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Course Description 

The course is intended to provide the tools that holistic nutritionists can use to deliver 

personalized healthcare to their clients, catered to the genetic makeup of the client. Genetics 

plays a very robust role in nutrition, detoxification, weightloss and overall health and wellness. 

Furthermore, genetics can be used not only to improve the health of the clients but also to 

develop DNA based nutritional plans that can potentially prevent development of chronic 

diseases. Course participants will gain knowledge on how genetic information can be used to 

deliver nutritional plans, weightloss strategies, detoxification plans, hormonal balance plans 

along with nutritional plans to prevent development of chronic disease such as diabetes and 

cardiovascular diseases. 

 

IHN has partnered with Anantlife Canada Inc., a leader in clinical grade genetic testing for 

healthcare providers all over the world, to offer a Certified Genetic Testing Provider Certificate 

upon successful completion of the course. Successful completion of the course implies that the 

candidates have received the education and training to not only understand genetic concepts 

pertaining to diet, nutrition, detoxification, fitness, hormonal health and metabolic disorders but 

have also been trained on interpretation of the genetic testing reports along with development of 

a DNA based health plan for better health outcomes. 

 

 



 

SESSION 4: 

 

 

DETOXIFICATION GENETICS: UNDERSTAND THE GENETICS OF 

DETOXIFICATION AND THE MODULATION OF DETOXIFICATION 

PATHWAYS BY NUTRITIONAL/DIETARY INTERVENTION. HOW CAN 

UNDERSTANDING DETOXIFICATION PATHWAYS BE APPLIED TO 

IMPROVE HEALTH? 

 

Detoxification is carried out in the liver, largely via a multi-enzyme complex called Cytochrome 

p450 complex encoded by several genes. All chemicals, hormones, pollutants, toxins are 

eliminated via this system and as such genetics plays an essential role in determining 

detoxification potential. However, detoxification pathways are amenable to dietary intervention, 

whereby if an enzymatic activity is impaired (which can be identified by analyzing DNA), dietary 

intervention can boost activity of the enzyme by impacting epigenetics. The readings herein are 

to provide an extensive understanding of detoxification pathways  along with how dietary 

intervention can be used to modulate detoxification pathways. 
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Research into human biotransformation and elimination systems continues to evolve. Various clinical and in vivo studies have
been undertaken to evaluate the effects of foods and food-derived components on the activity of detoxification pathways, including
phase I cytochrome P450 enzymes, phase II conjugation enzymes, Nrf2 signaling, andmetallothionein.This review summarizes the
research in this area to date, highlighting the potential for foods and nutrients to support and/or modulate detoxification functions.
Clinical applications to alter detoxification pathway activity and improve patient outcomes are considered, drawing on the growing
understanding of the relationship between detoxification functions and different disease states, genetic polymorphisms, and drug-
nutrient interactions. Some caution is recommended, however, due to the limitations of current research as well as indications
that many nutrients exert biphasic, dose-dependent effects and that genetic polymorphisms may alter outcomes. A whole-foods
approach may, therefore, be prudent.

1. Introduction

Food-based nutrients have been and continue to be investi-
gated for their role in the modulation of metabolic pathways
involved in detoxification processes. Several publications
to date have leveraged cell, animal, and clinical studies to
demonstrate that food-derived components and nutrients
can modulate processes of conversion and eventual excretion
of toxins from the body [1]. In general, the nature of these
findings indicates that specific foods may upregulate or
favorably balance metabolic pathways to assist with toxin
biotransformation and subsequent elimination [2, 3]. Various
whole foods such as cruciferous vegetables [2, 4, 5], berries
[6], soy [7], garlic [8, 9], and even spices like turmeric
[10, 11] have been suggested to be beneficial and commonly
prescribed as part of naturopathic-oriented and functional
medicine-based therapies [12, 13].

While these foods are important to note, the science
in this active area of inquiry continues to evolve to reveal

new findings about food-based nutrients and their effect
on health. Thus, the purpose of this review article is to
summarize the science to date on the influence of whole
foods, with a special focus directed towards phytonutri-
ents and other food-based components, on influencing spe-
cific metabolic detoxification pathways, including phase I
cytochrome enzymes, phase II conjugation enzymes, antiox-
idant support systems, and metallothionein upregulation for
heavy metal metabolism. Based on this current science, the
paper will conclude with clinical recommendations that may
be applied in a personalized manner for patients via the
discretion of a qualified health professional.

