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Abstract
Isothiocyanates are the highly reactive organo-sulphur phytochemicals and 
are product of hydrolysis of glucosinolates which are present mainly in the 
cruciferous vegetables. These compounds due to their unique chemical 
reactivity possess anti-cancer, anti-inflammatory, and neuroprotective 
properties. Epidemiological and experimental evidences suggest that 
isothiocyanates reduce oxidative stress and act as indirect antioxidants 
as well as antimicrobials, therefore, have received attention from the 
researchers for their possible application in pharmacological and food 
industry. However, due to high volatility and heat sensitivity of these 
bioactive compounds, their extraction is very challenging and requires 
the application of various innovative technologies. In addition to that, 
their fate during the processing conditions also needs to be considered 
as these processes tend to affect their bioavailability. Isothiocyanates 
exhibit wide range of antimicrobial activity due to their ability of reducing 
oxygen consumption and depolarizing the mitochondrial membrane  
in bacterial cells. They are generally regarded as safe (GRAS) compounds 
and hence are allowed to be added to the food as preservatives. Due to 
their antimicrobial properties, isothiocyanates incorporated food packaging 
films have become popular in the last decade. They are known to act 
as substrates to activate lactoperoxidases (LPO) for extension of shelf 
life of dairy products due to its bactericidal and bacteriostatic properties.  
This review addresses the detailed evidences supporting the biological 
activities, bioavailability and stability, methods of extraction, and explanation 
for their taste perception, as well as utilization of these isothiocyanates  
in food packaging as natural antimicrobials or natural preservatives  
to improve shelf life of food stuffs.
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Introduction
Isothiocyanates (ITCs) are the volatilephyto 
chemicals that belong to the category of highly 
reactive organo-sulfur compounds and are identified 
as the main compounds responsible for the 
characteristic pungent aroma and bitter taste  
of the cruciferous vegetables e.g. broccoli, radish, 
watercress, cabbage, cauliflower and mustard.1 
These are not present in the plants in their 
native form, but are formed when glucosinolates  
ge t  hydro lyzed by  myros inase enzyme. 
Glucosinolates (GSLs) are the chemically stable 
and biologically inactive thioester compounds 
that are the precursors of isothiocyanates.2 Upon 
exposure to physical stresses such as cell disruption 
or mastication, these plants activate the myrosinase 
enzyme that hydrolyzes the glucosinolates into 
glucose and several unstable intermediates that 
undergo rearrangements and transform into 
secondary metabolites such as isothiocyanates, 
indoles, thiocyanates and nitriles.3,4,5 ITCs are 
known to possess several biological activities such  
as fungicidal, fungistatic, nematicidal, and bactericidal 
effects and also contribute to the anticancerous, 
neuroprotective, anti-inflammatory, cardio-protective 
and other health promoting properties in humans.6-9  

Formation of isothiocyanates is largely affected 
by several internal as well as external factors like 
pH, temperature, availability of ferrous ions and 
presence of proteins like epithiospecifier protein.10,11 
Epithiospecifier protein (ESP) is a cofactor  
of myrosinase enzyme that assists the formation of 
epithionitriles and nitriles as the breakdown product 
of GSLs with a terminal double bond. ESP hinders 
the synthesis of ITCs but it has been observed that 
cooking at about 60oC denatures the ESP and favors 
the formation of ITCs rather than epithionitriles.12,13

Nowadays, researchers are keen to study 
these compounds as they have been linked to 
prevention and cure (to some extent), some of 
the most cataclysmic diseases for human health.  
For instance, isothiocyanates are reported to react 
with phase I and phase II enzymes to detoxify 
carcinogens and excrete them out of the body, 
inhibit cytochrome p450, and suppress cancer cell 
proliferation thus preventing cancer.14,15 Apart from 
this, ITCs exert antioxidant, neuroprotective, and 
anti-inflammatory activities by regulating phase II 
antioxidants, reducing oxidative stress, preventing 
formation of reactive oxygen species (ROS), 

maintain redox homeostasis, enhance activity  
of free radical scavenger by promoting KEAP1/NRF2/
ARE pathway and inhibiting nuclear translocation  
of NF-κB to prevent inflammation.16-19

Furthermore, various studies have confirmed the 
strong antimicrobial properties of ITCs as they 
have been reported to reduce oxygen consumption 
of microbes, cause oxidative stress that reduces 
microbial growth and alter the structure of their 
proteins by forming conjugates with them.20-23 

Strong antibacterial and antifungal activities  
of some isothiocyanates such as benzyl, phenyl 
and allyl isothiocyanates have been reported 
previously.24,25 These bioactive components are 
considered as strong electrophiles which may easily 
react with nucleohilic reagents including sulphites, 
alcohols, amines, water and amino acids in the 
course of food handling as well as in physiological 
circumstances.26 ITCs have been reported to 
inhibit gram-positive and gram-negative bacteria 
at doses ranging from 0.02 to 200 mg/l.27,4 Being  
food derived compounds, ITCs are generally 
regarded as safe (GRAS) to be in contact with food 
products. These properties justify the potential of 
ITCs to be used as a good natural alternative for 
chemical antimicrobial agents in food packaging 
in order to improve the shelf life of different 
food products. The probable mode of actions of 
ITCs against microbial activity include disruption  
of various cellular mechanisms like inhibition  
of functioning of enzymes, alteration of structure 
of enzymes and increased oxidative stress.27 
Moreover, it has been found to increase the shelf life 
of raw milk by activation of lactoperoxidases (LPO) 
system. Lactoperoxidases (LPO) hinders the growth  
of food borne micro-organisms and hence 
increases the shelf life of milk due to its bactericidal  
and bacteriostatic properties. Hydrogen peroxide 
assists in conversion of thiocyanate into 
hypothiocyanate, which is an effective antimicrobial 
agent due to its ability to disrupt sulfhydryl group 
(-SH) in bacterial enzymes. Therefore, these 
compounds are becoming an emerging field  
of interest in shelf-life extension of foods in recent 
decades. However, it is very challenging to extract 
these compounds due to their bioavailability, 
high volatility and heat sensitivity. Apart from 
that, different food processing treatments tend  
to influence their bioavailability resulting in alteration 
of their health promoting properties. Thus, in this 
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review, an attempt has been made to explore 
the possible health benefits of isothiocyanates,  
effect on bioavailability and stability during 
processing, methods of extraction, taste and flavor 
perception and their utilization in packaging and 
increasing the shelf life of a variety of food products.

Phenylethyl isothiocyanate

Erucin

Benzyl isothiocyanate

Allyl isothiocyanate

Sulforaphane

Iberverin

Fig. 1: Chemical structures of some 
isothiocyanates

Types and Sources of Isothiocyanates
Glucosinolates, precursors of ITCs, can be found in 
all the parts of a plant viz. roots, seeds, leaf, or the 
stem. The youngest tissues possess the maximum 
amount of glucosinolates which decreases upon 
maturation due to their degradation to support the 
formation of other sulfur-containing compounds.28 
The nature of glucosinolates in plants varies 
according to various factors such as climate,  
soil, harvesting, storage, processing, pH and 
plant growth conditions, for instance, sulfur 
fertilization favors the synthesis of aliphatic 
glucosinolates, whereas, nitrogen rich fertilizers 
favor the synthesis of indole glucosinolates.29 
Individuals of the Brassicaceae family contain  
a variety of glucosinolates, each when hydrolyzed, 
shapes a distinctive isothiocyanate. The basic 
structure of glucosinolates comprises of a β-D-
thioglucose group, a sulfonated oxime group and 
an amino acid based side chain.30 Depending 
upon the configuration of the chain, glucosinolates 
may either be aliphatic, x-methylated, aromatic,  
or heterocyclic (indole).31 Since the isothiocyanates 
are hydrolysis product of glucosinolates therefore 
they are based on the sorts of their glucosinolate 
precursor and are categorized into three groups 
i.e. aliphatic, terpenoids, and aromatic ITCs. There 
are some other isothiocyanates that are synthetic  
in nature, for example, methyl isothiocyanate, propyl 
isothiocyanate, furfuryl isothiocyanates, and phenyl 
isothiocyanates. Chemical structures of some 
isothiocyanates are shown in Figure 1.

