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Isothiocyanates: Translating the Power of Plants to People

Dushani L. Palliyaguru, Jian-Min Yuan, Thomas W. Kensler,* and Jed W. Fahey

Isothiocyanates from cruciferous vegetables have been studied extensively in
cells and in animals for their disease preventive and therapeutic effects.
However, translating their utility to human populations has been both limited
and challenging. Herein, clinical trials employing two isothiocyanates,
sulforaphane (SFN; 1-isothiocyanato-4-(methylsulfinyl) butane) and phenethyl
isothiocyanate (PEITC; 2-isothiocyanatoethylbenzene) that are isolated
principally from broccoli and watercress, respectively, are summarized and
discussed. Both of these compounds have been used in small human clinical
trials, either within food matrices or as single agents, against a variety of
diseases ranging from cancer to autism. Results suggest an opportunity to
incorporate them, or more likely preparations derived from their source
plants, into larger human disease mitigation efforts. The context for the
applications of these compounds and plants in evidence-based food and
nutritional policy is also evaluated.

1. Introduction

1.1. Origin and Synthesis

Isothiocyanates are stress-response chemicals formed from glu-
cosinolates in plants often belonging to the Cruciferae family, and
more broadly the Brassica genus. A plethora of diverse plants
belong to this family—broccoli, watercress, kale, cabbage, col-
lard greens, Brussels sprouts, bok choy, mustard greens, and
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cauliflower to name a few. The agricul-
tural use of cruciferous vegetables dates
back many centuries. Farmers likely
started cultivating wild forms of the mus-
tard plant and via artificial selection were
able to produce the large variety of genet-
ically similar yet visibly different species
that we see today.[1,2]

Nitrogen and sulfur-containing glu-
cosinolates, present in cruciferous
vegetables, are hydrolyzed by the action
of the plant myrosinase enzyme into
nitriles, indoles, thiocyanates, and
isothiocyanates upon cutting, cooking,
chewing, and digestion.[3] Hydrolysis of
glucosinolates provides an important
defense mechanism against pathogen
attacks, changes in the climate, and
other stresses.[4] Over 120 different
glucosinolates have been identified[5,6]

and it has been conjectured that almost all of them originate
from four plant species—Barbarea vulgaris, Arabidopsis thaliana,
Eruca sativa, and Isatis tinctoria.[7] Different glucosinolates
produce distinct isothiocyanates. For example, glucoraphanin
(GR) is the glucosinolate precursor of sulforaphane (SFN; 1-
isothiocyanato-4-(methylsulfinyl) butane) while gluconasturtiin
is the biogenic source of phenylethyl isothiocyanate (PEITC; 2-
isothiocyanatoethylbenzene). The types and concentrations of
glucosinolates vary significantly between crucifers and are also
subject to change based on temperature, age, soil chemistry, so-
lar irradiance, season, genetics, and plant ontogeny. Therein lies
a major challenge for their use in science-driven interventional
studies.

1.2. Chemical Structures

The formations of SFN from GR and PEITC from gluconastur-
tiin are illustrated in Figure 1. Early reports of identification of
SFN in cruciferous plants date back to the 1950s.[8] SFN isolated
from broccoli was shown to induce carcinogen detoxification en-
zymes by Talalay and colleagues in 1992.[9] The functional group
responsible for this biological action is the strongly electrophilic
central carbon of the N=C=S. Concurrently, a series of struc-
tural analogs of SFNwere synthesized, but none showed superior
cytoprotective enzyme inducer activity to SFN.[10] None of these
analogs have transitioned into clinical studies. Reports of cancer
preventive properties of PEITC dates back to the 1970s.[11] It is an
aromatic isothiocyanate and the biological reactivity of PEITC is
also largely governed by N=C=S.
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Figure 1. Schematic of glucosinolate metabolism in broccoli and water-
cress; and a summary of conditions for which clinical trials have been or
are currently being carried out using broccoli or watercress preparations,
SFN or PEITC. Information on current clinical trials was obtained from
clinicaltrials.gov.