2. The Metabolic Pathways of Detoxification

Discussion of physiological pathways for detoxification has
been mainly centered around phase I and phase II enzyme
systems. This review will cover phase I cytochrome P450
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enzymes as well as phase II enzymes, specifically UDP-
glucuronosyl transferases, glutathione S-transferases, amino
acid transferases, N-acetyl transferases, and methyltrans-
ferases. Note that there are other important classes of phase I
enzymes, namely, hydroxylation and reduction, which are not
covered in this review. While these important enzymes are
pivotal to consider, this review of the effect of food on detox-
ification will also extend into other pathways, including ways
to promote gene expression of antioxidant-related enzymes
and of metallothionein, an endogenous protein carrier for
heavy metals. Each of these four classes of detoxification-
related pathways will be discussed within the context of
nutrients.

2.1. Phase I Cytochrome P450 Enzymes. Initially, the “phases”
of detoxification were described as functionalization (or
phase I), or the addition of oxygen to form a reactive site
on the toxic compound, and conjugation (phase II), or the
process of adding a water-soluble group to this now reactive
site [14, 15]. The “Phase I” cytochrome P450 superfamily of
enzymes (CYP450) is generally the first defense employed
by the body to biotransform xenobiotics, steroid hormones,
and pharmaceuticals. These microsomal membrane-bound,
heme-thiolate proteins, locatedmainly in the liver, but also in
enterocytes, kidneys, lung, and even the brain, are responsible
for the oxidation, peroxidation, and reduction of several
endogenous and exogenous substrates [13, 15, 16]. Specifically,
the function of CYP450 enzymes is to add a reactive group
such as a hydroxyl, carboxyl, or an amino group through
oxidation, reduction, and/or hydrolysis reactions [15]. These
initial reactions have the potential to create oxidative damage
within cell systems because of the resulting formation of
reactive electrophilic species.

It is accepted that any variability in the number ofCYP450
enzymes could have benefit(s) and/or consequence(s) for
how an individual responds to the effect(s) of (a) toxin(s).
Clinical application of the knowledge of these phase I
CYP450 enzymes has been primarily addressed within phar-
macology to understand the nature of drug interactions, side
effects, and interindividual variability in drug metabolism
[15]. The ability of an individual to metabolize 90% of
currently used drugs will largely depend on the genetic
expression of these enzymes [17]. It is established that many
of these CYP450 genes are subject to genetic polymor-
phisms, resulting in an altered expression and function of
individual enzymes. Currently, there exist some laboratory
tests to identify the presence of these genetic variants. It is
conceivable that having knowledge about foods and their
individual (phyto)nutrients, especially in the case of dietary
supplements and functional foods, could be worthwhile
for clinicians to consider for patients who are taking a
polypharmacy approach. Furthermore, as nutritional strate-
gies become more personalized, it would seem that this
information could be interfaced with a patient’s known
CYP450 polymorphisms to determine how to best optimize
health outcomes.

2.1.1. CYP1 Enzymes. TheCYP1A family is involved inmetab-
olizing procarcinogens, hormones, and pharmaceuticals.

It is well-known for its role in the carcinogenic bioactivation
of polycyclic aromatic hydrocarbons (PAHs), heterocyclic
aromatic amines/amides, polychlorinated biphenyls (PCBs),
and other environmental toxins [18, 19]. LowCYP1A2 activity,
for example, has been linked to higher risk of testicular
cancer [20]. However, due to their rapid conversion to
highly reactive intermediates, excessive activity of CYP1A
enzymes without adequate phase II support may enhance
the destructive effects of environmental procarcinogens [21].
Indeed, genetic polymorphisms in this cytochrome family
have been suggested as useful markers for predisposition
to certain cancers [15]. CYP1 enzymes are also involved
in the formation of clinically relevant estrogen metabolites:
CYP1A1/1A2 and CYP1B1 catalyze the 2-hydroxylation and
4-hydroxylation of estrogens, respectively [22]. The potential
role of 4-hydroxyestradiol in estrogen-related carcinogenesis,
via the production of free radicals and related cellular damage
[22], has prompted investigation into factors that modulate
CYP1 enzymes.

