKD progression in the African American Study
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of Kidney Disease (AASK) trial participants [138]. This association has been replicated
in the Atherosclerosis Risk in Communities (ARIC) study [139]. Recently, using a hyper-
tensive model of kidney injury, Gigliotti et al. showed that Gstm1 KO mice displayed
augmented kidney injury and inflammation, compared to wild-type mice. Dietary supple-
mentation of sulforaphane-rich broccoli powder ameliorated kidney disease only in Gstm1
KO mice [130]. Similarly, in the ARIC study, high intake of cruciferous vegetables was
associated with lower risks of kidney failure, with stronger effects in those homozygous
for the null allele (GSTM1(0/0)), compared to those carrying one or two copies of the active
allele [130]. It is likely that the bioavailability of SFN is influenced by GSTM1, as free SFN
and SFN metabolites are increased in GSTM1 null subjects compared to those with the
active allele [140]. Importantly, in the context of personalized and precision medicine, the
study by Gigliotti et al. highlights diet–gene interactions in kidney disease, and illustrates
that response to disease-modifying effects of a nutrient such as SFN may be influenced
by genetics.

As noted above, enthusiasm for bardoxolone has been tempered by potential cardio-
vascular adverse effects. As SFN activates the same NRF2 pathway, it follows that SFN
could also pose similar adverse effects, particularly if taken in an isolated preparation
rather than via cruciferous vegetables. Cell culture data suggest differential action of
bardoxolone and SFN. A recent study evaluated the effects of bardoxolone and SFN on
human dermal microvascular endothelial cell function [141]. Both agents augmented NRF2
expression, but bardoxolone was 2–5 times more potent in NRF2 activation than SFN at
equal concentration [141]. Both agents decreased ROS production; however, bardoxolone
was found to have more cytotoxicity. Endothelial cells incubated with 3, 5, or 10 µM
bardoxolone showed a decrease in cell viability due to an increase in both apoptosis and
necrosis, whereas endothelial cells treated with similar SFN concentrations did not display
cytotoxicity [141]. Bardoxolone, but not SFN, also had detrimental effects on mitochondria
as evidenced by a significant increase in proton leakage, and decrease in spare respiratory
capacity and mitochondrial membrane potential [141]. It should be noted that, compared
to control, SFN at “low dose” or 0.5 µM concentration, ex vivo, is able to induce expression
of the genes in human peripheral blood mononuclear cells (PBMCs) that encode the en-
zymes Aldo-Keto Reductase Family 1 Member C1 (AKR1C1) and NQO1 that play a role
in reducing radical species [142]. Higher doses of 2 µM and 5 µM of SFN induce higher
expression of AKR1C1 and NQO1, as well as HO-1 [142]. In human trials, SFN has been
reported to be well tolerated at peak plasma concentrations of 1–2 µM [143].

6. Conclusions

In summary, there is mounting supporting evidence that SFN may have therapeutic
potential in kidney disease by stimulating the NRF2 pathway (Figure 2). SFN is currently in
clinical trials for cancer of the breast, lung, and prostate, as well as autism and schizophrenia
(Clinicaltrials.gov). However, currently no clinical study has been performed to assess the
effect of SFN in CKD. As SFN and its metabolites are cleared by the kidney [144], safety
and efficacy should first be established in patients with kidney disease, particularly in
those with more advanced stages of CKD. Once established, large, randomized, placebo-
controlled trials are needed to determine the effect of SFN on long-term outcomes such as
disease progression and mortality in patients with CKD, and whether the effect is modified
by genetics in a precision medicine approach.
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31. Kuchta, A.; Pacanis, A.; Kortas-Stempak, B.; Cwiklińska, A.; Ziętkiewicz, M.; Renke, M.; Rutkowski, B. Estimation of oxidative
stress markers in chronic kidney disease. Kidney Blood Press Res. 2011, 34, 12–19. [CrossRef]

32. Oberg, B.P.; McMenamin, E.; Lucas, F.L.; McMonagle, E.; Morrow, J.; Ikizler, T.A.; Himmelfarb, J. Increased prevalence of oxidant
stress and inflammation in patients with moderate to severe chronic kidney disease. Kidney Int. 2004, 65, 1009–1016. [CrossRef]

33. Tbahriti, H.F.; Kaddous, A.; Bouchenak, M.; Mekki, K. Effect of different stages of chronic kidney disease and renal replacement
therapies on oxidant-antioxidant balance in uremic patients. Biochem. Res. Int. 2013, 2013, 358985. [CrossRef] [PubMed]

34. Forbes, J.M.; Thorburn, D.R. Mitochondrial dysfunction in diabetic kidney disease. Nat. Rev. Nephrol. 2018, 14, 291–312. [CrossRef]
[PubMed]

35. Bhatia, D.; Capili, A.; Choi, M.E. Mitochondrial dysfunction in kidney injury, inflammation, and disease: Potential therapeutic
approaches. Kidney Res. Clin. Pract. 2020. [CrossRef] [PubMed]

36. Nezu, M.; Suzuki, N. Roles of Nrf2 in Protecting the Kidney from Oxidative Damage. Int. J. Mol. Sci. 2020, 21, 2951. [CrossRef]
37. Villeneuve, N.F.; Lau, A.; Zhang, D.D. Regulation of the Nrf2-Keap1 antioxidant response by the ubiquitin proteasome system:

An insight into cullin-ring ubiquitin ligases. Antioxid Redox Signal. 2010, 13, 1699–1712. [CrossRef]
38. He, F.; Ru, X.; Wen, T. NRF2, a Transcription Factor for Stress Response and Beyond. Int. J. Mol. Sci. 2020, 21, 4777. [CrossRef]
39. Jiang, T.; Huang, Z.; Lin, Y.; Zhang, Z.; Fang, D.; Zhang, D.D. The protective role of Nrf2 in streptozotocin-induced diabetic

nephropathy. Diabetes 2010, 59, 850–860. [CrossRef]
40. Aleksunes, L.M.; Goedken, M.J.; Rockwell, C.E.; Thomale, J.; Manautou, J.E.; Klaassen, C.D. Transcriptional regulation of

renal cytoprotective genes by Nrf2 and its potential use as a therapeutic target to mitigate cisplatin-induced nephrotoxicity.
J. Pharm. Exp. 2010, 335, 2–12. [CrossRef]