Chemistry of Isothiocyanates
On the structural basis, isothiocyanates (ITCs) 
have highly reactive organo-sulfur group and  
are the esters of isothiocyanic acid (H-NCS) that can 
also be regarded as sulfur analogs of isocyanates 
(R-NCO).3 Their fundamental structure is, R-N=C=S, 
where, R can be any aliphatic or aromatic side 
chain while the NCS group has negative dipole due  
to which they readily form a wide class of nitrogen, 
sulphur, and oxygen heterocycles. The carbon 
atom of NCS group in ITCs is highly electrophilic in  
nature (–N=C=S), and attacks the thiols to form 
reversible thiocarbamates and also produces stable 
thiourea derivates by reacting with amines in the human 
body; for example, glutathione, a thiol, conjugates 
with ITC by catalysis of glutathione S-transferases 
(GSTs). This reaction acts as an important metabolic 
route of accumulation as well as detoxification  
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in human system.27 Another role of isothiocyanate’s 
electrophilic nature is that it can covalently  
modify proteins which can be further utilized 
in laboratories for tagging proteins with other 
compounds such as fluorescein ITC.1 Due to their 
versatile chemical properties, the bioactivities  
of isothiocyanates include the prevention of formation 
of cancer cells by induction of apoptosis and production 
of cytokine along with anti-inflammatory, antimicrobial  
and cardio-protective properties.17

Extraction of Isothiocyanates
The extraction of isothiocyanates is difficult 
because they are unstable and heat sensitive  

so require technical considerations and thorough 
study. Researchers have used various extraction 
techniques such as microwave assisted extraction, 
l iquid- l iquid extraction, supercrit ical f luid 
extraction, pulsed electric field extraction and 
ultrasonication for the extraction of isothiocyanates 
(Table 1). But these methods are under constant 
investigation for the improvisation in their extraction  
capacity without affecting the final yield and stability  
of ITCs. The effect of these processing technologies  
on the extraction of glucosinolates and isothiocyanates  
is discussed below

Table 1: Extraction and identification of differentisothiocyanates from different natural sources

Isothiocyanate Source  Extraction Extractants  Detection Results Refe-
component  technique  technique  rences

Sulforaphane Broccoli Liquid-liquid  methyl tert-butyl Liquid chroma The highest 36

  extraction ether (MTBE) -tography content of SFN
    coupled with  was found in
    diode array  broccoli florets
    detection  (556 mg/Kg) 
    (DAD) and  whereas
    C18 column the lowest was
     detected in leaf 
     (30 mg/Kg). 
Sinigrin Indian  a) Solid-liquid a) Ethanol Reversed Extraction 37

 mustard  extraction  phase selectivity
 seeds b) HVED  ion-pair of Glucos-
  application  b) 40kV liquid inolates
   for 5 ms chroma- was better with
    tography HVED when
    using DAD  compared to the
    and C18  operation c
    column onsisting
     grinding + 
     diffusion. 
Glucoraphanin Hoary Extraction Ethanol High Extraction using 38

 cress  using  Performance stirred baffled
 leaves stirred   liquid chroma vessels resulted
  baffled   -tography in nearly
  vessels  with diode  three-fold
    array  increase in
    detection  recovery of
    (DAD) Glucoraphanin 
     when compared 
     to the standard 
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     control recovery 
     method. 
Aliphatic GLS Broccoli High 20ºC -300 MPa, High Perfo- Application of 39

 florets pressure 20ºC- 700 MPa, rmance HPP at 700
  /high 82ºC- 0.1 MPa Capillary MPa at 20ºC
  Tempe- & 82ºC-700 MPa. Electrop- was effective in
  rature   horesis increasing the
  (HP/HT)  (HPCE) yield of overall
      glucosinolates
    
Sinigrin Indian  Ultrasonic Ethanol; 20kHz, HPLC with Ultrasonic stimulated 40

 mustard  stimulated 400W for 5 LC-20A UV solvent extraction
 seeds solvent  minutes detector and increased the yield
  extraction    ELSD detector about 71% as it was 
     effective in breaking 
     the vegetal cells by 
     swelling and bursting 
     due to enhanced 
     hydration of 
     pectinous material. 
Sulforaphane White  Conventional Dichlorom- HPLC column Microwave assisted 41

 cabbage Extraction &  ethane and with UV extraction compared
  Microwave  water detector to traditional extraction
  assisted    could achieve better
  extraction    yield in lesser time
     by dichloromethane 
     or water  
Sinigrin,  York Fermentation Lactic Acid Spectrop- The initial content of 42

Gluconapin,  cabbage assisted Bacteria hotometry ITCs in unfermented
glucoiberin,   extraction (L. plantarum)  sample was 16.99 µM
Glucorap-     SFE/ml. FAE increased
hanin, gluco-     the yield more than
brassicin, and      2.2 fold due to the
neo-glucobra-     enzymic activity of
ssicin     L. plantarum which 
     hydrolyzed the 
     glucosinolates 
     into ITCs. 

Conventional Methods
Isothiocyanates can be obtained by enzymic 
hydrolysis of glucosinolates in laboratories, but for 
doing so, it becomes necessary to extract intact 
glucosinolates from plant tissues. The most common 
processes used for extraction of glucosinolates  
are hot water extraction and extraction using 
aqueous organic solvents. Nakamura32 investigated 
the application of conventional distillation for the 
extraction of BITC from green papaya. They used 
reverse phase HPLC-UV at 254 nm for analysis 

and reported that green papaya contained about 
85.6% BITC out of which, about 80% was extracted 
in the distilled water. But when stored at 4oC, 
BITC present in the distilled water was rapidly 
diminished over time due to the sensitivity to the 
temperature. Further, hydro-distillation sometimes 
causes burning of the material in bottom of the 
flask, so magnetic stirrer is preferred to prevent the 
material to be extracted from settling in the bottom 
of flask.33 Apart from this, the extraction of BITC 
with organic solvents such as chloroform, acetone, 
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and ethanol has also been studied. It was reported 
that extraction with chloroform gave highest yield 
followed by acetone and then ethanol, the reason 
being, ethanol is hydroxylated solvent which reacts 
with BITC whereas acetone is miscible in water 
which facilitates the contact between N=C=S group 
of BITC and hydroxyl group of polar solvents to 
react with each other.34 Even though these methods 
are used extensively, they still possess limitations 
for their application, such as these require large 
amount of solvents, cold extraction conditions, 
inactivation of myrosinase as well as long extraction 
times.35 To overcome these hurdles, various non-
conventional technologies like pulsed electric field, 
ultrasonication, microwave assisted extraction  
and high pressure processing are now being applied.

High Pressure Processing (Hpp)
In high pressure processing, the materials are 
exposed to a high pressure (300-600 MPa) at ambient 
temperature for 1 to 15 minutes for pasteurization  
or sterilization usually, but now it can also be applied 
for the extraction of ITCs as it has proven its efficiency 
in enhancing the hydrolysis of glucosinolate to ITCs. 
For instance, in an experiment it was observed that 
application of high pressure processing at 500 MPa 
on brussels sprouts increased the concentration 
of sulforaphane up to 317% compared to control, 
because HPP caused the cells to disrupt and 
release myrosinase which hydrolyzed glucoraphanin  
to sulforaphane.43 Likewise, Westphal44 studied the 
effect of HPP on bioactivation of glucosinolates  
to isothiocyanates in broccoli sprouts. They applied 
100-600 MPa pressure on Broccoli sprouts for  
3 minutes at 30oC and it was observed that use  
of pressure at about 600 MPa increased the degree 
of conversion of GSLs into their respective ITCs up 
to 85% which was 4-5 times higher than samples 
treated at low pressures. This can be attributed  
to the inactivation of epithiospecifier protein as well 
as decomparmentalization of myrosinase enzyme. 
Overall, this method of extraction possesses 
no serious drawbacks but the only limitation  
is that high pressure raises the temperature of the 
material which can affect the yield of the obtained 
isothiocyanates or glucosinolates.
 