Various foods and phytonutrients alter CYP1 activity
(Tables 1(a) and 1(b)). Cruciferous vegetables have been
shown, in humans, to act as inducers of CYP1A1 and 1A2,
and animal studies also suggest an upregulation of CYP1B1
[4, 23–27].The inductory effect of crucifers onCYP1A2 seems
especially well established. Clinical studies also indicate
that resveratrol and resveratrol-containing foods are CYP1A1
enhancers [28]. Conversely, berries and their constituent
polyphenol, ellagic acid, may reduce CYP1A1 overactivity
[6], and apiaceous vegetables and quercetin may attenuate
excessive CYP1A2 action [24, 29]. Cruciferous vegetables and
berries have been suggested as possible modulators of estro-
gen metabolites: berries for their reducing effect on CYP1A1
[6] and cruciferous vegetables for their stronger induction of
CYP1A versus 1B1 enzymes [25–27, 30]. Chrysoeriol, present
in rooibos tea and celery, acts selectively to inhibit CYP1B1
in vitro [31] and may be especially relevant to patients with
CYP1B1 overactivity. However, further research is needed to
confirm this finding.

Many foods appear to act as both inducers and inhibitors
of CYP1 enzymes, an effect which may be dose dependent
or altered by the isolation of bioactive compounds derived
from food. Curcumin at 0.1% of the diet has been shown, in
animals, to induce CYP1A1, for example, [35], yet a diet of 1%
turmeric was inhibitory [46]. Black tea at 54mL/d induced
both CYP1A1 and 1A2 [33], yet 20mg/kg of theaflavins was
inhibitory to CYP1A1 [45]. Soybean intake at 100mg/kg
upregulated CYP1A1 activity [7], yet at 1 g/kg black soybean
extract [44] and 200mg daidzein twice daily [49], its effect
was inhibitory. Further research is needed to confirm differ-
ent dose effects and impact in humans.

Varied effects may also occur from different members of
the same food group. Seemingly contradictory to research
showing that cruciferous vegetables activate CYP1 enzymes,
kale (another member of the cruciferous family) appears to
inhibit CYP1A2 (as well as 2C19, 2D6, and 3A4) in animals
[51].Thedose used, at 2 g/kg per day, is 15-fold higher than the
typical level of human consumption [51], and more research
would be required to determine whether lower intake levels
would also have a similar effect. The same authors also tested
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Table 1: (a) Human and in vivo example nutrient inducers of CYP1 enzymes. (b) Human and in vivo example nutrient inhibitors of CYP1
enzymes.

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Cruciferous vegetables Clinical 500mg/d indole-3-carbinol [23]
Resveratrol

Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high
dose used

Green tea In vivo 45mL/d/rat (avg. 150 g animal
weight) green tea [33]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

CYP1A1
Curcumin

Turmeric, curry powder [34] In vivo 1,000mg/kg/d/rat curcumin [35],
or about 150mg per rat per day

Soybean In vivo 100mg/kg soybean extract [7]
Garlic In vivo 30 to 200mg/kg garlic oil [36]

Fish oil In vivo 20.5 g/kg fish oil [36]: note high
dose used

Rosemary In vivo Diet of 0.5% rosemary extract
[37]

Astaxanthin
Algae, yeast, salmon, trout, krill, shrimp, and crayfish

[38]
In vivo Diets of 0.001–0.03% astaxanthin

for 15 days [39]

Cruciferous vegetables Clinical

7–14 g/kg cruciferous vegetables
including frozen broccoli and
cauliflower, fresh daikon radish

sprouts and raw shredded
cabbage, and red and green [24]

500 g/d broccoli [4]
250 g/d each of Brussel sprouts

and broccoli [25]
500 g/d broccoli [26]

CYP1A2 Green tea In vivo

45mL/d/rat (avg. 150 g animal
weight) green tea [33]

Green tea (2.5%w/v) as sole
beverage [40]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Chicory root In vivo Diet of 10% dried chicory root
[41]

Astaxanthin
Algae, yeast, salmon, trout, krill, shrimp, and crayfish

[38]
In vivo Diets of 0.001–0.03% astaxanthin

for 15 days [39]