2. Pharmacology

2.1. Metabolism, Bioavailability, and Elimination

The precursor glucosinolates are metabolized into isothio-
cyanates by the action of plant myrosinase and undergo fur-
ther metabolism, initially through conjugation with glutathione
(GSH) by glutathione S-transferases (GSTs).[12] This conjuga-
tion is followed by the formation of isothiocyanate-Cys-Gly by
gamma glutamyltranspeptidase (GTP). The mercapturic acid,
isothiocyanate-N-acetyl cysteine (isothiocyanate-NAC) is ulti-
mately formed by the sequential reactions catalyzed by cys-
teinylglycinase (CGase) and acetyltransferase (AT). While all of
these metabolites of isothiocyanates have been detected in urine
and plasma after ingestion of cruciferous vegetable preparations
or isothiocyanates themselves in humans,[13,14] the mercapturic
acids seem to be the most predominant species.
Critical to the formation of isothiocyanates is the plant enzyme

myrosinase and β-thioglucosidases occurring in the human
gastrointestinal microbiome,[15] which convert precursor glu-
cosinolates into bioactive isothiocyanates. A human homolog of
myrosinase has not been described. Directly administered
isothiocyanates have much higher bioavailability than
glucosinolates,[16] reflecting their intrinsic lipophilicity, but
more importantly reflecting the need for ingested glucosinolates
to first be converted to isothiocyanates prior to absorption and
further metabolism. Measurement of urinary excretion of SFN
and SFN metabolites has been used routinely to determine
bioavailability in various trials. In a randomized, cross-over
clinical trial where participants were administered either
SFN- or GR-rich (GRR) beverages, it was observed that partici-
pants who received SFN-rich beverage had substantially higher
rates of urinary excretion of SFN metabolites than those who
received GRR beverage.[17] Only 5% of the administered GR
was recovered as SFN metabolites as compared to 70% when
SFN was administered. Egner and colleagues also showed

in this cohort of healthy Chinese adults that there was rapid
clearance of urinary metabolites of SFN, a finding that had
been reported by others previously.[18] Four healthy volunteers
who were fed an extract of 3-day-old broccoli sprouts that had
been hydrolyzed with myrosinase (mean dose of isothiocyanates
�201 μmol) showed rapid excretion rates of isothiocyanates
(mean cumulative 8 h excretion �117 μmol; about 58% of the
administered dose).[19]

Others have shown that consumption of fresh broccoli sprouts
resulted in significantly higher plasma and urinary concentra-
tions of SFN than achieved following consumption of a commer-
cial dietary supplement claiming to be rich in GR, but lacking
myrosinase.[20] In another small clinical study, a different com-
mercial supplement rich in GR, but without myrosinase, pro-
vided identical crude pharmacokinetics as a laboratory-prepared,
freeze-dried broccoli sprout extract,[21] indicating interindividual
variability observed in GR delivery. Similarly, it was shown that
high myrosinase activity corresponded with higher bioavailabil-
ity of SFN and somewhat shorter excretion half lives (2.2 h for
high activity compared with 3.1 h for low activity) of urinary SFN
conjugates compared to heat-applied broccoli florets with lowmy-
rosinase activity.[22]

The finding that myrosinase-containing preparations of broc-
coli have higher bioavailability than those that have no myrosi-
nase has been echoed by other studies.[21] A comparison of fresh
broccoli sprouts, glucosinolate-rich broccoli powder lacking my-
rosinase, and a combination of both, yielded the highest uri-
nary SFN recovery from the sprouts followed by the combina-
tion and the powder, respectively.[23] In this study, appearance of
SFNmetabolites in urine and plasmawas delayed after consump-
tion of the powders compared to that from consumption of broc-
coli sprouts, likely due to the lack of active and readily available,
ingested myrosinase and a dependence on the gut microbiome
to supply it. Not surprisingly, methods of cooking broccoli and
other cruciferous vegetables can have a significant impact on the
formation and content of isothiocyanates. Fresh broccoli yields
approximately three times higher levels of isothiocyanates com-
pared to cooked broccoli,[24] leading to the clear suggestion that
retention of endogenous myrosinase activity by avoiding heat is
an important consideration for isothiocyanate delivery from cru-
ciferous vegetables. These concerns are supported by epidemio-
logic data reviewed by Tang and colleagues.[25,26]

When three subjects were given one oral dose of 40 mg
of PEITC, the highest plasma concentrations of total isothio-
cyanates ranging from 0.64 to 1.40 μM was detected between 3
and 5.5 h.[27] A separate study evaluated four healthy volunteers
who were instructed to eat 30 g of watercress (estimated to con-
tain approximately 9.79 mg g−1 dry weight of gluconasturtiin)
for breakfast and PEITC-NAC ranging from 4.6 to 10.2 mg was
detected in 24 h urine collections with peak excretion at 2–4 h
post ingestion.[28] In rats, peak plasma concentrations (9 μM)
of PEITC were observed �44 min after oral administration
of 10 μmol kg−1.[29] When rats were dosed repeatedly with
high doses of PEITC (1 or 5 mg kg−1; 6 or 30 μmol kg−1),
bioavailability of PEITC was enhanced significantly compared
to a single dosing regimen.[30] When the same strain of rats
was orally supplied with the same dose of SFN, Cmax values for
PEITC were much higher than that of SFN, suggesting that
the latter reaches higher concentrations in tissue.[31] Whether
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this holds true for human bioavailability of PEITC and SFN is
a matter for further investigation. As might be expected, work
two decades ago demonstrated that no myrosinase activity could
be detected after cooking watercress in boiling water for 3 min
compared to its uncooked counterpart.[32]

Collectively, isothiocyanate pharmacology is dependent on
multiple different factors—type of food matrix (plant character-
istics like species and age), type of starting material (food vs. sup-
plement), method of preparation (raw vs. cooked), and secondary
processing (subject to chewing and/or gutmicrobiome). Variabil-
ity that results from these factors makes isothiocyanate research
challenging but it also presents excellent opportunities for fur-
ther research and applications in multiple different areas.