41. Liu, M.; Grigoryev, D.N.; Crow, M.T.; Haas, M.; Yamamoto, M.; Reddy, S.P.; Rabb, H. Transcription factor Nrf2 is protective
during ischemic and nephrotoxic acute kidney injury in mice. Kidney Int. 2009, 76, 277–285. [CrossRef]

42. Liu, M.; Reddy, N.M.; Higbee, E.M.; Potteti, H.R.; Noel, S.; Racusen, L.; Kensler, T.W.; Sporn, M.B.; Reddy, S.P.; Rabb, H. The
Nrf2 triterpenoid activator, CDDO-imidazolide, protects kidneys from ischemia-reperfusion injury in mice. Kidney Int. 2014,
85, 134–141. [CrossRef]

43. Ma, F.; Wu, J.; Jiang, Z.; Huang, W.; Jia, Y.; Sun, W.; Wu, H. P53/NRF2 mediates SIRT1’s protective effect on diabetic nephropathy.
Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 1272–1281. [CrossRef] [PubMed]

44. Miyazaki, Y.; Shimizu, A.; Pastan, I.; Taguchi, K.; Naganuma, E.; Suzuki, T.; Hosoya, T.; Yokoo, T.; Saito, A.; Miyata, T.; et al.
Keap1 inhibition attenuates glomerulosclerosis. Nephrol. Dial. Transpl. 2014, 29, 783–791. [CrossRef] [PubMed]

45. Nezu, M.; Souma, T.; Yu, L.; Suzuki, T.; Saigusa, D.; Ito, S.; Suzuki, N.; Yamamoto, M. Transcription factor Nrf2 hyperactivation in
early-phase renal ischemia-reperfusion injury prevents tubular damage progression. Kidney Int. 2017, 91, 387–401. [CrossRef]
[PubMed]

46. Noel, S.; Martina, M.N.; Bandapalle, S.; Racusen, L.C.; Potteti, H.R.; Hamad, A.R.; Reddy, S.P.; Rabb, H. T Lymphocyte-Specific
Activation of Nrf2 Protects from AKI. J. Am. Soc. Nephrol. 2015, 26, 2989–3000. [CrossRef]

47. Tan, R.J.; Chartoumpekis, D.V.; Rush, B.M.; Zhou, D.; Fu, H.; Kensler, T.W.; Liu, Y. Keap1 hypomorphism protects against ischemic
and obstructive kidney disease. Sci. Rep. 2016, 6, 36185. [CrossRef]

48. Tanaka, Y.; Aleksunes, L.M.; Goedken, M.J.; Chen, C.; Reisman, S.A.; Manautou, J.E.; Klaassen, C.D. Coordinated induction of
Nrf2 target genes protects against iron nitrilotriacetate (FeNTA)-induced nephrotoxicity. Toxicol. Appl. Pharm. 2008, 231, 364–373.
[CrossRef]

49. Yoh, K.; Hirayama, A.; Ishizaki, K.; Yamada, A.; Takeuchi, M.; Yamagishi, S.; Morito, N.; Nakano, T.; Ojima, M.; Shimohata, H.;
et al. Hyperglycemia induces oxidative and nitrosative stress and increases renal functional impairment in Nrf2-deficient mice.
Genes Cells 2008, 13, 1159–1170. [CrossRef]

50. Zheng, H.; Whitman, S.A.; Wu, W.; Wondrak, G.T.; Wong, P.K.; Fang, D.; Zhang, D.D. Therapeutic potential of Nrf2 activators in
streptozotocin-induced diabetic nephropathy. Diabetes 2011, 60, 3055–3066. [CrossRef]

51. Morito, N.; Yoh, K.; Hirayama, A.; Itoh, K.; Nose, M.; Koyama, A.; Yamamoto, M.; Takahashi, S. Nrf2 deficiency improves
autoimmune nephritis caused by the fas mutation lpr. Kidney Int. 2004, 65, 1703–1713. [CrossRef]

52. Zhao, S.; Ghosh, A.; Lo, C.S.; Chenier, I.; Scholey, J.W.; Filep, J.G.; Ingelfinger, J.R.; Zhang, S.L.; Chan, J.S.D. Nrf2 Deficiency
Upregulates Intrarenal Angiotensin-Converting Enzyme-2 and Angiotensin 1-7 Receptor Expression and Attenuates Hypertension
and Nephropathy in Diabetic Mice. Endocrinology 2018, 159, 836–852. [CrossRef]

53. Kanda, H.; Yamawaki, K. Bardoxolone methyl: Drug development for diabetic kidney disease. Clin. Exp. Nephrol. 2020. [CrossRef]
[PubMed]

54. Hong, D.S.; Kurzrock, R.; Supko, J.G.; He, X.; Naing, A.; Wheler, J.; Lawrence, D.; Eder, J.P.; Meyer, C.J.; Ferguson, D.A.; et al.
A phase I first-in-human trial of bardoxolone methyl in patients with advanced solid tumors and lymphomas. Clin. Cancer Res.
2012, 18, 3396–3406. [CrossRef] [PubMed]

55. Pergola, P.E.; Krauth, M.; Huff, J.W.; Ferguson, D.A.; Ruiz, S.; Meyer, C.J.; Warnock, D.G. Effect of bardoxolone methyl on kidney
function in patients with T2D and Stage 3b-4 CKD. Am. J. Nephrol. 2011, 33, 469–476. [CrossRef] [PubMed]

http://doi.org/10.1053/j.ajkd.2006.08.015
http://doi.org/10.1159/000321508
http://doi.org/10.1111/j.1523-1755.2004.00465.x
http://doi.org/10.1155/2013/358985
http://www.ncbi.nlm.nih.gov/pubmed/24416590
http://doi.org/10.1038/nrneph.2018.9
http://www.ncbi.nlm.nih.gov/pubmed/29456246
http://doi.org/10.23876/j.krcp.20.082
http://www.ncbi.nlm.nih.gov/pubmed/32868492
http://doi.org/10.3390/ijms21082951
http://doi.org/10.1089/ars.2010.3211
http://doi.org/10.3390/ijms21134777
http://doi.org/10.2337/db09-1342
http://doi.org/10.1124/jpet.110.170084
http://doi.org/10.1038/ki.2009.157
http://doi.org/10.1038/ki.2013.357
http://doi.org/10.1016/j.bbamcr.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/30959066
http://doi.org/10.1093/ndt/gfu002
http://www.ncbi.nlm.nih.gov/pubmed/24523358
http://doi.org/10.1016/j.kint.2016.08.023
http://www.ncbi.nlm.nih.gov/pubmed/27789056
http://doi.org/10.1681/ASN.2014100978
http://doi.org/10.1038/srep36185
http://doi.org/10.1016/j.taap.2008.05.022
http://doi.org/10.1111/j.1365-2443.2008.01234.x
http://doi.org/10.2337/db11-0807
http://doi.org/10.1111/j.1523-1755.2004.00565.x
http://doi.org/10.1210/en.2017-00752
http://doi.org/10.1007/s10157-020-01917-5
http://www.ncbi.nlm.nih.gov/pubmed/32594372
http://doi.org/10.1158/1078-0432.CCR-11-2703
http://www.ncbi.nlm.nih.gov/pubmed/22634319
http://doi.org/10.1159/000327599
http://www.ncbi.nlm.nih.gov/pubmed/21508635