Ultrasound Assisted Extraction
Ultrasound is an innovative processing technology 
that is based on the phenomenon of acoustic 
cavitation i.e., rapid expansion and contraction  

of bubbles of gas/vapours. This generates intense 
local heating and high pressures that cause cell wall 
disruption, solvent penetration into material and also 
release the components of cell in food matrices. 
Wang40 used ultrasonication as the pre-treatment 
method for the solvent based extraction of sinigrin 
from Indian mustard seed. It was observed that 
without ultrasound, conventional extraction method 
resulted in lower yield of sinigrin (2.25 ±0.05%) 
whereas, ultrasound assisted extraction technique 
resulted in higher yield (3.84±0.02%), i.e. 71% 
increase in productivity. Ultrasonication resulted  
in elimination of external pectous substance which 
led to the enhanced productivity of sinigrin. Moreover, 
it was also reported that as the content of pectous 
material decreased, the content of sinigrin increased 
suggesting the correlation of sinigrin productivity 
to the amount of the pectous substance in seeds. 
Ultrasound treatment is also used as a pre-treatment 
step prior to microwave assisted extraction.

Microwave Assisted Extraction (Mae)
MAE is a method that involves traditional extraction 
technique in combination with microwave heating 
to increase the degree of extraction by promoting 
uniform transfer of heat and mass in the material 
with the reduced extraction time. Tanongkankit41 
applied MAE for the extraction of sulforaphane from 
cabbage and observed that MAE, when combined 
with conventional extraction, resulted in a higher 
extraction yield in dichloromethane solvent than 
water because sulforaphane possesses weak 
polarity due to which it can easily be extracted  
by  non po lar  o rgan ic  so lvents  such as 
d ich lo romethane.  Moreover,  app l i ca t ion  
of microwaves activates myrosinase which is an 
important factor for the formation of isothiocyanate. 
At present, Microwave assisted extraction is not  
in much application as it requires optimization and 
more detailed study.

Supercritical Fluid Extraction (Sfe)
In supercritical fluid extraction, inert fluids above 
their critical values are used for the extraction.45 
Advantages of this method are high selectivity, 
rapid extraction, non toxic and inert solvent, 
low consumption of solvent as well as absence 
of corresponding residues in the extract. Li46 
optimized supercritical extraction using CO2 
(SCE) for the extraction of AITC from wasabi  
(Wasabia japonica Matsum) and observed that 
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the highest yield obtained was 0.40% at 25 MPa 
and 35oC. They also inferred that the yield of AITC 
increased with increasing the pressure (15-25 MPa) 
and varying the temperature range (35-55oC).  
SCF has high diffusivity due to the dense gaseous 
nature of the supercritical fluid that promotes higher 
yield of extract, thus can be used for the extraction 
of ITCs. Due to structural variations of ITCs,  
their diffusivity in SCF is variable. So, to enhance the 
diffusion, some modifiers such as ethanol, hexane, 
dichloromethane and ether are used.

Pulsed Electric Field Assisted Extraction
Although, High pressure processing and supercritical 
fluid extraction methods are efficient for extraction 
but these require high cost for the set up.  
In addition, HPP is so powerful in rupturing the cells 
that it somehow leads to leaching and formation  
of some unwanted compounds along with the desired 
phytochemicals. Therefore, a milder technology like 
pulsed electric field (PEF) based on the principle 
of electroporation through the application of high 
intensity electric pulses (10-80 kV/cm) for very 
short durations of time, can be utilized for extraction  
of ITCs. The principle phenomenon of electroporation 
of PEF processing renders the cell permeable and 
leads to leaching of different compounds. In a 
study, variables of pulsed electric field treatment  
(electric field strength varying from 1 to 4 kV/cm and 
pulse duration ranging from 50 to 1000 µs at 5 Hz) 
were applied on broccoli stalks and flowers to extract 
glucosinolate. The optimum PEF conditions reported 
to be adequate for the extraction of GSLs were 4kV 
cm-1 for 525 and 1000µs as this led to a two-fold 
increase in final extracted yield of neoglucobrassicin, 
glucoiberin and glucobrassicin in broccoli flower 
and stalk.47 Application of PEF to a higher degree 
also favors the conversion of glucosinolates into 
ITCs as electroporation leads to permeabilization  
and release of myrosinase which then hydrolyzes 
the glucosinolate to produce ITCs.

Fermentation Assisted Extraction
Fermentation assisted extraction is one of the latest 
techniques that is gaining popularity for extraction. 
Jaiswal and Ghannam42 applied this method by 
using Box-Bhenken Experimental design to extract 
isothiocyanates from York cabbage. During the 
investigation, they evaluated total initial content  
of GSLs to be 14.06 ± 0.074 µg/mL which consisted 
of seven different glucosinolates out of which, 

majority were aliphatic in structure. They further 
inactivated the myrosinase enzyme by blanching for 
about 12 min at 95oC before fermentation and then 
performed the LAB fermentation with an S/L ratio  
of 0.25 (w/v) for 36 hours at the agitation rate of 
100 rpm. This resulted in an overall increase upto  
2.2 times the init ial concentration of ITCs 
(Sulforaphane equivalent/ml).

Thus it can be stated that the recent advancements 
and applications of novel technologies for the 
process of extraction are leading to better yields 
while saving energy and time. However, these 
methods still lack the proper research due to which 
these methods are not yet commercially applied 
for the extraction purposes but further analysis, 
experimentations and developments in utilization 
of these methods can overcome such obstacles.

High voltage electric discharge (HVED) 

HVED assisted extraction is an innovative  
and efficient method which represents the green 
extraction. This is a novel alternative to traditional 
extraction with several advantages such as low 
energy input, short treatment time and higher 
recovery of bioactive components.48 The principle 
of action of high voltage electric discharge  
is electrohydraulic discharge. This is a liquid phase 
discharge technology in which electrical expulsions 
are produced directly in water inducing several 
physical and chemical reactions in water. In a study, 
the effect of HVED treatment on the recovery of 
isothiocyanates, proteins and phenolic compounds 
from rapeseeds and rapeseed press cake was 
evaluated. The raw materials were subjected to 
different energy inputs ranging from 0 to 400 KJ/
Kg and different solvent to solid ratios (1:5 to 
1:20, w/w). It was concluded that high voltage 
electrical discharge treatment was highly effective 
in extracting high-added value components namely 
isothiocyanates, proteins and phenolic compounds.49

 
Pressurized fluid extraction (PFE) 
PEF, also called accelerated solvent extraction 
(ASE) is a sample preparation technique for 
extracting several components from a solid  
or semisolid matrix with organic solvents near their 
supercritical region to enhance the rate and efficacy 
of extraction procedure. Pressurized fluid extraction 
reduces the requirement of high solvent volume 
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and extraction time by using elevated temperature 
and pressure that allows high solubility and 
diffusion rate of extracts along with high penetration  
rate of the solvent in sample. In a study, Rodrigues50 

optimized the extraction of isothiocyanates and 
polyphenols using pressurized fluid under controlled 
pressure and temperature from water cress.  
The pre-treatment included different conditions 
of incubation time varying from 0 to 120 minutes, 
temperature (25-35oC) and pressure at 25 MPa. 
Supercritical carbon dioxide as well as combination 
of carbon dioxide and ethanol were used to recover 
polyphenol-enriched isothiocyanate extracts  
(35oC temp; 25 MPa pressure). The authors 
reported that supercri t ical carbon dioxide 
promoted the extraction of isothiocyanates from 
watercress while the carbon dioxide-ethanol mixture  
isolated polyphenols.

Stability Of Isothiocyanates (ITCs)
These phytochemicals can easily get affected 
by various factors like pH, temperature, heat, 
and other chemical compounds. Therefore,  
the evaluation of stability is vital for rendering 
their commercial applications in various fields.  
Luang-In and Rossiter51 were the first to investigate 
the stability of ITCs and nitriles in various buffers 
(pH 7.0) such as citrate phosphate buffer and  
Tris-Cl that were incubated anaerobically at 37oC 
for more than 24 hours in nutrient broths and 
other aqueous solutions with/without the presence  
of bacterial cells along with the stability of those 
ITCs without bacterial cells. They observed that 
all the tested ITCs including AITC, BITC, PITC, 
IBV, and ERN were unstable within the tested 
aqueous solutions and their concentration reduced 
from 1.0 mM to 0.2-0.4 mM within 8 hours in 
nutrient broths without bacterial cells. The rationale  
they stated was that the nutrient broth consists  
of yeast extract, beef extract, peptone and NaCl that 
exhibit affinity to bind with isothiocyanates.26,52 Thus, 
they concluded that ITCs are unstable in aqueous 
solutions because the functional group in ITCs has 
electrophilic character that facilitates ITCs to react 
with nucleophilic agents such as water, carboxylic 
acids and amino acids.53