CYP1B1
Curcumin

Turmeric, curry powder [34] In vivo Diet of 0.1% curcumin [35]

Cruciferous vegtables In vivo 25–250mg/kg indole-3-carbinol
[27]

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Black raspberry In vivo Diet of 2.5% black raspberry [6]
Blueberry In vivo Diet of 2.5% blueberry [6]

CYP1A1

Ellagic acid
Berries, pomegranate, grapes, walnuts, and blackcurrants

[42]
In vivo 30mg/kg/d ellagic acid [43]

400 ppm ellagic acid [6]

Black soybean In vivo 1 g/kg black soybean seed coat
extract [44]: note high dose used

Black tea In vivo 20mg/kg theaflavins [45]
Turmeric In vivo Diet of 1% turmeric [46]
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(b) Continued.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Apiaceous vegetables Clinical

4 g/kg apiaceous vegetables,
including frozen carrots and
fresh celery, dill, parsley, and

parsnips [24]
Quercetin

Apple, apricot, blueberries, yellow onion, kale, alfalfa
sprouts, green beans, broccoli, black tea, and chili powder

[47, 48]

Clinical 500mg/d quercetin [29]

CYP1A2
Daidzein

Soybean [49] Clinical 200mg twice daily dosing of
daidzein [49]

Grapefruit Clinical 300mL grapefruit juice [50]

Kale In vivo
2 g/kg/d kale, as freeze-dried kale

drink
[51]

Garlic In vivo 100mg/kg garlic oil [52]

Chamomile In vivo Free access to 2% chamomile tea
solution [53]

Peppermint In vivo Free access to 2% peppermint tea
solution [53]

Dandelion In vivo Free access to 2% dandelion tea
solution [53]

Turmeric In vivo Diet of 1% turmeric [46]

the effects of an equivalent volume of cabbage consumption
and found no such inhibitory effect, pointing to the possi-
bility that different cruciferous vegetables may have distinct
effects on cytochrome activity.

2.1.2. CYP2A-E Enzymes. The large CYP2 family of enzymes
is involved in the metabolism of drugs, xenobiotics, hor-
mones, and other endogenous compounds such as ketones,
glycerol, and fatty acids [15, 54]. Some notable polymor-
phisms occur in the CYP2C and CYP2D subgroups, leading
to the classification of patients as “poor metabolizers” of var-
ious pharmaceuticals: warfarin and CYP2C9, antiarrhythmia
agents, metoprolol and propafenone, and CYP2D6, pheny-
toin, cyclobarbital, omeprazole, and CYP2C19, for example,
[15, 17]. CYP2D polymorphisms may be associated with
Parkinson’s disease and lung cancer [15]. Clinical evidence
exists for the induction of CYP2A6 by quercetin and broc-
coli [4, 29] (Table 2(a)). In animals, chicory appears to
induce CYP2A enzymes [41] and rosemary and garlic may
upregulate CYP2B activity [9, 37]. Clinical studies using
resveratrol and garden cress indicate CYP2D6 inhibition
[28, 55] (Table 2(b)). Ellagic acid, green tea, black tea, and
cruciferous vegetables also appear to inhibit various CYP2
enzymes.

CYP2E1 enzymes have also attracted particular interest
for their role in various diseases. 2E1 metabolizes nervous
system agents such as halothane, isoflurane, chlorzoxazone,
and ethanol and bioactivates procarcinogenic nitrosamines
and aflatoxin B1 [15, 65]. It produces free radicals regardless
of substrate [15], and CYP2E1 polymorphisms have been
associated with altered risk for coronary artery disease [66]

and gastric cancer [67]. CYP2E1-induced oxidative stress has
also been shown to lead to impaired insulin action via the
suppression of GLUT4 expression [68]. Attenuation of 2E1
overactivity may therefore be an important consideration in
high-risk patients.

Watercress and garlic are CYP2E1 inhibitors in humans
[59, 60]. In vivo evidence also suggests that N-acetyl cys-
teine, ellagic acid, green tea, black tea, dandelion, chrysin,
and medium chain triglycerides (MCTs) may downregulate
CYP2E1 [33, 43, 54, 61, 63, 64]. MCT oil may specifically
attenuate the ethanol-induced upregulation of CYP2E1 and
production of mitochondrial 4-hydroxynonenal, a marker of
oxidative stress [64].