3. Clinical Trials with Disease-Related Outcomes,
Using Isothiocyanates

Several clinical trials with isothiocyanates, given orally as glu-
cosinolate precursors within cruciferous vegetables or directly
in its bioactive form, have provided evidence for protective or
therapeutic effects against disease. In particular, broccoli/SFN
(delivered as mature broccoli, broccoli sprout extract, broccoli
seed extract, and broccoli powder) have been tested expansively
in some studies with promising results (summarized in Ta-
ble 1). Though the literature for watercress/PEITC is not as
extensive, and is mostly limited to lung cancer and respiratory
disease, some studies (summarized in Table 2) have identified
its potential as a preventive and therapeutic agent. Observa-
tional/epidemiological studies have also been carried out to
determine whether consumption of particular food items leads
to altered disease outcomes in target populations. While these
studies do not translate bench science to clinical evidence, they
sometimes provide a basis for conducting robust clinical studies.
In this light, select epidemiologic studies have been briefly de-
scribed, where suitable, alongside clinical trials in the following
text. In addition to clinical trials that have been published in peer-
reviewed journals, there are multiple clinical trials that are in the
pipeline (as indicated on clinicaltrials.gov) with broccoli/ SFN
and watercress/PEITC (Figure 1) and are discussed in a separate
section.

3.1. Cancer

Isothiocyanates have in preclinical carcinogenesis studies
demonstrated remarkable chemopreventive efficacy.[33,34] Clin-
ical studies are much more limited; those addressing a variety
of different cancer sites are discussed below. The mechanisms
by which isothiocyanates exert their anticarcinogenic effects
are being investigated by many groups, and point to key mech-
anisms including induction of carcinogen detoxification and
elimination through elevated NRF2 signaling,[35,36] enhanced
DNA damage repair,[37,38] elimination of cancer stem cells,[39] and
others.[40] One of the challenges involved in studying the effect of
isothiocyanates on the development of cancer in humans using
randomized clinical trials is the absence of reliable biomarkers to

predict cancer risk—given that cancer incidence itself cannot be
effectively or affordably evaluated as an endpoint for prevention.

3.1.1. Breast Cancer

Observational/Epidemiological Studies. Breast cancer risk is
driven by levels and duration of exposure to estrogen over
a life course. SFN is known to modulate the metabolism
of estradiol in human mammary epithelial cells, including
dampening the formation of promutagenic DNA adducts from
4-hydroxyestradiol.[41] A higher urinary 2-hydroxyestrone:16-
hydroxyestrone ratio was observed in healthy, postmenopausal
women with the consumption of Brassica vegetables for 4
weeks,[42] which we and others believe is a favorable trend
that mitigates estrogen-mediated mammary carcinogenesis. Epi-
demiologic studies evaluating the effect of cruciferous vegetable
consumption on breast cancer development are not in complete
agreement. A pooled analysis of cohort studies conducted in 2001
showed that consuming fruits and vegetables, including crucif-
erous vegetables, had no effect on breast cancer risk.[43] How-
ever, in a subsequent Swedish study, women who consumed
higher amounts of Brassica vegetables (median = 1.5 servings
per day) had a significantly lower risk of developing breast can-
cer compared to women who consumed virtually no Brassica
vegetables,[44] a protective outcome that is not seen with overall
consumption of fruits and vegetables.

Clinical Trials. A few small clinical trials have been conducted
to determine whether consumption of broccoli sprout extracts
shows efficacy against breast cancer biomarkers in women with-
out invasive breast cancer who were scheduled for breast biop-
sies after a mammogram[45,46] with intriguing results on epige-
netic effects that require further investigation with larger and
more comprehensive trials. In subjects with a history of breast
cancer, intake of �14 cups per week of cruciferous vegetables
for 3 weeks was seen to significantly reduce urinary 8-hydroxy-2′-
deoxyguanosine, a marker of oxidative stress,[47] likely indicating
the utility of cruciferous vegetables in cancer patient nutrition.