Nutrients 2021, 13, 266 14 of 17

56. Pergola, P.E.; Raskin, P.; Toto, R.D.; Meyer, C.J.; Huff, J.W.; Grossman, E.B.; Krauth, M.; Ruiz, S.; Audhya, P.; Christ-Schmidt, H.;
et al. Bardoxolone methyl and kidney function in CKD with type 2 diabetes. N. Engl. J. Med. 2011, 365, 327–336. [CrossRef]
[PubMed]

57. de Zeeuw, D.; Akizawa, T.; Audhya, P.; Bakris, G.L.; Chin, M.; Christ-Schmidt, H.; Goldsberry, A.; Houser, M.; Krauth, M.;
Lambers Heerspink, H.J.; et al. Bardoxolone methyl in type 2 diabetes and stage 4 chronic kidney disease. N. Engl. J. Med. 2013,
369, 2492–2503. [CrossRef] [PubMed]

58. Chin, M.P.; Wrolstad, D.; Bakris, G.L.; Chertow, G.M.; de Zeeuw, D.; Goldsberry, A.; Linde, P.G.; McCullough, P.A.; McMurray, J.J.;
Wittes, J.; et al. Risk factors for heart failure in patients with type 2 diabetes mellitus and stage 4 chronic kidney disease treated
with bardoxolone methyl. J. Card Fail. 2014, 20, 953–958. [CrossRef]

59. Nangaku, M.; Kanda, H.; Takama, H.; Ichikawa, T.; Hase, H.; Akizawa, T. Randomized Clinical Trial on the Effect of Bardoxolone
Methyl on GFR in Diabetic Kidney Disease Patients (TSUBAKI Study). Kidney Int. Rep. 2020, 5, 879–890. [CrossRef]

60. Reata Announces Positive Topline Year One Results From Pivotal Phase 3 Cardinal Study of Bardoxolone Methyl in Patients
With Alport Syndrome: Reata Pharmaceuticals 2019. Available online: https://www.reatapharma.com/press-releases/reata-
announces-positive-topline-year-one-results-from-pivotal-phase-3-cardinal-study-of-bardoxolone-methyl-in-patients-with-
alport-syndrome/ (accessed on 19 October 2020).

61. Baigent, C.; Lennon, R. Should We Increase GFR with Bardoxolone in Alport Syndrome? J. Am. Soc. Nephrol. 2018, 29, 357–359.
[CrossRef]

62. Toto, R.D. Bardoxolone-the Phoenix? J. Am. Soc. Nephrol. 2018, 29, 360–361. [CrossRef]
63. Tan, S.M.; Sharma, A.; Stefanovic, N.; Yuen, D.Y.; Karagiannis, T.C.; Meyer, C.; Ward, K.W.; Cooper, M.E.; de Haan, J.B. Derivative

of bardoxolone methyl, dh404, in an inverse dose-dependent manner lessens diabetes-associated atherosclerosis and improves
diabetic kidney disease. Diabetes 2014, 63, 3091–3103. [CrossRef]

64. Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on human health. Pharm. Rev.
2010, 4, 118–126. [CrossRef] [PubMed]

65. Ferrari, C.; Torres, E. Biochemical pharmacology of functional foods and prevention of chronic diseases of aging. Biomed. Pharma-
cother. 2003, 57, 251–260. [CrossRef]

66. Eggler, A.L.; Savinov, S.N. Chemical and biological mechanisms of phytochemical activation of Nrf2 and importance in disease
prevention. Recent Adv. Phytochem. 2013, 43, 121–155. [CrossRef] [PubMed]

67. Fahey, J.W.; Zalcmann, A.T.; Talalay, P. The chemical diversity and distribution of glucosinolates and isothiocyanates among
plants. Phytochemistry 2001, 56, 5–51. [CrossRef]

68. Shao, S.; Zhou, T.; Tsao, R. 4.53—Antimicrobials from Plants—Food Preservation and Shelf-Life Extension. In Comprehensive
Biotechnology, 2nd ed.; Moo-Young, M., Ed.; Academic Press: Burlington, VT, USA, 2011; pp. 645–658. [CrossRef]

69. McWalter, G.K.; Higgins, L.G.; McLellan, L.I.; Henderson, C.J.; Song, L.; Thornalley, P.J.; Itoh, K.; Yamamoto, M.; Hayes, J.D.
Transcription factor Nrf2 is essential for induction of NAD(P)H:quinone oxidoreductase 1, glutathione S-transferases, and
glutamate cysteine ligase by broccoli seeds and isothiocyanates. J. Nutr. 2004, 134, 3499s–3506s. [CrossRef]

70. Kwok, C.S.; Gulati, M.; Michos, E.D.; Potts, J.; Wu, P.; Watson, L.; Loke, Y.K.; Mallen, C.; Mamas, M.A. Dietary components
and risk of cardiovascular disease and all-cause mortality: A review of evidence from meta-analyses. Eur. J. Prev. Cardiol. 2019,
26, 1415–1429. [CrossRef]

71. Mori, N.; Shimazu, T.; Charvat, H.; Mutoh, M.; Sawada, N.; Iwasaki, M.; Yamaji, T.; Inoue, M.; Goto, A.; Takachi, R.; et al.
Cruciferous vegetable intake and mortality in middle-aged adults: A prospective cohort study. Clin. Nutr. 2019, 38, 631–643.
[CrossRef]

72. 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. Clin. Nutr. 2011, 94, 240–246. [CrossRef]