Other factors that govern the stability and reactivity 
of ITCs include steric hindrance, electrical effect 
and pKa value of the molecules in buffers.  
Pressure also regulates the stability of myrosinase 

and isothiocyanates. For instance, pressure range 
from 100-600 MPa (10-60oC) decreases up to 
88% the activity of myrosinase but application  
of high pressure at mild temperature (600-800 
MPa) enhances the stability of ITCs. These kinetic 
results confirm that ITCs have higher HP/T stability 
than myrosinase and hence, can be an alternative  
to thermal processes.54

The latest and most promising method of stabilization 
of isothiocyanates is microencapsulat ion. 
Encapsulation is a process that encloses  
a substance i.e. active agent into a secondary 
material and produces material in smaller size 
range (nm, µm or mm). The inner material is 
called the “core” and the outer material covering  
the core is referred as “wall material”, “encapsulating 
agent”, “coating”, “membrane”, “shell”, “capsule”, 
“carrier material”, “external phase” or “matrix”.55

Microencapsulation can also be used for enhancing 
the stability of isothiocyanates as they are volatile, 
heat, pH and temperature sensitive, for instance, 
SFN encapsulated in hydroxypropyl-β-cyclodextrin 
(HP-β-CD) stabilizes SFN and prevents its 
degradation even at temperature 50oC or reduces 
its loss to about 11.3% in pH 8.56 The solubility  
of microencapsulated ITCs such as AITC and PITC 
in water was investigated by Neoh57 who used 
randomly methylated β-cyclodextrin (RM-β-CD)  
to encapsulate the AITC and PITC by spray drying 
method to form the complexed powders for their 
thermal analysis. AITC and PITC had different 
solubility coefficient and AITC demonstrated 26-folds 
higher solubility than PITC and the solubility of 
both increased as the level of RM-β-CD was 
increased. This indicated the solubilization influence  
of RM-β-CD on the slightly soluble molecules.  
They also noted that even though the solubility 
factor of AITC was greater than PITC but RM-β-CD 
was seemingly more efficacious in solubilization  
of PITC than AITC. Further, the results of their 
stability studies revealed that the AITC had higher 
affinity to the complex than the PITC as the apparent 
stability constants, K1:1 and K1:2 for the AITC system 
were higher than that of PITC because alkyl group  
of AITC provides lesser steric hindrance in 
comparison to the benzene ring of PITC.

These investigations suggest the effective utilization 
of microencapsulation and non thermal technologies 
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in preventing destabilization or degradation  
of volatile and thermolabile isothiocyanates. 
Although the techniques in practice are potent 
but they need further innovations and research 
to enhance their applicability in stabilization  
of compounds like isothiocyanates that are volatile 
and difficult to extract.

Bioaccessibility And Bioavailability Of ITCs in 
Human Body
Bioaccessibility is the concentration of a molecule 
that is released in the digestive system from 
a food material and is available for absorption 
whereas bioavailability represents the amount  
of administrated compounds reaching to circulatory 
system after being absorbed and is used for 
physiological functions.58,59 Being phytochemicals, 
i so th iocyana tes  canno t  be  syn thes ized  
in situ in human or animal bodies. Therefore,the 
bioaccessibility of isothiocyanates in human 
digestive system depends on the various processing 
conditions applied to the vegetables which have 
significant effects on glucosinolate concentration, 
myrosinase activity and epithiospecifier protein 
activity.60 Cooking tends to denature the myrosinase 
due to its sensitivity towards high temperature and 
heat; therefore, when the food is cooked, some 
amount of myrosinase gets inactivated. Eventually, 
during the consumption, intact glucosinolates 
present in the ingested food get partially absorbed 
in the stomach and the rest of the glucosinolates 
move down through the gastrointestinal tract to the 
small intestine where the plant myrosinase enzyme 
hydrolyses them and the breakdown products 
thus obtained get absorbed. If some amount of 
glucosinolates is left un-hydrolyzed, then it is 
transported to the colon where bacterial myrosinase 
hydrolyzes them into breakdown compounds which 
are then absorbed or excreted.61,62

Effect of Various Processing Methods on 
Bioavailability of Isothiocyanates
Various treatments used in preparation, processing 
and storage of cruciferous vegetables may affect the 
bioavailability of their GSLs and ITCs compounds 
resulting in alteration of their health-promoting 
activities. The solubility of glucosinolates is an 
important aspect to determine their bioavailability 
because GLs and their breakdown products  
are soluble in water and therefore, when the 
vegetables are processed i.e. cooked or boiled; 

the amount of glucosinolates reduces upto 18.1  
to 59.2%.63,64 The rate of conversion of ITCs is higher 
when consumed raw rather than after cooking the 
vegetables. In a study, it was observed that the rate 
of conversion of uncooked watercress was about 
17.2 to 77.7% whereas it was only 1.2 to 7.3% in 
cooked watercress.65 It could be due to the reason 
that cooking inactivates the myrosinase enzyme 
present in food due to which glucosinolates reach 
down to the colon where they are then converted  
to breakdown products with the help of gastrointestinal 
microflora. However, the rate of conversion is slower 
than that of enzyme present naturally in the food.66

Apart from this, cooking methods that require 
high temperatures can cause thermal degradation  
of vegetables, for example, boiling may result  
in glucosinolate loss up to 5-20% as the concentration 
of loss is controlled by several factors such as 
amount of water used for cooking, boiling time, 
structure of vegetable tissues and the method used 
to cut the vegetables.67 Process of steaming can be 
an alternative to boiling as it prevents the leaching  
of glucosinolates in cooking water while increasing 
the concentration by enhancing the rate of 
extractability due to heating. A study showed that 
steaming of broccoli increased its total glucosinolate 
content up to 20-30% and steaming for shorter time 
inactivated ESP while increasing the formation  
of ITCs over nitriles.68 Besides steaming, another 
frequently used food preparation method is stir frying 
in which the cut vegetables are pan fried for a few 
minutes by using a small quantity of preheated oil. 
Stir frying limits the loss of glucosinolates by leaching 
as it does not require water, however, it may cause 
some degree of thermal degradation if the frying 
temperature gets too high. Various studies have 
reported the full retention of glucosinolates after  
stir-frying as it inhibited the myrosinase activity 
rapidly without affecting glucosinolate content.60,69-71 
Other processing techniques e.g. air drying, 
HPP and PEF, utilized by the food industry have  
also been reported to have an effect on the 
glucosinolate-myrosinase system.44,47

Likewise, non-thermal treatments can also 
influence the Glucosinolate-Myrosinase system. 
For example, fermentation is the oldest known 
traditional processing method in which vegetables 
like cabbages are fermented in closed vessels  
to prepare sauerkraut and kimchi. In previous 
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investigations, fermentation was reported to reduce 
the glucosinolate-myrosinase system where 7 
days of fermentation led to absolute degradation 
of glucosinolates in white cabbage and a 13-fold 
reduction was noted in nozawana leaves.72,73  
The possible reason for this reduction may be the 
extended steeping duration in water that could 
have possibly resulted in glucosinolate breakdown  
by myrosinase enzyme.72

Storage conditions are also one of the factors that 
affect the availability of glucosinolates. For the 
long-term storage of perishable products, freezing 
is done at a temperature around or below −20oC. 
Usually blanching is applied before freezing the 
vegetables to inactive the enzymes that can cause 
the quality deterioration in food products stored  
a sub-zero temperature. Low storage temperatures 
largely influence the availability of glucosinolates and 
isothiocyanates because during freezing, ice crystals 
are formed in cellular spaces that may promote 
cell lysis and cause hydrolysis of glucosinolate  
by myrosinase activity during thawing. In a study, 
the effective stability effect of freezing and blanching 
on glucosinolate content was reported in which 
storage of blanched-frozen broccoli and cauliflower 
at -20oC retained myrosinase and glucosinolates 
upto 90 days, whereas freezing of vegetables 
(−85oC for 7 days) without any pretreatment  
l ike b lanching caused 1/3rd dest ruct ion  
of glucosinolate levels due to freeze-thaw fracture 
of plant cells.69 Another method of storage, i.e. 
cold storage at 4–8 °C for 7 days was reported 
to reduce the GSL levels to highest extent (1/4th) 
in broccoli, while lowest reduction for cabbage 
(1/10th) among the different vegetables belonging to  
cruciferae family.70

Post harvest packaging conditions may also cause 
fluctuations in glucosinolate content. Rangkadilok70 
reported that storage of broccoli in open air caused 
55% decrease in glucoraphanin content within 3 
days, whereas storage in plastic bags caused 56% 
reduction after 7 days. The higher degradation  
in open air storage was most probably due to 
the loss of cellular structure of cells that resulted  
in myrosinase hydrolysis of glucoraphanin whereas 
during the storage in plastic bags, low oxygen level 
accelerated anaerobic respiration that caused cell 
death and spoilage of broccoli within 7 days. However, 
application of modified atmospheric packaging 

(MAP) effectively retained the glucoraphanin level 
for more than a week when stored at 4oC whereas 
controlled atmospheric storage proved to be best 
storage condition as it retained glucoraphanin 
concentration up to 25 days as it reduced the rate 
of degradation of broccoli florets. These findings 
correlate well with the investigation of Rodrigues 
& Rosa,75 who suggested that storage of broccoli 
florets for 5 days at 20oC caused 82% reduction  
in glucoraphanin while at 4oC, only a 31% reduction 
marked was observed.