3.1.2. Lung Cancer

Observational/Epidemiological Studies. Some epidemiologic
studies have shown that there is an inverse relationship between
consumption of Brassica vegetables and lung cancer risk.[48–50]

Yet, at the epidemiologic level, it is important to note that there
are some cohorts that do not show favorable lung cancer out-
comes associated with consumption of cruciferous vegetables,
for example, men in the United States[49] and Europeans.[51]

Clinical Trials. IncreasedDNA repair activity was observed af-
ter intake of 250 g of broccoli per day for 10 d in young smokers[52]

suggesting that such a diet could counter DNA damage leading
to lung cancer caused by cigarette smoke. Multiple studies have
suggested that isothiocyanates in cruciferous vegetables modify
themetabolism of lung carcinogens.[53] In a recent study inwhich
smokers were administered PEITC (10mg, four times a day), the
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Table 1. Summary of clinical trials using broccoli and SFN for disease indications.

Agent Disease/condition Participants, agent, dose, and schedule Outcome Reference

Broccoli/SFN Cancer—breast 54 breast biopsy candidates; broccoli seed extract;
514 μmol GRR d−1; 56 d

Lower Ki67, lower HDAC3 in benign tissue, lower
HDAC in PBMC compared to placebo

[45]

Cancer—lung 30 healthy, young smokers; steam-cooked broccoli;
250 g d−1; 10 d

Increased DNA repair activity in PBMC compared
to control diet

[52]

291 healthy participants; broccoli sprout beverages;
GR (600 μmol) and SFN (40 μmol); 84 d

Rapid and sustained increases in urinary
excretion of benzene (61%) and acrolein (23%)

[56]

50 healthy participants; GR- or SFN-rich broccoli
sprout beverage; 7 d

20%–50% increase in excretion levels of
glutathione conjugates of acrolein,
crotonaldehyde, and benzene in GR, SFN, or
both compared to baseline

[57]

Cancer—GI tract 40 Helicobacter pylori-infected subjects; broccoli
sprouts; 70 g d−1/ for 8 weeks

Reduced urease, inflammation, and bacterial
colonization in broccoli intervention group
compared to alfalfa control group

[61]

Cancer—prostate 90 men with biochemical recurrence after radical
prostatectomy; 60 mg of prostaphane daily; 6
months

Significantly lower log PSA slope compared to
placebo

[68]

Diabetes 103 Scandinavian T2D patients; broccoli sprout
extract; 150 μmol SFN per dose; 12 weeks

Improved fasting glucose and HbA1C in obese
participants

[69]

81 T2D patients; broccoli sprout powder (22.5 μmol
g−1 SFN); 5 g or 10 g per day; 4 weeks

Reduced fasting glucose, reduced inflammatory
markers and serum insulin compared to
placebo

[70,71]

Skin disorders 5 subjects with Epidermolysis bullosa simplex; topical
application of broccoli sprout extract (500 nmol
SFN mL−1); 1 week

Increase in K17 expression, variable but induced
expression on K6 and K16

[72]

6 volunteers; topical application with broccoli sprout
extract (200 or 400 nmol SFN); 3 doses every 24 h

Reduced erythema (mean = 37.7%) caused by
UV radiation

[73]

Heart and
vascular
disease

37 subjects with high CVD risk; standard or high GRR
broccoli; 400 g per week; 12 weeks

Reduced plasma LDL-C in high GRR group [74]

77 T2D patients with a positive H. pylori stool antigen
test; broccoli sprout powder or in combination with
standard therapy; 6 g d−1; 28 d

Improvement in systolic and diastolic blood
pressure in the combination group

[75]

14 adults with sickle cell disease; broccoli sprout
homogenate; 50–150 μmol dose escalation for 21 d

Increase in whole blood mRNA levels of heme
oxygenase 1 and trend for same with subunit of
fetal hemoglobin

[78]

Developmental/
behavioral
disorders

27 young males with moderate to severe ASD; SFN
derived from lyophilized broccoli sprout; 50–150
μmol SFN; 18 weeks

Improvement in social interaction, abnormal
behavior, and verbal communication

[79]

10 schizophrenia patients; broccoli seed extract; 69
μmol GRR (three tablets, daily); 54 d

Improvement in cognitive function tests [82]

Respiratory
conditions

29 subjects inoculated with FluMist live attenuated
influenza virus; broccoli sprout homogenate; 100
μmol SFN; 21 d

Increase in peripheral blood NK cell expression
and reduction in circulating influenza RNA

[83]

16 young, healthy smokers; broccoli sprout
homogenate; 200 g d−1; 4 d

Reduction in virus-induced inflammation;
reduction in influenza sequences in nasal
lavage fluid from smokers

[84]

45 moderate asthmatics; SFN; 100 μmol daily; 14 d Reduction in bronchoconstrictor effects of
methacholine; reduction in airway resistance

[85]

29 healthy subjects who tested positive for cat
allergens; SFN-rich broccoli sprout extract; 100
μmol d−1; 4 d

54% reduction in diesel exhaust particle–induced
nasal white blood cell counts

[86]
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Table 2. Summary of clinical trials using watercress and PEITC for disease indications.