2.1.3. CYP3A Enzymes. The occurrence of the different
CYP3A isoforms is tissue-specific [15]. Rooibos tea, garlic,
and fish oil appear to induce the activity of CYP3A, 3A1,
and 3A2 [8, 36, 69, 70] (Table 3(a)). Possible inhibitory foods
include green tea, black tea, and quercetin [33, 56, 71, 72]
(Table 3(b)). The most clinically relevant of the enzymes is
CYP3A4, which is expressedmainly in the liver and to a lesser
extent in the kidney [13]. Caffeine, testosterone, progesterone,
and androstenedione are substrates of the CYP3A4 enzyme
system, as are various procarcinogens including PAHs and
aflatoxin B1 [15]. To date, however, the principal driver
for research on CYP3A4 has been due to its role in the
metabolism of over 50 percent of all pharmaceuticals [73].
The potential for drug interaction with this single enzyme,
coupled with the wide interindividual differences in enzy-
matic activity, generates some level of risk in administration
of high doses and multiple drugs as well as food-drug
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Table 2: (a) Human and in vivo example nutrient inducers of selected CYP2 enzymes. (b) Human and in vivo example nutrient inhibitors of
selected CYP2 enzymes.

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP2A Chicory root In vivo Diet of 10% dried chicory root
[41]

CYP2A6

Quercetin
Apple, apricot, blueberries, yellow onion, kale, alfalfa
sprouts, green beans, broccoli, black tea, and chili

powder [47, 48]

Clinical 500mg/d quercetin [29]

Broccoli Clinical 500 g/d broccoli [4]

CYP2B1

Rosemary In vivo Diet of 0.5% rosemary extract
[37]

Garlic In vivo
0.5 and 2.0mmol/kg diallyl

sulfide, or about 75 and 300mg,
respectively [9]

CYP2B2 Rosemary In vivo Diet of 0.5% rosemary extract
[37]

CYP2E1
Fish oil In vivo 20.5 g/kg fish oil [36]: note high

dose used

Chicory root In vivo Diet of 10% dried chicory root
[41]

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo 10 and 30mg/kg/d ellagic acid

[43]

CYP2B Green tea In vivo 100mg/kg/d green tea extract
[56]

Cruciferous vegetables In vivo 3 and 12mg/kg/d sulforaphane
[57]

CYP2B1 Turmeric In vivo Diet of 1% turmeric [46]

Green tea In vivo 45mL/d/rat (avg. 150 g animal
weight) green tea [33]

CYP2C Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo 30mg/kg/d ellagic acid [43]

CYP2C6
Ellagic acid

Berries, pomegranate, grapes, walnuts, and
blackcurrants [42]

In vivo 30mg/kg/d ellagic acid [43]

CYP2C9

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high

dose used
Myricetin

Onions, berries, grapes, and red wine [58] In vivo 2 and 8mg/kg myricetin [58]

CYP2C19 Kale In vivo 2 g/kg/d kale, as freeze-dried kale
drink [51]

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high

dose used

CYP2D6 Garden cress Clinical 7.5 g twice daily intake of garden
cress seed powder [55]

Kale In vivo 2 g/kg/d kale, as freeze-dried kale
drink [51]
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(b) Continued.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Watercress Clinical 50 g watercress homogenate
[59]

Garlic Clinical and
in vivo

0.2mg/kg diallyl sulfide,
equivalent to high human garlic

consumption [60]
100mg/kg garlic oil [52]

200mg/kg diallyl sulfide [8]
30 to 200mg/kg garlic oil [36]
Diet of 2% and 5% garlic powder

[61]
N-acetyl cysteine

Allium vegetables [54] In vivo 25mg/kg and 50mg/kg N-acetyl
cysteine [54]

CYP2E1
Ellagic acid

Berries, pomegranate, grapes, walnuts, and
blackcurrants [42]

In vivo 10 and 30mg/kg/d ellagic acid
[43]

Green tea In vivo 45mL/d/rat (avg. 150 g animal
weight) green tea [33]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Dandelion In vivo 0.5 and 2 g/kg dandelion leaf
water extract [62]

Chrysin
Honey, honeycomb [63] In vivo 20 and 40mg/kg/d chrysin [63]

Medium-chain triglycerides (MCTs)
Coconut and coconut oil In vivo 32% calories as MCTs [64]

and herb-drug interactions. Grapefruit juice is perhaps the
most well-known food inhibitor of this enzyme [74], though
resveratrol and garden cress, a member of the cruciferous
vegetable family, appear to have similar effects in humans,
albeit at intakes above what would be expected without high-
dose supplementation [28, 55]. Curcumin may upregulate
3A4 activity [11].