73. Genkinger, J.M.; Platz, E.A.; Hoffman, S.C.; Comstock, G.W.; Helzlsouer, K.J. Fruit, vegetable, and antioxidant intake and
all-cause, cancer, and cardiovascular disease mortality in a community-dwelling population in Washington County, Maryland.
Am. J. Epidemiol. 2004, 160, 1223–1233. [CrossRef]

74. Blekkenhorst, L.C.; Bondonno, C.P.; Lewis, J.R.; Devine, A.; Zhu, K.; Lim, W.H.; Woodman, R.J.; Beilin, L.J.; Prince, R.L.; Hodgson,
J.M. Cruciferous and Allium Vegetable Intakes are Inversely Associated With 15-Year Atherosclerotic Vascular Disease Deaths in
Older Adult Women. J. Am. Heart Assoc. 2017, 6. [CrossRef]

75. Zurbau, A.; Au-Yeung, F.; Blanco Mejia, S.; Khan, T.A.; Vuksan, V.; Jovanovski, E.; Leiter, L.A.; Kendall, C.W.C.; Jenkins, D.J.A.;
Sievenpiper, J.L. Relation of Different Fruit and Vegetable Sources With Incident Cardiovascular Outcomes: A Systematic Review
and Meta-Analysis of Prospective Cohort Studies. J. Am. Heart Assoc. 2020, 9, e017728. [CrossRef] [PubMed]

76. Wang, P.Y.; Fang, J.C.; Gao, Z.H.; Zhang, C.; Xie, S.Y. Higher intake of fruits, vegetables or their fiber reduces the risk of type 2
diabetes: A meta-analysis. J. Diabetes Investig. 2016, 7, 56–69. [CrossRef] [PubMed]

77. Jia, X.; Zhong, L.; Song, Y.; Hu, Y.; Wang, G.; Sun, S. Consumption of citrus and cruciferous vegetables with incident type 2
diabetes mellitus based on a meta-analysis of prospective study. Prim. Care Diabetes 2016, 10, 272–280. [CrossRef] [PubMed]

78. Zhao, J.; Zhao, L. Cruciferous vegetables intake is associated with lower risk of renal cell carcinoma: Evidence from a meta-analysis
of observational studies. PLoS ONE 2013, 8, e75732. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1105351
http://www.ncbi.nlm.nih.gov/pubmed/21699484
http://doi.org/10.1056/NEJMoa1306033
http://www.ncbi.nlm.nih.gov/pubmed/24206459
http://doi.org/10.1016/j.cardfail.2014.10.001
http://doi.org/10.1016/j.ekir.2020.03.030
https://www.reatapharma.com/press-releases/reata-announces-positive-topline-year-one-results-from-pivotal-phase-3-cardinal-study-of-bardoxolone-methyl-in-patients-with-alport-syndrome/
https://www.reatapharma.com/press-releases/reata-announces-positive-topline-year-one-results-from-pivotal-phase-3-cardinal-study-of-bardoxolone-methyl-in-patients-with-alport-syndrome/
https://www.reatapharma.com/press-releases/reata-announces-positive-topline-year-one-results-from-pivotal-phase-3-cardinal-study-of-bardoxolone-methyl-in-patients-with-alport-syndrome/
http://doi.org/10.1681/ASN.2017101062
http://doi.org/10.1681/ASN.2017121317
http://doi.org/10.2337/db13-1743
http://doi.org/10.4103/0973-7847.70902
http://www.ncbi.nlm.nih.gov/pubmed/22228951
http://doi.org/10.1016/S0753-3322(03)00032-5
http://doi.org/10.1007/978-3-319-00581-2_7
http://www.ncbi.nlm.nih.gov/pubmed/26855455
http://doi.org/10.1016/S0031-9422(00)00316-2
http://doi.org/10.1016/B978-0-08-088504-9.00321-4
http://doi.org/10.1093/jn/134.12.3499S
http://doi.org/10.1177/2047487319843667
http://doi.org/10.1016/j.clnu.2018.04.012
http://doi.org/10.3945/ajcn.110.009340
http://doi.org/10.1093/aje/kwh339
http://doi.org/10.1161/JAHA.117.006558
http://doi.org/10.1161/JAHA.120.017728
http://www.ncbi.nlm.nih.gov/pubmed/33000670
http://doi.org/10.1111/jdi.12376
http://www.ncbi.nlm.nih.gov/pubmed/26816602
http://doi.org/10.1016/j.pcd.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26778708
http://doi.org/10.1371/journal.pone.0075732
http://www.ncbi.nlm.nih.gov/pubmed/24204579


Nutrients 2021, 13, 266 15 of 17

79. Farvid, M.S.; Holmes, M.D.; Chen, W.Y.; Rosner, B.A.; Tamimi, R.M.; Willett, W.C.; Eliassen, A.H. Postdiagnostic Fruit and
Vegetable Consumption and Breast Cancer Survival: Prospective Analyses in the Nurses’ Health Studies. Cancer Res. 2020,
80, 5134–5143. [CrossRef]

80. Wu, Q.J.; Yang, G.; Zheng, W.; Li, H.L.; Gao, J.; Wang, J.; Gao, Y.T.; Shu, X.O.; Xiang, Y.B. Pre-diagnostic cruciferous vegetables
intake and lung cancer survival among Chinese women. Sci. Rep. 2015, 5, 10306. [CrossRef]

81. Kim, H.; Caulfield, L.E.; Garcia-Larsen, V.; Steffen, L.M.; Grams, M.E.; Coresh, J.; Rebholz, C.M. Plant-Based Diets and Incident
CKD and Kidney Function. Clin. J. Am. Soc. Nephrol. 2019, 14, 682. [CrossRef]

82. Khatri, M.; Moon, Y.P.; Scarmeas, N.; Gu, Y.; Gardener, H.; Cheung, K.; Wright, C.B.; Sacco, R.L.; Nickolas, T.L.; Elkind, M.S.V. The
Association between a Mediterranean-Style Diet and Kidney Function in the Northern Manhattan Study Cohort. Clin. J. Am.
Soc. Nephrol. 2014, 9, 1868–1875. [CrossRef]

83. Bernier-Jean, A.; Prince, R.L.; Lewis, J.R.; Craig, J.C.; Hodgson, J.M.; Lim, W.H.; Teixeira-Pinto, A.; Wong, G. Dietary plant and
animal protein intake and decline in estimated glomerular filtration rate among elderly women: A 10-year longitudinal cohort
study. Nephrol. Dial. Transpl. 2020. [CrossRef]