Agent Disease/condition Participants, agent, dose, and schedule Outcome Reference

Watercress/PEITC Cancer—lung 11 healthy smokers; watercress; 56.8 g per meal for
3 meals per day; 3 d

Increased urinary NNAL plus NNAL-Gluc
(33.5%) during feeding period

[53]

82 healthy smokers; PEITC; 10 mg; four times a day
for 5 weeks

Reduced NNK metabolic activation ratio with
PEITC (7.7%)

[54]

DNA damage 60 subjects; raw watercress; 85 g daily; 8 weeks Reduction in basal DNA damage in lymphocytes
and reduction in DNA damage in response to
ex vivo H2O2

[102]

10 healthy males; raw watercress; 85 g d−1; 8 weeks Reduction in exercise-induced PMBC DNA
damage; reduction in lipid peroxidation

[38]

Acute liver toxicity 10 healthy volunteers; watercress homogenate;
50 g d−1 10 h before acetaminophen

Decrease in urinary and plasma metabolites of
acetaminophen (Cys- and Mer-)

[103]

Figure 2. Percent change in excretion of benzene, acrolein, and croton-
aldehyde mercapturic acid conjugates by PEITC for 21 or 35 d, GR for 7 d,
and GR and SFN for 84 d. Adapted from refs. [54–57].

PEITC arm reducedmetabolic activation of NNK, one of themost
potent lung carcinogens present in cigarettes by 7.7%.[54] Larger
increases in rates of excretion of detoxification metabolites (of-
tenmercapturic acids) of combustion pollutants such as benzene
and aldehydes were observed following PEITC intervention[55]

(Figure 2). Similar trends in modulating metabolism of air pol-
lutants by broccoli sprout beverages had been observed by our
group in two previous trials. When a broccoli sprout-derived bev-
erage containing 600 μmol GR and 40 μmol of SFN was given to
study participants in Qidong, China for 12 weeks, higher urinary
excretion levels for benzene and acrolein mercapturic acids were
observed[56] compared to the placebo beverage. Similar results in
air pollutant metabolism were observed in another study where
GRR or SFN-rich beverages were administered to participants in
Qidong for a week.[57]

3.1.3. Cancers of the GI Tract

Observational/Epidemiological Studies. In theNetherlands Co-
hort Study, it was observed that consumption of Brassica vegeta-
bles was inversely associated with development of gastric cardia

adenocarcinoma.[58] In an ecologic study where colorectal can-
cer rates between Maori and non-Maori people in New Zealand
were compared, the authors attributed the low prevalence of can-
cer amongst Maori people to the consumption of vegetables like
watercress,[59] in spite of their high red meat consumption. Inter-
estingly, another study showed that consumption of cruciferous
vegetables increased the urinary excretion of PhIP, a DNA adduct
forming carcinogen present in cooked meat.[60]

Clinical Trials. Reduced urease and inflammation was seen
in Helicobacter pylori-infected humans fed a broccoli sprout–rich
diet[61] indicating that isothiocyanates could likely be used to
block stomach carcinogenesis in high-risk individuals. Similar
encouraging results have been shown in smaller trials with a
lower number of participants.[62] However, in another trial using
250 mg standardized broccoli sprout yielding 1000 μg SFN twice
daily for 4 weeks, no significant changes were observed in urea
breath test and gastric juice ammonia concentrations but mod-
est changes were seen in lipid peroxidation in the gastric mucosa
compared to placebo.[63]

3.1.4. Prostate Cancer

Observational/Epidemiological Studies. The most comprehen-
sive epidemiologic review (now 15 years old), evaluated evidence
for the effect of cruciferous vegetable consumption on prostate
cancer incidence and found no conclusive effect.[64] However, a
decreased prostate cancer risk was observed with increased in-
take of vegetables like broccoli in a cohort of men previously
exposed to asbestos in Western Australia.[65] There are specific
challenges associated in using markers of prostate cancer to pre-
dict risk. The use of PSA as a marker of prostate cancer is highly
controversial and might add confounders to studies that look at
cruciferous vegetables and prostate cancer risk at the population
level.[66]

Clinical Trials. The efficacy of SFN against prostate cancer
has been tested in a few small clinical trials. Treating 20 prostate
cancer patients with SFN-rich extracts (200 μmol d−1) for
20 weeks did not result in a significant decline (�50%) in
PSA levels.[67] However, in another study, men with biochemical
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recurrence after radical prostatectomy showed promising results
after daily ingestion of 60 mg (�340 μmol) of stabilized free SFN
in a commercial dietary supplement for 6 months.[68]