Taste and Flavor Perception of Isothiocyanates
Isothiocyanates are the major compounds that 
are responsible for the typical sharp and pungent 
flavors of Brassicaceae family of plants. Apart 
from isothiocyanates, other degradation products  
of glucosinolates such as nitriles, iso-nitriles and  
thio-sulphur compounds also contribute to the 
distinctive tastes and flavors of cruciferous 
vegetables. Other than the natural flavors,  
the technological processes such as cooking, 
steaming, frying, and drying also substantially 
modify the specific flavor of these vegetables. 
These processes activate the various enzymatic 
reactions and formation of components depending 
upon the thermal stability of epithiospecifier protein 
and myrosinase enzyme that play a significant role 
in flavor development. For instance, Isothiocyanates 
influence the taste receptors such as TRPA1 
and TRPV1 by contributing to the pungency  
of cruciferous plants. D’ Auria76 reported a reduction 
in pungent flavor of horshradish after grating and 
during refrigeration which might be attributed  
to the hydrolysis of glucosinolates as well as cell 
damage. Fats and oils control the degradation  
of isothiocyanates, thus can be used to maintain the 
pungency.77 Scientifically, bitter tastes are triggered 
when ingested food contains molecules that bind 
to G protein-coupled T2R38 receptors present  
on the cell membranes of taste buds. This activates 
the second-messenger transmitter compounds 
within the taste cells ensuing some intracellular 
chemical changes and thereby, activating the taste 
signals.74 Glucosinolates and isothiocyanates form 
covalent bonds with cysteine residue which is 
important for the activation of bitter taste receptors.79

Health Benefits of Isothiocyanates
Scientific studies have shown that regular intake  
of isothiocyanates is correlated with health beneficial 
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effects such as anticarcinogenic, neuroprotective, 
antidiabet ic,  cardioprotect ive ant ioxidant,  
and antimicrobial effects (Table 2).

Role of Isothiocyanates in Cancer Prevention
Cancer is one of the most noxious diseases in the 
world in which the transformation of normal cells 
into atypical, or dysplastic cells takes place that 
later, turns into malignant cells.80 It is stimulated 
through genetic as well as epigenetic changes  
which interrupt the pathways that control the 
processes of cel l  prol i feration, apoptosis, 
differentiat ion, and senescence.81 Various 
factors such as genetic mutations or smoking, 
contact with carcinogenic compounds, obesity, 
radiations and some viruses like hepatitis B virus,  
Epstein-Barr virus, and hepatitis C virus are the 
primary causative agents of cancer.82 Apart from 
these factors, inflammation which is a common 
cell response can be a factor of tumor progression  
as it is induced by transcription factor nuclear 
factor-kappa B (NFκB) that controls cell proliferation  
by invigorating transcription of cyclin encoding genes. 
ITCs suppress the phosphorylation of the inhibitory 
proteins 1κBα and 1κB Kinase to restrain the nuclear 
translocation of NF-κB and prevent inflammation.19 
Normal cells contain certain group of enzymes 
such as phase I and phase II enzymes to prevent 
carcinogenesis and maintain proper functioning  
of the cell. Phase I enzymes include monooxygenases 
(e.g. Cytochrome p450), dehydrogenases, estrases, 
reductases and oxidases which perform the function 
of introducing the functional groups into their 
substrates often resulting to form pro-carcinogens 
as well as convert them to epoxides which are highly 
carcinogenic in nature or make the compounds 
more hydrophilic causing increased reactivity  
and DNA damage. Whereas, Phase II enzymes like 
glutathione S-transferase (GST), sulfo transeferases, 
NAD(P)H oxidases, quinine oxidoreductase (NQO) 
etc, are responsible for detoxification as well as 
excretion of carcinogens.83 Some of the Phase II 
enzymes, for example, glutathione S-transferase, 
metabolize the products of phase I enzymes 
to form inactive hydrophobic conjugates which 
are then excreted in the urine.84 It has been 
suggested that regular intake of chemo preventive 
agents can reduce the chances of cancer and 
are divided into two groups: anti-mutagenic and 
anti-proliferative based on their anticancer effects. 
Antimutagens act to prevent carcinogen uptake 

or can block the activation of procarcinogens 
by cyclooxigenases and lipooxigenases and 
antiproliferative agents like topoisomerae II inhibitors 
(thiones such as oltipraz, phenols such as genistein) 
prevent the proliferation of cancer cells.85 Various 
fruits and vegetables contain chemo-preventive 
phytonutrients for example genistein, resveratrol, 
diallyl sulfide, lycopene, curcumin, ursolic acid, 
catechins, isothiocyanates, silymarin and eugenol.  
These compounds can suppress the propagation 
of cancerous cells, prevent growth factor signaling 
pathways and induce apoptosis.86 Wattenberg was 
the first person to report cancer inhibiting property 
of isothiocyanates.87 These are probable inducers  
of phase II enzymes at transcription level with the 
help of antioxidant response element (ARE) present 
in upstream region of 5’ end of mRNA. This response 
element is activated when nuclear transcription 
factor erythroid 2-related factor2 (NRF2) is released 
from cytosole and translocated to nucleus where 
it dimerizes with small Maf transcription factor 
and attaches to these ARE (antioxidant response 
element) for the initiation of transcription process  
of phase II enzymes.88 For instance, SFN is known 
to be a potent activator of phase II enzymes, 
inducer of breaks in DNA double strands thereby 
promoting cellular death, and inducer of caspase 
mediated apoptosis in bladder and prostate cancer 
cells. It is also responsible for the over expression 
of bax & down regulation of Bcl2.89 In addition  
to these properties, ITCs are also capable  
of inhibiting cytochrome p450, the family of enzymes 
which is responsible for the metabolism of all the 
phase I carcinogens. Furthermore, ITCs are known 
to prevent cancer by various mechanisms such as, 
1) by modifying carcinogen metabolism, 2) initiation 
of apoptosis and halting cell cycle, 3) inhibition  
of angiogenesis and metastasis, and 4) modification 
in status of histone acetylation due to their property 
of inducing genomic alterations through, a) Nrf2 
mediated induction of phase II detoxification 
enzymes, b) activation of cell cycle growth arrest 
or, c) apoptosis.16,90

Isothiocyanates as Antioxidants
ITCs are the phytochemicals that promote 
detoxification of body and hence keep diseases 
at bay. These can operate as indirect antioxidants 
by activating the Nrf2 dependent pathway that  
is crucial for the regulation of phase II antioxidants 
and detoxifying enzymes which further eliminate 
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the carcinogenic intermediates and protect the cells 
from various damages that may generate oxidative 
stress.91 Some ITCs like SFN behave like indirect 
antioxidant for their proficiency in activating several 
antioxidant enzymes (AO) that help in maintaining 
redox potential and activity of free radical scavengers 
such as vitamins A, C and E through KEAP1/Nrf2/
ARE pathway.18 Whereas, Erucin acts as direct  
as well as indirect antioxidant because it possesses 
hydroperoxide scavenging activity due to its ability 
to react with H2O2 and alkyl hydroperoxides to form 
water and an alcohol, and indirect activity by inducing 
enzymes like thioredoxin reductase1 (TrxR1)  
in human breast cancer MCF7 cells that act as 
cellular antioxidants.92,93