84. Hu, E.A.; Coresh, J.; Anderson, C.A.M.; Appel, L.J.; Grams, M.E.; Crews, D.C.; Mills, K.T.; He, J.; Scialla, J.; Rahman, M.; et al.
Adherence to Healthy Dietary Patterns and Risk of CKD Progression and All-Cause Mortality: Findings From the CRIC (Chronic
Renal Insufficiency Cohort) Study. Am. J. Kidney Dis. 2020. [CrossRef]

85. Houghton, C.A. Sulforaphane: Its “Coming of Age” as a Clinically Relevant Nutraceutical in the Prevention and Treatment of
Chronic Disease. Oxidative Med. Cell. Longev. 2019, 2019, 2716870. [CrossRef] [PubMed]

86. Yagishita, Y.; Fahey, J.W.; Dinkova-Kostova, A.T.; Kensler, T.W. Broccoli or Sulforaphane: Is It the Source or Dose That Matters?
Molecules 2019, 24, 3593. [CrossRef] [PubMed]

87. 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] [PubMed]

88. West, L.G.; Meyer, K.A.; Balch, B.A.; Rossi, F.J.; Schultz, M.R.; Haas, G.W. Glucoraphanin and 4-hydroxyglucobrassicin contents
in seeds of 59 cultivars of broccoli, raab, kohlrabi, radish, cauliflower, brussels sprouts, kale, and cabbage. J. Agric. Food Chem.
2004, 52, 916–926. [CrossRef] [PubMed]

89. Prochaska, H.J.; Santamaria, A.B.; Talalay, P. Rapid detection of inducers of enzymes that protect against carcinogens. Proc. Natl.
Acad. Sci. USA 1992, 89, 2394–2398. [CrossRef] [PubMed]

90. Sivapalan, T.; Melchini, A.; Saha, S.; Needs, P.W.; Traka, M.H.; Tapp, H.; Dainty, J.R.; Mithen, R.F. Bioavailability of Glucoraphanin
and Sulforaphane from High-Glucoraphanin Broccoli. Mol. Nutr. Food Res. 2018, 62, e1700911. [CrossRef]

91. Conaway, C.C.; Getahun, S.M.; Liebes, L.L.; Pusateri, D.J.; Topham, D.K.; Botero-Omary, M.; Chung, F.L. Disposition of
glucosinolates and sulforaphane in humans after ingestion of steamed and fresh broccoli. Nutr. Cancer 2000, 38, 168–178.
[CrossRef]

92. Baenas, N.; Marhuenda, J.; García-Viguera, C.; Zafrilla, P.; Moreno, D.A. Influence of Cooking Methods on Glucosinolates and
Isothiocyanates Content in Novel Cruciferous Foods. Foods 2019, 8, 257. [CrossRef]

93. Wang, G.C.; Farnham, M.; Jeffery, E.H. Impact of thermal processing on sulforaphane yield from broccoli (Brassica oleracea L. ssp.
italica). J. Agric. Food Chem. 2012, 60, 6743–6748. [CrossRef]

94. Jones, R.B.; Frisina, C.L.; Winkler, S.; Imsic, M.; Tomkins, R.B. Cooking method significantly effects glucosinolate content and
sulforaphane production in broccoli florets. Food Chem. 2010, 123, 237–242. [CrossRef]

95. Tabart, J.; Pincemail, J.; Kevers, C.; Defraigne, J.-O.; Dommes, J. Processing effects on antioxidant, glucosinolate, and sulforaphane
contents in broccoli and red cabbage. Eur. Food Res. Technol. 2018, 244, 2085–2094. [CrossRef]

96. Lu, Y.; Pang, X.; Yang, T. Microwave cooking increases sulforaphane level in broccoli. Food Sci. Nutr. 2020, 8, 2052–2058. [CrossRef]
[PubMed]

97. Galgano, F.; Favati, F.; Caruso, M.; Pietrafesa, A.; Natella, S. The influence of processing and preservation on the retention of
health-promoting compounds in broccoli. J. Food Sci. 2007, 72, S130–S135. [CrossRef] [PubMed]

98. Saha, S.; Hollands, W.; Teucher, B.; Needs, P.W.; Narbad, A.; Ortori, C.A.; Barrett, D.A.; Rossiter, J.T.; Mithen, R.F.; Kroon, P.A.
Isothiocyanate concentrations and interconversion of sulforaphane to erucin in human subjects after consumption of commercial
frozen broccoli compared to fresh broccoli. Mol. Nutr. Food Res. 2012, 56, 1906–1916. [CrossRef]

99. Okunade, O.; Niranjan, K.; Ghawi, S.K.; Kuhnle, G.; Methven, L. Supplementation of the Diet by Exogenous Myrosinase via
Mustard Seeds to Increase the Bioavailability of Sulforaphane in Healthy Human Subjects after the Consumption of Cooked
Broccoli. Mol. Nutr. Food Res. 2018, 62, e1700980. [CrossRef] [PubMed]

100. Dinkova-Kostova, A.T.; Fahey, J.W.; Kostov, R.V.; Kensler, T.W. KEAP1 and Done? Targeting the NRF2 Pathway with Sulforaphane.
Trends Food Sci. Technol. 2017, 69, 257–269. [CrossRef] [PubMed]

101. 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] [PubMed]

102. Shang, G.; Tang, X.; Gao, P.; Guo, F.; Liu, H.; Zhao, Z.; Chen, Q.; Jiang, T.; Zhang, N.; Li, H. Sulforaphane attenuation of
experimental diabetic nephropathy involves GSK-3 beta/Fyn/Nrf2 signaling pathway. J. Nutr. Biochem. 2015, 26, 596–606.
[CrossRef]