3.2. Diabetes

In a randomized, double-blind, placebo-controlled study, 103
Scandinavian type 2 diabetes (T2D) patients were given daily oral
broccoli sprout extract (containing 150μmol SFNper dose) for 12
weeks, and improved fasting glucose and HbA1C was observed
with the most robust improvement occurring in dysregulated,
obese participants.[69] Most of these patients were concurrently
on metformin treatment, therefore the therapeutic effect of SFN
alone in T2D is unknown from this study. Previous studies in
Iran showed that broccoli sprout powder consumption (112 or
225 μmol d−1 of SFN equivalents given as a commercial GR di-
etary supplement) for 4 weeks, reduced serum insulin concen-
tration in T2D patients.[70] The same intervention resulted in fa-
vorable lipid profiles in T2D patients[71] suggesting that isothio-
cyanates have utility in reducing diabetes-related complications
too. Whether or not SFN and other isothiocyanates could replace
or complement current diabetes medications such as metformin
requires further investigation.

3.3. Skin Disorders

Topical application of broccoli sprout extract for keratin-based
disorders was tested by Kerns and colleagues in a small study.[72]

Here, five subjects with epidermolysis bullosa simplex (caused by
mutations in keratin 14 or 5) applied the extract (500 nmol SFN
mL−1) daily. Variable but induced expression of keratins 16 and
6 were observed after application indicating the potential of broc-
coli sprout extract to be used in similar keratin-associated disor-
ders. SFN-rich broccoli sprout extract application was shown to
protect skin of volunteers against erythema caused by ultraviolet
radiation.[73] However, more extensive studies with larger sample
sizes are needed to understand the broad spectrum of possible
uses of isothiocyanates in skin disease.

3.4. Heart, Blood, and Vascular Disease

In 2015, a study showed that a broccoli diet containing high lev-
els of GR reduced plasma LDL cholesterol levels significantly.[74]

Cardiovascular disease risk in H. pylori-infected T2D patients
was shown to be reduced after administration of broccoli sprouts
powder.[75] However, in 40 hypertension patients consuming 10 g
of dried broccoli sprouts for 4 weeks, no changes in blood pres-
sure or flow-mediated dilation were detected.[76] The exact mech-
anism by which SFN/broccoli is able to protect against heart and
vascular disease is currently unknown but is likely related to re-
dox changes associated with NRF2 signaling.[77] This is an active
area of research that warrants more clinical studies. In a phase
1 study that used SFN-containing broccoli sprout homogenate
(50–150 μmol dose escalation for 14 d) in adults with sickle cell

disease, increases in whole blood mRNA levels of heme oxyge-
nase1 and subunit of fetal hemoglobin were observed.[78]

3.5. Developmental/Behavioral Disorders

SFN treatment (50–150 μmol daily, for 18 weeks followed by
4 weeks without treatment) improved autism (ASD)-related out-
comes (largely based on the Social Responsiveness Scale) in
young, male patients.[79] This finding was particularly impor-
tant because SFN potentially addressed the pathophysiological
hallmarks of ASD[80] (oxidative stress and antioxidant deficiency)
instead of treating symptoms of ASD as done by standard ther-
apy. Such results are in alignment with the findings from a re-
cent report that showed that SFN was able to reduce damage
caused to mouse cortical cultures by chemicals that mimicked
the action in several brain disorders, including ASD.[81] There
are multiple clinical trials in the pipeline evaluating the utility of
SFN/broccoli preparations in ASD and findings from these stud-
ies would add valuable insight to incorporating these compounds
into ASD treatment methods. Dietary broccoli sprout extract
also improved outcomes related to schizophrenia in patients,[82]

suggesting that isothiocyanates may collectively have a very im-
portant role to play in treating neurological and developmental
conditions.

3.6. Respiratory Conditions

A broccoli sprout homogenate was shown to reduce influenza-
related outcomes in human volunteers.[83] Influenza virus–
induced markers of inflammation were significantly lower in
smokers after consumption of broccoli sprout homogenates.[84]

In another study, daily 100 μmol SFN for 14 d was shown to
improve the bronchoprotective response in asthmatics.[85] Broc-
coli sprout extract (dose equivalent to consumption of 100–200 g
broccoli) was also shown to reduce the nasal allergic response
to diesel exhaust particles in human subjects.[86] When 25 or
150 μmol SFN was orally administered to smokers with chronic
obstructive pulmonary disorder (COPD) for 4 weeks, no signifi-
cant changes in inflammatory markers were observed compared
to placebo.[87] This outcome may be related to the fact that base-
line oxidative stress and inflammation is already very high in
such a patient population and cannot be reversed by a dietary
agent.