Isothiocyanates As Neuroprotective Agents
Many diseases that are common to old age such  
as Alzheimer’s, epilepsy, brain tumor, and Parkinson’s 
are related to dysfunctional BBB.94 Alzheimer’s 
disease (AD) is a progressive neurologic disease 
in which accumulation of amyloid β-peptides,  
and intraneuronal deposition of neurofibrillary tangles 
composed of hyper-phosphorylated tau protein  
in brain take place.95 Whereas, in Parkinson’s 
disease (PD) loss of dopaminergic neurons occurs, 
along with the autooxidation of dopamine that results 
in formation of neurotoxic compounds like ROS, 
hydrogen peroxides, electrophilic dopaminergic 
quinone which further activate the α-synuclein 
associated neurotoxicity.96 Isothiocyanates 
have neuroprotective properties for prevention  
and treatment of such diseases because these 
target the Nrf2 pathway as it regulates some genes 
that are associated to induce neurodegenerative 
conditions.97 Along with it, these have property 
of reducing oxidative stress as they act as ROS 
scavengers and restore the balance between 
excessive production of ROS and antioxidant 
deficiency. For instance, in Okadaic acid (OKA) 
treated rats SFN decreased the formation of  
pro-oxidant species like ROS, reactive nitrogen 
species (RNS), TNFα and NFκB, and inhibited 
neuronal programmed cell death in some tissues 
of animal’s brain while up regulating Nrf2 and HO1 
enzymes in tissue samples.98 These observations 
highlighted the neuroprotective properties of SFN. 
Furthermore, it has also been identified that SFN has 
the ability to inhibit NFκB pathway that might promote 
growth of axon after injury as its inhibition reduces 
the inflammation as well as chronic gliotic response 

which leads to axonal development.99 All these 
studies confirm the relation between isothiocyanates 
and neuroprotection to prevent neurodegenerative 
diseases.

Isothiocyanates in Prevention of Obesity
Obesity is the condition of accumulation of excess 
body fat and is related with metabolic disorders.  
It is commonly followed by other diseases such 
as high blood pressure, blood cholesterol,  
high triglycerides level and cancer. There are many 
ways by which cells prevent fat accumulation for 
example, by secreting inflammatory mediators 
and preventing conversion of pre-adipocytes 
into adipocytes which store fat, or by regulating 
lipolysis with the help of negative regulators such as 
Galectin-12 (Gal-12) which is a β-galactoside binding 
protein located on large lipid droplets.100 Lowering 
the level of Galectin-12 impairs their differentiation 
into adipocytes. There are many reports linking 
the consumption of cruciferous vegetable extracts 
to reducing obesity. In one such experiment,  
when 31 adult volunteers were administered 
two cans of canned mixed green vegetable and 
fruit beverage containing broccoli and cabbage  
(160ml/can) per day for 3 weeks, it led to reduction 
in serum cholesterol and LDP.101 Apart from this, 
administration of cabbage-methanol extract  
in alloxan induced diabetic rabbits significantly 
reduced blood glucose, LDL and total cholesterol 
and increased High Density Lipoprotein (HDL) 
level.102 Furthermore, AITC was reported to suppress 
the concentration of Galectin- 12 and reduce 
formation of adipocytes thus it was concluded 
that ITCs could be beneficial for prevention and  
treatment of obesity.103

Isothiocyanates as Cardio-Protective Agents
It has already been discussed that ITCs are effective 
in reducing LDL and total Cholesterol level and 
increasing HDL level which is an important factor 
for proper functioning of heart therefore they may 
provide protection to heart against various diseases. 
An isothiocyanate named 4-Carboxyphenyl 
isothiocyanate (4-CPI) has been shown to induce 
vaso-relaxation effects on coronary artery along with 
membrane hyper polarization on vascular smooth 
muscles. It is due to the activity of 4-CPI as H2S 
donor which helps in activation of mitochondrial  
K+-ATP channel.104 Another isothiocyanate SFN from 
broccoli is linked to reduce LDL level and increase 
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HDL level in human blood. The main mechanism 
of action behind cardio-protection of ITCs involves 
activation of AKT/Protein Kinase B and extracellular 
signal regulated Kinase 1 and 2 (ERK 1/2) signaling 
pathway that are important for cardiac cell survival 
and inhibition of phase I enzymes, angiogenesis and 
inflammation that prevent cardiac diseases.3

Isothiocyanates as Anti-Diabetic Agents
Diabetes often scientifically referred as Diabetes 
mellitus, is an ailment in which the person suffers 
from high blood glucose levels, either because 
the production of insulin in body is inadequate, 
or because the cells are unable to react to the 
insulin.105 In order to study the effectiveness  
of isothiocyanates in preventing diabetes, Sahin106 
studied the effect of AITC on insulin resistance and 
transcription factors in diabetic rat model in which 
they observed significant reduction in blood glucose, 
total cholesterol, triglycerides and creatinine 
levels and up regulation of glucose transporter 
2-peroxisome proliferator along with activation  
of gamma receptor, p-insulin receptor substrate1 
and Nrf2 in liver and kidney after the administration  
of AITC. These findings justify the importance  
of AITC in diabetes prevention. Besides, studies 
based on diabetes have demonstrated that 
consumption of SFN (L-SFN) ranging between 112.5 
& 225 µM for a few weeks significantly improves 
markers of type 2 diabetes.107 This was comparable 
to the study of Waterman108 who investigated 
the use of ITC rich Moringa oleifera extract as  
anti-diabetic food in diet induced obese C57BL/6J 
mice. They observed that in 5% moringa concentrate 
(MC), the level of blood plasma level of glucose 
regulators, inflammatory cytokines (IL-1β & TNFα) 
and cholesterol were lowered down effectively and 
MCs considerably decreased the glucose production 
by approximately 60% in H114E liver cells at  
10µg/ml and 1µM concentrations, respectively. 
These observations confirmed the use of moringa 
as dietary agent that prevents type-2 diabetes 
by demonstrating that moringa isothiocyanate 
concentrate caused considerable reduction  
in weight gain, hepatic adiposity, gluconeogenesis, 
insulin, cholesterol and inflammatory markers.  
Apart from these ITCs, SFN too was reported 
to prevent pathological changes in glomerulus 
and promoted renal function and blood flow  
in experimental mouse in which diabetes was 
induced by using streptozotocin.16 Henceforth, these 

findings encourage the potential application of ITCs 
as therapeutic agent against diabetes.

Isothiocyanates as Antimicrobial Agents
Isothiocyanates have wide range of antimicrobial 
activity and are generally regarded as safe (GRAS) 
compounds and hence are allowed to be added 
to the food.21 For instance, naturally extracted  
allyl isothiocyanate is already an acceptable 
preservative in Japan as it has gained GRAS status. 
These ITCs possess inhibitory activity against food 
spoilage bacteria species such as Escherichiacoli, 
Salmonella ssp., Bacillus ssp. etc., but it has been 
observed that gram-negative bacteria are more 
sensitive towards isothiocyanates as compared  
to gram-positive bacteria. The range of antimicrobial 
spectrum of ITCs is between 0.02 to 200mg/L 
and aromatic ITCs like benzyl isothiocyanate 
and phenethyl isothiocyanate are more potent 
antimicrobial agents than aliphatic ITCS such  
as allyl isothiocyanates.27,109 Recently, the potency 
of AITC, BITC & PITC was investigated against 
Aspergillus parasiticus as it is known to produce 
aflatoxins (AFs) which are toxic and carcinogenic 
metabolites found as contaminants in bread, corn, 
peanut, cottonseed and nuts. It was found that  
all the three ITCs showed activity against Aspergillus 
parasiticus and reduced the fungal growth along 
with 50% decrease in the viability at concentrations 
≥0.5mg/L in the liquid medium.110 The antibacterial 
property of benzyl isothiocyanate (BITC) is owing 
to its chemical structure as it has both lipophilic 
as well as electrophilic properties which render it  
to penetrate through the outer bacterial membrane 
and disturb the ability of bacteria to maintain cellular 
integrity and due to its effectiveness it is now being 
professionally prescribed as an antibiotic to treat 
infections of respiratory and urinary tracks.23,111 

The possible actions of ITCs against microbial 
activity include reduction of oxygen consumption, 
depolarization of mitochondrial membrane and 
intracellular accumulation of reactive oxygen species 
(ROS) or, inhibition of ATP binding site of P-type 
ATPase via cystein residue attack in mammals  
and some bacteria.112,113