http://doi.org/10.1158/0008-5472.CAN-18-3515
http://doi.org/10.1038/srep10306
http://doi.org/10.2215/CJN.12391018
http://doi.org/10.2215/CJN.01080114
http://doi.org/10.1093/ndt/gfaa081
http://doi.org/10.1053/j.ajkd.2020.04.019
http://doi.org/10.1155/2019/2716870
http://www.ncbi.nlm.nih.gov/pubmed/31737167
http://doi.org/10.3390/molecules24193593
http://www.ncbi.nlm.nih.gov/pubmed/31590459
http://doi.org/10.1017/S0007114507824093
http://www.ncbi.nlm.nih.gov/pubmed/17868493
http://doi.org/10.1021/jf0307189
http://www.ncbi.nlm.nih.gov/pubmed/14969551
http://doi.org/10.1073/pnas.89.6.2394
http://www.ncbi.nlm.nih.gov/pubmed/1549602
http://doi.org/10.1002/mnfr.201700911
http://doi.org/10.1207/S15327914NC382_5
http://doi.org/10.3390/foods8070257
http://doi.org/10.1021/jf2050284
http://doi.org/10.1016/j.foodchem.2010.04.016
http://doi.org/10.1007/s00217-018-3126-0
http://doi.org/10.1002/fsn3.1493
http://www.ncbi.nlm.nih.gov/pubmed/32328271
http://doi.org/10.1111/j.1750-3841.2006.00258.x
http://www.ncbi.nlm.nih.gov/pubmed/17995854
http://doi.org/10.1002/mnfr.201200225
http://doi.org/10.1002/mnfr.201700980
http://www.ncbi.nlm.nih.gov/pubmed/29806738
http://doi.org/10.1016/j.tifs.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29242678
http://doi.org/10.1155/2016/7857186
http://www.ncbi.nlm.nih.gov/pubmed/26881038
http://doi.org/10.1016/j.jnutbio.2014.12.008


Nutrients 2021, 13, 266 16 of 17

103. Khaleel, S.A.; Raslan, N.A.; Alzokaky, A.A.; Ewees, M.G.; Ashour, A.A.; Abdel-Hamied, H.E.; Abd-Allah, A.R. Contrast media
(meglumine diatrizoate) aggravates renal inflammation, oxidative DNA damage and apoptosis in diabetic rats which is restored
by sulforaphane through Nrf2/HO-1 reactivation. Chem. Biol. Interact. 2019, 309, 108689. [CrossRef]

104. Wu, H.; Kong, L.; Cheng, Y.; Zhang, Z.; Wang, Y.; Luo, M.; Tan, Y.; Chen, X.; Miao, L.; Cai, L. Metallothionein plays a prominent
role in the prevention of diabetic nephropathy by sulforaphane via up-regulation of Nrf2. Free Radic Biol. Med. 2015, 89, 431–442.
[CrossRef]

105. Cui, W.; Bai, Y.; Miao, X.; Luo, P.; Chen, Q.; Tan, Y.; Rane, M.J.; Miao, L.; Cai, L. Prevention of diabetic nephropathy by
sulforaphane: Possible role of Nrf2 upregulation and activation. Oxid Med. Cell Longev. 2012, 2012, 821936. [CrossRef] [PubMed]

106. Liu, H.; Yang, X.; Tang, K.; Ye, T.; Duan, C.; Lv, P.; Yan, L.; Wu, X.; Chen, Z.; Liu, J.; et al. Sulforaphane elicts dual therapeutic effects
on Renal Inflammatory Injury and crystal deposition in Calcium Oxalate Nephrocalcinosis. Theranostics 2020, 10, 7319–7334.
[CrossRef] [PubMed]

107. Liu, X.; Hu, Z.; Xu, X.; Li, Z.; Chen, Y.; Dong, J. The associations of plant-based protein intake with all-cause and cardiovascular
mortality in patients on peritoneal dialysis. Nutr. Metab. Cardiovasc. Dis. 2020. [CrossRef] [PubMed]

108. Chung, S.D.; Lai, T.Y.; Chien, C.T.; Yu, H.J. Activating Nrf-2 signaling depresses unilateral ureteral obstruction-evoked mitochon-
drial stress-related autophagy, apoptosis and pyroptosis in kidney. PLoS ONE 2012, 7, e47299. [CrossRef]

109. Noorafshan, A.; Karbalay-Doust, S.; Poorshahid, M. Stereological survey of the ameliorative effects of sulforaphane and quercetin
on renal tissue in unilateral ureteral obstruction in rats. Acta Clin. Croat. 2012, 51, 555–562.

110. Lu, Y.; Zhang, Y.; Lou, Y.; Cui, W.; Miao, L. Sulforaphane suppresses obesity-related glomerulopathy-induced damage by
enhancing autophagy via Nrf2. Life Sci. 2020, 258, 118153. [CrossRef]

111. Briones-Herrera, A.; Avila-Rojas, S.H.; Aparicio-Trejo, O.E.; Cristóbal, M.; León-Contreras, J.C.; Hernández-Pando, R.; Pinzón, E.;
Pedraza-Chaverri, J.; Sánchez-Lozada, L.G.; Tapia, E. Sulforaphane prevents maleic acid-induced nephropathy by modulating
renal hemodynamics, mitochondrial bioenergetics and oxidative stress. Food Chem. Toxicol. 2018, 115, 185–197. [CrossRef]

112. Briones-Herrera, A.; Ramírez-Camacho, I.; Zazueta, C.; Tapia, E.; Pedraza-Chaverri, J. Altered proximal tubule fatty acid utiliza-
tion, mitophagy, fission and supercomplexes arrangement in experimental Fanconi syndrome are ameliorated by sulforaphane-
induced mitochondrial biogenesis. Free Radic Biol. Med. 2020, 153, 54–70. [CrossRef]

113. Lv, D.; Zhou, Q.; Xia, Y.; You, X.; Zhao, Z.; Li, Y.; Zou, H. The Association Between Oxidative Stress Alleviation via Sulforaphane-
Induced Nrf2-HO-1/NQO-1 Signaling Pathway Activation and Chronic Renal Allograft Dysfunction Improvement. Kidney Blood
Press Res. 2018, 43, 191–205. [CrossRef]

114. Cekauskas, A.; Bruns, H.; Manikas, M.; Herr, I.; Gross, M.L.; Zorn, M.; Jankevicius, F.; Strupas, K.; Schemmer, P. Sulforaphane
decreases kidney injury after transplantation in rats: Role of mitochondrial damage. Ann. Transpl. 2013, 18, 488–496. [CrossRef]

115. Senanayake, G.V.; Banigesh, A.; Wu, L.; Lee, P.; Juurlink, B.H. The dietary phase 2 protein inducer sulforaphane can normalize
the kidney epigenome and improve blood pressure in hypertensive rats. Am. J. Hypertens 2012, 25, 229–235. [CrossRef] [PubMed]