Once again, there are indications that a biphasic effect
may be seen from dietary bioactive compounds; Davenport
and Wargovich (2005) found that shorter-term or lower
dosing with garlic organosulfur compounds produced poten-
tially anticarcinogenic effects but that longer-term higher
doses (200mg/kg) of allyl sulfides led to minor hepatic
toxicity [8]. One garlic clove contains only 2,500–4,500𝜇g
of the allyl sulfide precursor, allicin [76], so the higher dose
is much more than would be consumed in a typical human
diet. In another example, two components of cruciferous
vegetables, sulforaphanes and indole-3-carbinol, inhibited
and increased activity, respectively [57, 75], highlighting the
potential for human studies using whole foods to clarify the
outcome of consumption.

2.1.4. CYP4 Enzymes. Less is known about this family of
enzymes, since it is thought to play a smaller role in
drug metabolism. It is, however, understood to be a pri-
marily extrahepatic family of cytochromes, inducible by
clofibrate and ciprofibrate (hypolipidemic drugs), NSAIDs,
prostaglandins, and toxicants such as phthalate esters [15, 77].
The CYP4B1 isoform is involved in the metabolism of MCTs

(medium chain triglycerides), as well as the bioactivation of
pneumotoxic and carcinogenic compounds [78].

Polymorphisms and overexpression of this subgroupmay
be associated with bladder cancer [15] and colitis [79]. A
report by Ye et al. (2009) which examined the link between
colitis and CYP4B1 activity found that the promotion of
CYP4B1 activity by caffeic acid (found in caffeine-containing
foods) (Table 4) correlated with reduced inflammation and
disease activity [79]. Green tea may act to induce CYP4A1, as
suggested by animal studies [40]. More research is needed to
clearly identify food influences on this enzyme family.

2.2. Phase II Conjugation Enzymes. After a xenobiotic has
gone through the process of becoming hydrophilic through
reactions overseen by CYP450 enzymes, its reactive site can
be conjugated with an endogenous hydrophilic substance.
This reaction is often referred to as “phase II detoxification.”
Conjugation involves the transfer of a number of hydrophilic
compounds (via their corresponding enzymes), including
glucuronic acid (glucuronyl transferases), sulfate (sulfotrans-
ferases), glutathione (glutathione transferases), amino acids
(amino acid transferases), an acetyl group (N-acetyl trans-
ferases), and a methyl group (N- and O-methyltransferases)
[81].The result of the collective activity of these enzymes is an
increase in the hydrophilicity of the metabolite, theoretically
leading to enhanced excretion in the bile and/or urine [81].
Similar to the CYP450 enzymes, genetic polymorphisms can
have profound influence on the function of these conjugating
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Table 3: (a) Human and in vivo example nutrient inducers of selected CYP3 enzymes. (b) Human and in vivo example nutrient inhibitors of
selected CYP3 enzymes.

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP3A Rooibos tea In vivo Rooibos tea, 4 g/L simmered for 5
minutes, as sole beverage [69]

CYP3A1
Garlic In vivo

30 to 200mg/kg garlic oil [36]
80 and 200mg/kg garlic oil 3 times

weekly [70]

Fish oil In vivo 20.5 g/kg fish oil [36]: note high dose
used

CYP3A2 Garlic In vivo 200mg/kg diallyl sulfide [8]
Cruciferous vegetables In vivo 50mg/kg/d indole-3-carbinol [75]

CYP3A4 Curcumin
Turmeric, curry powder [34] In vivo 50 and 100mg/kg curcumin [11]

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP3A

Green tea In vivo

45mL/d/rat (avg. 150 g animal
weight) green tea [33]