Even after many investigations and studies, the 
proper mechanism of action of ITCs as antimicrobial 
is unclear, but some action mechanisms may 
be hypothesized such as, a) ITCs may inhibit 
functioning of enzymes or accumulate in bacteria 
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as small thiols or thioredoxin dithiocarbamate 
conjugates and alter the structure of proteins,  
b) by binding to thiol or amine groups, ITCs 
may alter the specialized enzymic activities and  

halt genes transcription, and c) it can cause 
the oxidative stress which may initiate some 
oxidation-reduction mechanism that can affect the  
microbial growth and inhibition.27

Table 2: Health benefits of isothiocyanates

Effect Component Factor/ Micro Mechanism Reference
   -organisms
   affected

Neuroprotection Glucomoringin Nrf2 and ARE Rescission of oxidative 114

 (GMG)  stress-inducedneurog-
   eneration via Nrf2 and
   activation of antioxidant
   response element
 6(Methylsulfinyl) proteasome catalytic -MSITC amended 115

 hexyl isothio- subunit 26S Aβ1-42O-induced
 cyanate  memory losses.
 (6-MSITC)  Upregulation of 
   proteasome catalytic
   subunit 26S. Rise
   in Glutathione (GSH)
   level by activating the
   nuclear Nrf2 and causing 
   resistance to neuronal 
   apoptosis
 Allyl isothioc- ERK1/2 Reduction in H2O2- 116

 yanate  induced blood cerebrospinal
 (AITC)  fluid barrier disruption
   as well as epithelial 
   cell death
Anti-diabetic AITC PPAR-γ and Decrease in blood glucose, 106

  IRS-1p total cholesterol, triglycerides
   and creatinine levels and
   up regulation of glucose
   transporter 2-peroxisome
   proliferator along with
   activation of gamma
   receptor, p-insulin receptor-
   substrate1 and Nrf2 in 
   liver and kidney
 SFN NRF2 Prevention of pathological 107

   changes in glomerulus and 
   promoted renal function and 
   blood flow. Decreases glucose 
   production from hepatic cells 
   by activation of nuclear 
   translocation of nuclear factor 
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   erythroid 2-related factor 2 
   (NRF2) and decreased 
   expression of key enzymes 
   in gluconeogenesis
 Moringa Increased levels of Higher levels of proteins 108

 extract-ITCs IRS-1p, IRS-1,  involved in insulin signaling.
  IRS-2, Akt1 and  Reduction in weight gain,
  GLUT4 hepatic adiposity, 
   gluconeogenesis, insulin, 
   cholesterol and
   inflammatory markers
Antimicrobial AITC, BITC Aspergillus Reduction of oxygen 110

 & PITC parasiticus consumption, depolarization
   of mitochondrial membrane
   and intracellular accumulation
   of reactive oxygen species
   (ROS) or, inhibition of ATP
   binding site of P-type ATP
   ase via cystein residue attack 109

  H. pylori H. pylori gastric infection 
   occurs by its survival in the 
   low pH of the stomach due 
   to urease production which 
   converts urea into ammonia 
   for neutralization of the acidic 
   environment of the stomach. 
   SFN is able to cause  H. pylori  
   urease inactivation and hence, 
   its bactericidal activity  

Cardio- 4-Carboxyphenyl K-ATP channel Induce vaso-relaxation effects 104

protection isothiocyanate   on coronary artery along
 (4-CPI)  with membrane hyper
    polarization on vascular 
   smooth muscles due to the 
   activity of 4-CPI as H2S 
   donor which helps in 
   activation of mitochondrial 
   K+-ATP channel
 SFN AKT/Protein Kinase  Activation of AKT/Protein 107

  B and ERK 1/2 Kinase B and extracellular
   signal regulated Kinase 
   1 and 2 (ERK 1/2) signaling 
   pathway that are important 
   for cardiac cell survival and
    inhibition of phase I enzymes, 
   angiogenesis and 
   inflammation  

Cancer SFN NF-κB Activation of phase II enzymes 89

prevention   and suppression of the 
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Application of Isothiocyanates in Foods
ITCs in Food Packaging
The antimicrobial and health-promoting properties 
make ITCs a good candidate for the application 
in food packaging, therefore, several authors 
have investigated their util ization in active 
packaging. There are many reports dating back to 
twentieth century that support the use of vaporized  
allyl isothiocyanate (AITC) for the preservation  
of various products such as raw beef, egg sandwich, 
noodles, ground pork, sliced raw tuna, pasta 
and pears.117 Winther and Nielsen118 investigated 
the applicability of allyl isothiocyanate in active 
packaging of cheese. They reported that AITC 
could increase the storage stability of cheese from  
18 weeks (control) to 28 weeks on combination 
with modified atmosphere (MA) packaging, and, 4.5 
(control) weeks to 28 weeks when combined with 
atmospheric air (AA). Meanwhile, the flavor profile 
of cheese in MA packaging with AITC changed 
dramatically whereas, in AA packaging with AITC, 
CO2 was not used therefore less oxidation occurred 

and it had a better fresh taste. According to their 
investigation, AITC extended the shelf life because 
it effectively inhibited the activity of intracellular 
enzymes present in Penicillium nalgiovense  
& Debaryomyces hansenii and suppressed their 
growth in cheese. Thus, it was inferred that 
packaging of cheese with AITC and atmospheric  
air can be a good substitute for modified atmosphere 
packaging of cheese. Nowadays, the demand  
for ecofriendly packaging has been escalated,  
so scientists have developed Polylactic acid 
(PLA) film to form fibers for food packaging. 
Polylactic acid is a synthetic polyester that is 
synthesized either from lactic acid or its dimer lactide.  
These are suitable for food packaging as these 
possess strong mechanical properties, are non toxic 
and environmental friendly. Kara119 used PLA film  
to encapsulate allyl isothiocyanate (AITC) and 
inferred that the discharge of allyl isothiocyanate 
from fiber was temperature dependent and below 4oC 
temperature, the encapsulated allyl isothiocyanate 
remained within fibers without losing activity  

   phosphorylation of the inhibitory 
   proteins 1κBα and 1κB Kinase 
   to restrain the nuclear 
   translocation of NF-κB 
   and prevent inflammation
 ITCs ARE/EpRE ITCs promote phase II 90  
 enzymes  (quinone reductase and 
   glutathione S-transferase)
   by upregulation by the 
   antioxidant or electrophile 
   response element ]
   (ARE/EpRE) 
Antioxidant Erucin ARE Possess hydro peroxide 92

   scavenging activity and 
   induce enzymes like thiore-
   doxin reductase1 (TrxR1) 
   that act as cellular 
   antioxidants
 SFN KEAP1/Nrf2 Activation of several 18

  /ARE  antioxidant enzymes (AO) 
   that help in maintaining 
   redox potential and activity 
   of free radical scavengers 
   such as vitamins A, C and 
   E through KEAP1/Nrf2/ARE 
   pathway
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and even showed stability for weeks at room 
temperature. When the fiber was tested against 
bacteria Listeria innocua and Escherichia coli,  
it exhibited the active inhibition of their growth  
in the food product.

ITCs can also be used as antimicrobial coating on 
bottles to effectively halt the growth of Salmonella 
in liquid egg albumen (egg white) and prevent 
human Salmonellosis disease. The coating of 
glass jar consists of mixture of polylactic acid 
polymer and antimicrobial components such as 
100-500 µl allyl isothiocyanate (AITC), 250 mg nisin  
and 250 mg zinc oxide nanoparticles. This coating 
was reported to completely inactivate 3-7 log  
CFU ml-1 of Salmonella after 7 and 21 days  
of storage, respectively, therefore, proving effective 
against Salmonella sp.120 The effectiveness of AITC 
as antimicrobial coating against Salmonella was 
further confirmed by Chen121 as they used AITC 
in combination with chitosan coating and nisin  
on whole fresh cantaloupes. They observed 
that on increasing the concentration of AITC  
(10 to 60 μl/ml), the antibacterial activity of coating 
against Salmonella was also improved. The 60 μl/
ml AITC in chitosan coating effectively decreased 
more than 5 log10 CFU/cm2 of Salmonella and totally 
inactivated the growth of yeasts and molds up to  
14 days of storage at 10oC. Therefore, these 
results further add to the possibility of utilizing AITC  
as an antimicrobial coating for the packaging  
of foods.