3.7. Ongoing Clinical Trials

As per clinicaltrials.gov, there are a number of clinical trials in
the pipeline that are using broccoli/SFN and watercress/PEITC
and some of them are highlighted here—SFN against tobacco-
related head and neck cancer (NCT03268993, 03182959); SFN
against lung cancer in former smokers (NCT03232138); SFN
against autism (NCT02677051, 02909959; 02879110, 02654743,
02561481); SFN against schizophrenia (NCT02810964,
02880462); SFN against cystic fibrosis (NCT01315665); wa-
tercress juice against oral cancer (NCT01790204); PEITC jelly in
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head and neck cancer (safety and efficacy study; NCT03034603);
watercress diet against long-term effects secondary to cancer
therapy in adults (NCT02468882). Results from these studies
will likely further bolster the emergent disease preventive and
therapeutic effects of these isothiocyanates and will reveal
important aspects of how to best administer them to target
populations.

4. Future Directions

4.1. Gaps in Research

Overall, there has been an expanding number of well-designed
albeit small clinical studies that use SFN/PEITC or broc-
coli/watercress preparations. Major challenges lie in defining
and optimizing formulations for the plant preparations, includ-
ing sourcing, composition, elucidating critical pharmacokinetic
parameters, and in dose selection. Many trials employ maximum
tolerated doses where in fact lower doses may prove equally or
even more effective. Recruiting high numbers of participants,
using safe, effective, and clinically interpretable doses as well as
identifying disease endpoints/patient populations suitable for in-
tervention are essential points to consider. Results from some
studies have shown that it is important to identify limitations for
the use of compounds like SFN.[45,87] Reporting findings that sug-
gest that SFN is not effective as a therapeutic against conditions
that are associated with high oxidative and inflammatory stress,
or disease that is too advanced will allow us to identify conditions
that can perhaps be best addressed by interventions with isothio-
cyanates.
Not all individualsmay respond in the samemanner to isothio-

cyanate interventions. In a randomized, 3-phase cross-over study
where 16 subjects were given different varieties of broccoli, it
was seen that highest excretion of SFN metabolites occurred in
GSTM1-positive individuals.[88] Higher and more rapid excretion
of this sort likely means lesser biological benefits will be exerted
at the tissue level in GSTM1-positive people. In another study, it
was shown that induction of GST-alpha and GST-mu by Brassica
vegetables was dependent onGSTM1 genotype of participants.[89]

However, with broccoli-based beverages in our China trials, no
effect of GST genotypes was observed, perhaps reflecting that
such effects were masked by the high doses of GR/SFN that were
used. In PBMC obtained from subjects who consumed 85 g of
watercress for 8 weeks, it was observed that small but signifi-
cant increases in GPX and SOD enzyme activity were observed
in GSTM1-null but not in GSTM1-positive individuals.[90] Larger-
scale interventions should therefore take these genetic polymor-
phisms into account to resolve their impact on individuals so that
those who will best benefit from cruciferous vegetables can be
identified. Effects of GST genotypes on the pharmacodynamic
action of PEITC have also been reported[55] (Figure 2).
Identifying biomarkers of not only SFN/PEITC but more

broadly of the ingestion of the plants themselves will allow for
more accurate quantification of intake, especially in epidemio-
logic studies. Urinary isothiocyanate measurements have been
routinely used in several studies but there is large variability
in isothiocyanate concentration between various plant products
(SFN is much higher in broccoli compared to other crucifers) as

well as between different preparations of the same genus of plant.
Furthermore, glucosinolate metabolism rates are not the same in
a given cohort which also introduces an additional variability to
studying cruciferous vegetables at large. Some other biomarkers
of cruciferous vegetables have been proposed in a few studies—
lutein,[91] urinary 3,3’-diindolylmethane (DIM).[92] However, they
are yet to be incorporated into large nutritional studies using
crucifers.

4.2. New Technologies

Advances have been made to circumvent some of the chal-
lenges associated with isothiocyanate delivery. To account for the
variability—or lack—inmyrosinase activity in preparations or in-
dividuals that could lead to lower or higher isothiocyanate con-
centrations, tablets containing both the GR as well as active my-
rosinase have been manufactured and are sold in the United
States and internationally. Additionally, cruciferous crops that
produce higher content of glucosinolates can been selected-for
and emerging technologies in the field are evaluating how bac-
teria can be engineered to bind specific cells and secrete my-
rosinase in a targeted chemotherapy approach.[93] A recent study
compared the delivery efficiency of an alpha-cyclodextrin inclu-
sion SFN preparation with a commercial SFN-rich nutritional
supplement.[94] Collectively, findings from research studies need
to be effectively disseminated to the general public so that this
knowledge can drive day-to-day nutritional practices of people.