400mg/kg green tea extract [71]
100mg/kg/d green tea extract

[56]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Quercetin
Apple, apricot, blueberries, yellow onion, kale, alfalfa
sprouts, green beans, broccoli, black tea, and chili

powder [47, 48]

In vivo 10 and 20mg/kg [72]

CYP3A2 Cruciferous vegetables In vivo 12mg/kg/d sulforaphane [57]

Grapefruit Clinical 200mL grapefruit juice 3 times
daily [74]

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high

dose used

CYP3A4 Garden cress Clinical 7.5 g twice daily dose of garden
cress seed powder [55]

Soybean In vivo 100mg/kg soybean extract [7]

Kale In vivo 2 g/kg/d kale, as freeze-dried kale
drink [51]

Myricetin
Onions, berries, grapes, and red wine [58] In vivo 0.4, 2, and 8mg/kg myricetin

[58]

Table 4: Human and in vivo example nutrient inducers of selected CYP4 enzymes.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP4A1 Green tea In vivo Green tea (2.5%w/v) as sole beverage [40]

CYP4B1 Caffeic acid
Coffee [80] In vivo 179mg/kg caffeic acid [79]

enzymes [82], with potential implication in the development
of several forms of cancer [83].

It is conceivable that modulation of phase II enzymes
by food-based bioactive compounds may be advantageous
in patients who have altered enzyme activity due to genetic

polymorphisms or who have a high toxic burden due to
chronic exposure to environmental pollutants, overactive
phase I activity, or hormonal imbalance. For example,
James et al. (2008) suggest that upregulation of glucuronida-
tion and sulfonation by certain bioactive compounds may be
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a useful consideration for the elimination of environmental
PCBs [19].

2.2.1. UDP-Glucuronosyltransferases. This class of enzymes,
comprising multiple proteins and even subfamilies, plays an
essential role in enhancing the elimination of biotransformed
toxins in urine and feces, as well as metabolizing steroid
hormones and bilirubin [84, 85].Their function is to catalyze
the covalent linkage of glucuronic acid fromUDP-glucuronic
acid to an accepting functional group on the molecule, a
process referred to as glucuronidation [86]. Glucuronidation
occurs primarily in the liver but can occur in other tissues,
such as the small intestine [86, 87]. Bilirubin, specifically,
is principally conjugated by UGT1A1 in hepatocytes [88]
and then excreted with bile into the intestinal tract. It has
been estimated that 40–70% of all medications are subject
to glucuronidation reactions in humans, thereby suggesting
the significance of this conjugation enzyme family [88].
Since UDP-glucuronosyltransferases (UGTs) also metabolize
phytochemicals, alterations in their effects may be seen with
genetically downregulated enzyme activity; flavonoids are
conjugated with glucuronide and sulfate; therefore, UGT
or sulfotransferase (SULT) polymorphisms may produce
variability in phytochemical clearance and efficacy [89].

Clinical and observational studies point to cruciferous
vegetables, resveratrol, and citrus as foods and bioactive
compounds that induce UGT enzymes [25, 28, 90–92]
(Table 5(a)). Animal studies also suggest the potential for
other foods and nutrients, including dandelion, rooibos
tea, honeybush tea, rosemary, soy, ellagic acid, ferulic acid,
curcumin, and astaxanthin, to enhance UGT activity [37, 39,
53, 93–95]. Interestingly, the effect of resveratrol was seen
only in individuals with low baseline enzyme levels/activity,
suggesting that some phytochemicals may modulate, rather
than outright induce, enzymatic activity [28]. In addition,
many studies note that effects are variable depending on
gender and genotype [85, 90, 92]; for example, women with
the UGT1A1 ∗28 polymorphism (7/7) were responsive to
citrus intervention, whereas those with other genetic variants
were not [92].

Meaningful interpretations of these studies may still
be elusive, however: in one combined dietary trial, the
consumption of 10 servings per day of a combination of
cruciferous vegetables, soy foods, and citrus fruits did not
have a significant effect on UGT enzyme activity compared
with a diet devoid of fruits and vegetables [85]. The authors
hypothesize that these results may be due to their choice of
specific foods within those groups or due to Nrf2 activation
(discussed in subsequent sections) when fruits and vegetables
were avoided.