Likewise, ITCs can be microencapsulated and 
then added to food products in order to provide 
antibacterial effect. AITC can be encapsulated 
in Halloysite nanotubes (HNTs) to add to coating 
material made up of sodium polyacrylate. These are 
made up of natural aluminosilicate clay and have  
a hollow nanotubular morphology which provides  
a large surface area-to-volume ratio and high 
porosity. Halloysite nanotubes are non-toxic, good 
thermal stability and biocompatibility therefore 
can act as a good food packaging material. This 
complex coating material is effective against E. 
coli at concentration of 25 μg/mL and inhibits about 
96% at 200µg/mL but is less effective against S. 
aureus when used in concentration between 25-
200 µg/mL thus, it can be applied as packaging  
material for foods.122

ITCs in Improving Shelf Life of Minimally 
Processed Fruits and Vegetables
ITCs can be used for enhancing the shelf life  
of fermented foodstuffs such as tofu and kimchi, 
and of minimally processed fruits e.g. strawberries, 
apples and blueberries. Banerjee123 applied 
AITC for extending the shelf life of minimally 
processed shredded cabbage and inhibit browning.  
They found that AITC inhibited the growth  
of microflora in concentration dependent manner 
and treatment of samples with 0.05µL/mL and 
0.1µL/mL AITC reduced the mesophilic count to 
acceptable limit (˃107cfu/g) for upto 12 days at 10oC 
along with preventing browning and retaining aroma  
of good quality upto 10 days. The possible underlying 
mechanism of this preservation might be due to  
the property of AITC to generate ROS such as H2O2 

during storage that damages the membrane and 
DNA of microbes resulting in bactericidal activity. 
These observations led to the conclusion that 
AITC can prove to be a beneficial compound for 
preservation of fresh cut vegetables. Later, AITC 
was also investigated for its potency in enhancing 
the nutritional quality of Kiwifruit and it was observed 
that a 5 h treatment with 0.15 mg/L AITC combined 
with CA (controlled atmosphere) reduced the loss 
of ascorbic acid content as well as total polyphenol 
content in kiwifruit.124

Application of AITC as preservative of fruits and 
vegetables is paradoxical as it has strong pungent 
odor which affects the aromatic appeal of the 
product, therefore, scientists have suggested  
the method of its microencapsulation in gelatin, 
gum arabic or chitosan.125 For instance, addition 
of (less than 0.1%) microencapsulated AITC  
in gum arabic increased the pH and texture  
of Kimchi while decreasing the number of Leuconostoc 
and Lactobacillus species thereby effectively 
enhanced the shelf life without affecting its nutritional 
quality.126 Later on, Wu125 microencapsulated AITC  
in a concentration range of 0.5-1.0 g/L with gum 
arabic and gelatin to preserve mature green 
tomatoes as it prevented degradation by maintaining 
the acidity of tomatoes.

Fruit juices are considered as health drinks since 
ancient time and regular fortification has been 
applied to increase their neutraceutical properties. 
Diatuo127 used cauliflower byproducts (CBP)  
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as source of ITC and added this ITC concentrate 
(10-40%) into apple juice. The results obtained 
showed that apple beverage with 10% ITC extract 
well preserved the sensorial properties along  
with color in comparison to control sample.

ITCs as Antimicrobial Agents in Foods
Due to the property of microbial inhibition,  
ITCs are already utilized in various forms to prevent 
microbial growth in food. ITCs such as AITC, BITC 
and PITC can be used as preservative in bakery 
products to inhibit development of toxic compounds 
like aflatoxins. In a study, it was reported that at  
a concentration of 5µL/L, the shelf life of bread  
loaf treated with AITC increased from 4 (control) 
to 8 days due to inhibition of fungal growth.106 This 
was further confirmed by investigation of Torrijos128 
in which they used oriental mustard flour (OMF) 
that contains AITC as principal compound, to 
develop a bioactive sauce with antifungal properties  
for extending the shelf life of Pita bread. The result 
of their study demonstrated a shelf life increase of  
2 and 3 days with employment of 33 & 50 mg/g  
of OMF. The effectiveness of AITC as a preservative 
was further confirmed by Lopes129 as they evaluated 
antifungal activity of AITC against Penicillium 
nordicumin vitro and in frozen pizzas. They noticed 
that even the lower doses (0.125µL/L) reduced 
the mycelia growth upto 66% so the higher doses 
successfully suppressed visual growth for 7 days 
as well as inhibited colonies of P. nordicum in pizza 
stored in refrigerated conditions and doubled the 
shelf life at the concentration of 25 µL AITC/L.

Ethyl isothiocyanate together with allyl isothiocyanate 
is used as an antifungal agent against infection 
of Botrytis cinerea and Penicillium expansum  
on apples and phenyl isothiocyanate (PITC) 
possesses antifungal activity against Aspergillus 
niger, Penicillium cyclopium and Rhizopus oryzae.130 
Whereas, allyl isothiocyanate is a potent insect 
attractant that has high antimicrobial activity  
in liquid media and can destroy bacterial as well 
as fungal pathogens on fresh produce, bread, 
meat and cheese.131 It is used as preservative in 
the food industry since late 20th century in Japan 
due to its dual role, as a flavor compound and 
microbicidal agent.132 Various mechanisms have 
reported that when AITC is used in the form of vapor,  
it can damage the cell wall integrity and lead to the 
leakage of cellular metabolite. Some suggested 

that AITC when exposed to bacterial cells resulted  
in creation of pores on cell membranes which caused 
leakage of intracellular substances.133

Lactoperoxidase (LPO) in Preventing Bacterial 
Growth in Dairy Products
Lactoperoxidases (LPO) reduce the growth of food 
borne pathogens in several food products and 
hence increase their shelf life due to its bactericidal 
and bacteriostatic properties.134 It is composed  
of lactoperoxidase enzyme, thiocyanate and 
hydrogen peroxide. This system produces 
hypothiocyanite which shows bactericidal 
properties against gram-positive bacteria as well as  
gram-negative bacteria. It can be used to improve 
the shelf life of various foods like fruits, chicken 
meat and cheese. Al-Baarr135 studied the use  
of lactoperoxidases for reducing pathogenic bacteria 
in milk and other dairy products. They observed 
that LPO significantly decreased the population of  
E. coli. The possible reason for its inhibitory effect 
on bacteria is the presence of OSCN¯ compounds 
in LPOs that destroy bacteria by disrupting sulfhydryl 
group (-SH) on proteins from bacterial cytoplasmic 
membrane.136 They further reported that reduction 
in the amount of lactose might improve the action  
of LPOs as they inhibit the activity of LPO by 
hindering its enzymatic activity. Thus, they concluded 
that lactoperoxidases has moderate antibacterial 
effect on E. coli in whole milk, skim milk and whey 
and hence can efficiently be used as antibacterial 
reagent in reduced-lactose dairy products.

Summary and Conclusion
Isothiocyanates are one of those promising 
compounds that contain many health benefits 
including chemoprevention, neuro-protection, 
antioxidant activity, anti-obesity, cardio-protective, 
fungicidal and antibacterial. They activate various 
important channels and pathways like Nrf2/ERK  
and CDK-cyclin complex along with regulating phase 
I and phase II enzymes and down-regulating NFκB 
factor to prevent inflammation of body tissues. 
Such mechanisms make them effective in inducing 
apoptosis, inhibition of cell cycle progression  
and angiogenesis. Further research on the properties 
and mechanisms of action of isothiocyanates  
in disease prevention will provide a promising 
future in finding a cure to these disorders.  Apart 
from this, isothiocyanates have proven to be 
effective against harmful bacteria and fungi.  
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Their power packed properties provide the prospects  
of using them in various food applications  
like bio-fibers, active packaging to increase the shelf  
life of foodstuffs, and as natural food additives 
such as antioxidants and antimicrobial agents. 
The non toxicity of most of isothiocyanates  
adds to their properties and overall acceptability.  
Great efforts have been made to improve the stability  
and to keep the characteristic taste and flavour profile  
of ITCs intact. Still, there are various mechanisms  
of isothiocyanates that are yet to be studied. Thus, 
more detailed studies are required to explore 
properties of ITCs for their potential use and 
acceptability in food as well as other industries.
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