116. Phillips, T. The role of methylation in gene expression. Nat. Educ. 2008, 1, 116.
117. Shokeir, A.A.; Barakat, N.; Hussein, A.M.; Awadalla, A.; Harraz, A.M.; Khater, S.; Hemmaid, K.; Kamal, A.I. Activation of Nrf2 by

ischemic preconditioning and sulforaphane in renal ischemia/reperfusion injury: A comparative experimental study. Physiol. Res.
2015, 64, 313–323. [CrossRef] [PubMed]

118. 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. Pharm. 2008, 75, 2214–2223. [CrossRef] [PubMed]

119. Thangapandiyan, S.; Ramesh, M.; Miltonprabu, S.; Hema, T.; Jothi, G.B.; Nandhini, V. Sulforaphane potentially attenuates arsenic-
induced nephrotoxicity via the PI3K/Akt/Nrf2 pathway in albino Wistar rats. Env. Sci. Pollut. Res. Int. 2019, 26, 12247–12263.
[CrossRef]

120. Rubio-Navarro, A.; Vázquez-Carballo, C.; Guerrero-Hue, M.; García-Caballero, C.; Herencia, C.; Gutiérrez, E.; Yuste, C.;
Sevillano, Á.; Praga, M.; Egea, J.; et al. Nrf2 Plays a Protective Role Against Intravascular Hemolysis-Mediated Acute Kidney
Injury. Front. Pharm. 2019, 10, 740. [CrossRef]

121. Negrette-Guzmán, M.; Huerta-Yepez, S.; Medina-Campos, O.N.; Zatarain-Barrón, Z.L.; Hernández-Pando, R.; Torres, I.; Tapia, E.;
Pedraza-Chaverri, J. Sulforaphane Attenuates Gentamicin-Induced Nephrotoxicity: Role of Mitochondrial Protection. Evid. -Based
Complementary Altern. Med. 2013, 2013, 135314. [CrossRef]

122. Loboda, A.; Stachurska, A.; Sobczak, M.; Podkalicka, P.; Mucha, O.; Jozkowicz, A.; Dulak, J. Nrf2 deficiency exacerbates ochratoxin
A-induced toxicity in vitro and in vivo. Toxicology 2017, 389, 42–52. [CrossRef]

123. Sun, B.; Wang, X.; Liu, X.; Wang, L.; Ren, F.; Wang, X.; Leng, X. Hippuric Acid Promotes Renal Fibrosis by Disrupting Redox
Homeostasis via Facilitation of NRF2-KEAP1-CUL3 Interactions in Chronic Kidney Disease. Antioxidants 2020, 9, 783. [CrossRef]

124. Shin, J.H.; Kim, K.M.; Jeong, J.U.; Shin, J.M.; Kang, J.H.; Bang, K.; Kim, J.H. Nrf2-Heme Oxygenase-1 Attenuates High-Glucose-
Induced Epithelial-to-Mesenchymal Transition of Renal Tubule Cells by Inhibiting ROS-Mediated PI3K/Akt/GSK-3β Signaling.
J. Diabetes Res. 2019, 2019, 2510105. [CrossRef]

http://doi.org/10.1016/j.cbi.2019.06.002
http://doi.org/10.1016/j.freeradbiomed.2015.08.009
http://doi.org/10.1155/2012/821936
http://www.ncbi.nlm.nih.gov/pubmed/23050040
http://doi.org/10.7150/thno.44054
http://www.ncbi.nlm.nih.gov/pubmed/32641994
http://doi.org/10.1016/j.numecd.2020.03.003
http://www.ncbi.nlm.nih.gov/pubmed/32249138
http://doi.org/10.1371/journal.pone.0047299
http://doi.org/10.1016/j.lfs.2020.118153
http://doi.org/10.1016/j.fct.2018.03.016
http://doi.org/10.1016/j.freeradbiomed.2020.04.010
http://doi.org/10.1159/000487501
http://doi.org/10.12659/aot.884013
http://doi.org/10.1038/ajh.2011.200
http://www.ncbi.nlm.nih.gov/pubmed/22052072
http://doi.org/10.33549/physiolres.932834
http://www.ncbi.nlm.nih.gov/pubmed/25536319
http://doi.org/10.1016/j.bcp.2008.02.029
http://www.ncbi.nlm.nih.gov/pubmed/18407246
http://doi.org/10.1007/s11356-019-04502-w
http://doi.org/10.3389/fphar.2019.00740
http://doi.org/10.1155/2013/135314
http://doi.org/10.1016/j.tox.2017.07.004
http://doi.org/10.3390/antiox9090783
http://doi.org/10.1155/2019/2510105


Nutrients 2021, 13, 266 17 of 17

125. Atilano-Roque, A.; Wen, X.; Aleksunes, L.M.; Joy, M.S. Nrf2 activators as potential modulators of injury in human kidney cells.
Toxicol. Rep. 2016, 3, 153–159. [CrossRef] [PubMed]

126. Guerrero-Beltrán, C.E.; Calderón-Oliver, M.; Martínez-Abundis, E.; Tapia, E.; Zarco-Márquez, G.; Zazueta, C.; Pedraza-Chaverri, J.
Protective effect of sulforaphane against cisplatin-induced mitochondrial alterations and impairment in the activity of NAD(P)H:
Quinone oxidoreductase 1 and γ glutamyl cysteine ligase: Studies in mitochondria isolated from rat kidney and in LLC-PK1 cells.
Toxicol. Lett. 2010, 199, 80–92. [CrossRef] [PubMed]

127. Yuan, Y.; Zheng, J.; Zhao, T.; Tang, X.; Hu, N. Uranium-induced rat kidney cell cytotoxicity is mediated by decreased endogenous
hydrogen sulfide (H2S) generation involved in reduced Nrf2 levels. Toxicol. Res. 2016, 5, 660–673. [CrossRef] [PubMed]

128. Juge, N.; Mithen, R.F.; Traka, M. Molecular basis for chemoprevention by sulforaphane: A comprehensive review. Cell Mol.
Life Sci. 2007, 64, 1105–1127. [CrossRef]

129. Cross, J.V.; Rady, J.M.; Foss, F.W.; Lyons, C.E.; Macdonald, T.L.; Templeton, D.J. Nutrient isothiocyanates covalently modify
and inhibit the inflammatory cytokine macrophage migration inhibitory factor (MIF). Biochem. J. 2009, 423, 315–321. [CrossRef]
[PubMed]