5. Broader Implications of Isothiocyanate Research

5.1. Over-the-Counter Supplements

Isothiocyanate dietary supplements present a potentially bene-
ficial strategy to introduce key nutritional components to peo-
ple, particularly with regard to addressing issues related to
poor bioavailability/absorption of cooked cruciferous vegetables.
However, some serious challenges persist and need to be urgently
dealt with before moving forward.
In the United States, both broccoli and watercress are available

in the form of dietary supplement capsules. Based on growth in
sales of general supplements over the past few years,[95] it is likely
that broccoli, watercress, and other cruciferous vegetable extract
supplement sales will continue to grow in the coming years. This
trend is likely to be amplified by online sales via the internet
and social media. Even though some supplements are evolving
with scientific research (for example, introducing “myrosinase-
activated” versions in place of standard extracts), many of these
products have not been tested for efficacy in randomized clinical
trials ormonitored for bioactive content, and therefore present ar-
eas of research or manufacturing that require more robust work.
While most manufacturers do not directly make health or dis-

ease treatment claims on the labels of these products, some do so
overtly. The Food andDrugAdministration (FDA) recently issued
a series of warnings to companies that produce supplements that
claim cancer preventive and therapeutic properties.[96] Amongst
the common statements found on broccoli and watercress
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supplements are claims to support detoxification–a finding that
has been essentially extrapolated from the larger body of research
on these plants and their bioactives and not necessarily by direct
testing the respective products. Hence, it is important not only
to conduct rigorous scientific experimentation on these products
but also to raise public awareness so that people know what to
consume, how, and when.

5.2. Isothiocyanates in Evidence-Based Food Policy

In 2003, the World Health Organization (WHO)’s International
Agency for Cancer Research (IARC) published a chapter on cru-
ciferous vegetables as a recommendation for cancer prevention.
Two of the public health recommendations specifically advised
that cruciferous vegetables not be promoted more than other
types of vegetables and that caution should be taken when in-
gesting high amounts of crucifers (either in the form of supple-
ments or consuming large amounts of vegetables). The second
point has since been addressed by several clinical trials showing
the little to no side effects, at least when reasonable amounts of
cruciferous vegetables are consumed. In any case, it is generally
unadvisable and impractical for individuals to consume diets that
focus solely on one food type. Instead, the public should be en-
couraged to consistently consumemoderate amounts of a diverse
array of cruciferous vegetables as part of the diet. Yet, according
to 2015 United States Agricultural Department data, cruciferous
vegetables are not within the top seven mostly consumed veg-
etables in the United States,[97] suggesting that the message of
cruciferous vegetables or isothiocyanates is not being delivered
to the American public effectively.
At the agricultural level, growing Brassica plants require a lot

of water and might not be feasible in areas of the world where
water is scarce. In fact, research has shown that using alterna-
tives like wastewater to grow Brassica plants increases exposure
to pathogens which introduces an unnecessary health threat to
consumers.[98] Given that Brassica plants have a highly evolved
response to external stress stimuli, it is likely that exposure to
heavy metals via contaminated soil could affect the quality of the
plant,[99] andmight certainly be unhealthy for people to consume.
Furthermore, the consumption of conventionally grown crucif-
erous vegetables may come with the added exposure to pesti-
cides and herbicides. Therefore, safer, affordable and sustainable
agricultural methods will need to be promoted for growing Bras-
sica and cruciferous plants in order to harness their full disease-
mitigating potential.
One glaringly obvious challenge when it comes to incorporat-

ing isothiocyanates into nutritional and food policies around the
world is the fact that the most common plants that are known
sources of isothiocyanates do not readily grow in many parts of
the world. Several varieties of such plants including standard
broccoli and watercress that have been studied extensively re-
quire a cooler climate to grow and would not fare well in tropical
countries. Encouragingly though, the family of cruciferous veg-
etables is extremely large and includes several dozen plant types
that grow well under different climates. Research efforts focus-
ing on native cruciferous or Brassica plants that could potentially
provide comparable, if not superior, health effects to those of the

more common plants will be useful. The identification of isothio-
cyanates and their biological effects fromMoringa oleifera, which
is a plant that grows well in the tropics, is an important step for-
ward in this direction.[100,101]
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P. Finglas, F. Toldrá), Vol. 1, Academic Press, Oxford 2016, p. 469.

[2] T. Johnson, A. Dinkova-Kostova, J. Fahey, in The Encylopedia of Food
and Health (Eds: B. Caballero, P. Finglas, F. Toldrá), Vol. 3, Academic
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