130. Gigliotti, J.C.; Tin, A.; Pourafshar, S.; Cechova, S.; Wang, Y.T.; Sung, S.J.; Bodonyi-Kovacs, G.; Cross, J.V.; Yang, G.; Nguyen, N.;
et al. GSTM1 Deletion Exaggerates Kidney Injury in Experimental Mouse Models and Confers the Protective Effect of Cruciferous
Vegetables in Mice and Humans. J. Am. Soc. Nephrol. 2020, 31, 102–116. [CrossRef]

131. Langston-Cox, A.; Anderson, D.; Creek, D.J.; Palmer, K.; Wallace, E.M.; Marshall, S.A. Measuring Sulforaphane and Its Metabolites
in Human Plasma: A High Throughput Method. Molecules 2020, 25, 829. [CrossRef]

132. Zhou, Y.; Yang, G.; Tian, H.; Hu, Y.; Wu, S.; Geng, Y.; Lin, K.; Wu, W. Sulforaphane metabolites cause apoptosis via microtubule
disruption in cancer. Endocr. Relat Cancer 2018, 25, 255–268. [CrossRef]

133. Wang, Y.; Zhou, Y.; Zheng, Z.; Li, J.; Yan, Y.; Wu, W. Sulforaphane metabolites reduce resistance to paclitaxel via microtubule
disruption. Cell Death Dis. 2018, 9, 1134. [CrossRef]

134. Berhane, K.; Widersten, M.; Engström, A.; Kozarich, J.W.; Mannervik, B. Detoxication of base propenals and other alpha,
beta-unsaturated aldehyde products of radical reactions and lipid peroxidation by human glutathione transferases. Proc. Natl.
Acad. Sci. USA 1994, 91, 1480–1484. [CrossRef]

135. Hubatsch, I.; Ridderström, M.; Mannervik, B. Human glutathione transferase A4-4: An alpha class enzyme with high catalytic
efficiency in the conjugation of 4-hydroxynonenal and other genotoxic products of lipid peroxidation. Biochem. J. 1998, 330 Pt
1, 175–179. [CrossRef]

136. Paumi, C.M.; Smitherman, P.K.; Townsend, A.J.; Morrow, C.S. Glutathione S-transferases (GSTs) inhibit transcriptional activation
by the peroxisomal proliferator-activated receptor gamma (PPAR gamma) ligand, 15-deoxy-delta 12,14prostaglandin J2 (15-d-
PGJ2). Biochemistry 2004, 43, 2345–2352. [CrossRef] [PubMed]

137. Bernardini, S.; Hirvonen, A.; Järventaus, H.; Norppa, H. Trans-stilbene oxide-induced sister chromatid exchange in cultured
human lymphocytes: Influence of GSTM1 and GSTT1 genotypes. Mutagenesis 2001, 16, 277–281. [CrossRef] [PubMed]

138. Chang, J.; Ma, J.Z.; Zeng, Q.; Cechova, S.; Gantz, A.; Nievergelt, C.; O’Connor, D.; Lipkowitz, M.; Le, T.H. Loss of GSTM1, a
NRF2 target, is associated with accelerated progression of hypertensive kidney disease in the African American Study of Kidney
Disease (AASK). Am. J. Physiol. Ren. Physiol. 2013, 304, F348–F355. [CrossRef] [PubMed]

139. Tin, A.; Scharpf, R.; Estrella, M.M.; Yu, B.; Grove, M.L.; Chang, P.P.; Matsushita, K.; Köttgen, A.; Arking, D.E.; Boerwinkle, E.;
et al. The Loss of GSTM1 Associates with Kidney Failure and Heart Failure. J. Am. Soc. Nephrol. 2017, 28, 3345–3352. [CrossRef]
[PubMed]

140. 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]

141. Szczesny-Malysiak, E.; Stojak, M.; Campagna, R.; Grosicki, M.; Jamrozik, M.; Kaczara, P.; Chlopicki, S. Bardoxolone Methyl
Displays Detrimental Effects on Endothelial Bioenergetics, Suppresses Endothelial ET-1 Release, and Increases Endothelial
Permeability in Human Microvascular Endothelium. Oxid. Med. Cell Longev. 2020, 2020, 4678252. [CrossRef]

142. Liu, H.; Zimmerman, A.W.; Singh, K.; Connors, S.L.; Diggins, E.; Stephenson, K.K.; Dinkova-Kostova, A.T.; Fahey, J.W. Biomarker
Exploration in Human Peripheral Blood Mononuclear Cells for Monitoring Sulforaphane Treatment Responses in Autism
Spectrum Disorder. Sci. Rep. 2020, 10, 5822. [CrossRef]

143. Atwell, L.L.; Hsu, A.; Wong, C.P.; Stevens, J.F.; Bella, D.; Yu, T.-W.; Pereira, C.B.; Löhr, 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]

144. 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]

http://doi.org/10.1016/j.toxrep.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28959534
http://doi.org/10.1016/j.toxlet.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20732396
http://doi.org/10.1039/C5TX00432B
http://www.ncbi.nlm.nih.gov/pubmed/30090379
http://doi.org/10.1007/s00018-007-6484-5
http://doi.org/10.1042/BJ20091170
http://www.ncbi.nlm.nih.gov/pubmed/19723024
http://doi.org/10.1681/ASN.2019050449
http://doi.org/10.3390/molecules25040829
http://doi.org/10.1530/ERC-17-0483
http://doi.org/10.1038/s41419-018-1174-9
http://doi.org/10.1073/pnas.91.4.1480
http://doi.org/10.1042/bj3300175
http://doi.org/10.1021/bi035936+
http://www.ncbi.nlm.nih.gov/pubmed/14979731
http://doi.org/10.1093/mutage/16.3.277
http://www.ncbi.nlm.nih.gov/pubmed/11320155
http://doi.org/10.1152/ajprenal.00568.2012
http://www.ncbi.nlm.nih.gov/pubmed/23220723
http://doi.org/10.1681/ASN.2017030228
http://www.ncbi.nlm.nih.gov/pubmed/28720685
http://doi.org/10.1093/ajcn/82.6.1283
http://doi.org/10.1155/2020/4678252
http://doi.org/10.1038/s41598-020-62714-4
http://doi.org/10.1002/mnfr.201400674
http://doi.org/10.1016/S0009-8981(01)00727-6

	Introduction 
	Sources of Oxidative Stress in the Kidney 
	Evidence That Oxidative Stress Is Operant in CKD 
	NRF2 in Kidney Disease 
	Potential Role for Sulforaphane (SFN) in Kidney Disease 
	Conclusions 
	References