The effects of UGT activity may also be enhanced by D-
glucaric acid by theoretical inhibition of beta-glucuronidase
enzymes [100]. Beta-glucuronidase enzymes act to reverse
UGT conjugation reactions. D-glucaric acid is found inmany
fruits, vegetables and legumes (Table 5(b)). When tested
in humans, however, a diet supplemented with cruciferous
vegetables (2/3 cup broccoli, 1/2 cup cabbage, and 1/2 cup
radish sprouts), citrus fruits (1 cup grapefruit juice, 1/2 cup
orange juice, 1 cup orange/grapefruit segments, and 1 orange

peel), and soy foods was found to have no effect on beta-
glucuronidase activity [101] (amounts standardized for 55 kg
body weight), indicating that the clinical effects of D-glucaric
acid consumption still need further clarification.

In vivo research suggests that polyphenol extracts of
certain berries, specifically strawberries and blackcurrant,
may inhibit beta-glucuronidase activity in the intestinal
lumen; Kosmala et al. (2014) observed this effect using both
strawberry pomace water extract and water-alcohol extract
containing 5.1% and 17.1% ellagic acid, and 0.2% and 10.9%
proanthocyanidins, respectively [100]. Jurgoński et al. (2014)
found a similar inhibitory effect using a diet of 1.5% blackcur-
rant extract (total polyphenolic content 66.8 g/100 g extract)
[102]. Interestingly, the highest levels of beta-glucuronidase
activity were seen in rabbits fed a high fat diet (32% calories
from fat, including 10% from lard), without blackcurrant
extract supplementation, suggesting that dietary fat may also
alter enzyme activity [102].

Inhibition of UGT enzymatic activitymay be a considera-
tion for modulation of hormone levels and the risk of certain
cancers, such as prostate cancer [84]. In vitro studies suggest
that various foods and food-based components may inhibit
UGT activity, including green and black tea, quercetin, rutin,
naringenin, allspice, peppermint oil, cacao, and silymarin
[84], although further research is needed to evaluate their in
vivo and clinical effects.

2.2.2. Sulfotransferases. As the name of this superfamily
of enzymes might suggest, SULTs are responsible for the
transfer of a sulfuryl group donated by 3-phosphoadenosine-
5-phosphosulfate (PAPS) to hydroxyl or amine groups,
particularly in the areas of liver, intestine, adrenal gland,
brain, and skin tissues [103]. This process is often referred
to as sulfation but is more accurately termed sulfonation or
sulfurylation. Decreased function of these enzymes, through
genetic variability or presence of environmental chemicals,
can lead to eventual interference with thyroid hormone,
estrogen, and androgen levels [104, 105], as well as variable
polyphenol effects [106], since the active forms of these
compounds can be degraded via sulfonation. Typically, once
compounds have been conjugated with sulfate, there is less
reactivity and toxicity incurred from the precursor molecule
[105].

Few in vivo studies have examined the effects of dietary
components on SULT activity, although caffeine and retinoic
acid are possible SULT inducers according to animal studies
[107, 108] (Table 6(a)). Although it is uncertain how their out-
comes will translate in vivo, various in vitro studies have indi-
cated the possibility of sulfotransferase inhibition (including
competitive inhibition) by wine anthocyanins and flavonols,
synthetic food colors (especially red colors), apple and grape
juice, catechins including epigallocatechin gallate, quercetin,
curcumin, resveratrol, flavonoids (apigenin, chrysin, fisetin,
galangin, kaempferol, quercetin, myricetin, naringenin, and
naringin), and certain phytoestrogens (daidzein, genistein)
[3, 105]. Pyridoxal-6-phosphate, the active form of vitamin
B6 (which is widely distributed in foods), may also be a com-
petitive SULT inhibitor, according to one in vitro study [109],
although human tissue concentrations and clinical effects
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Table 5: (a) Human and in vivo example nutrient inducers of UGT enzymes. (b) Selected dietary sources of D-glucaric acid.
(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Cruciferous vegetables Clinical

Approximately 5 and 10 servings/d of cruciferous
vegetables including frozen broccoli, cauliflower, fresh
cabbage (red and green), and fresh radish sprouts [90]

250 g/d each of Brussel sprouts and broccoli [25]
2 oz (56.8 g) watercress three times daily [91]

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea

[32]
Clinical 1 g/d resveratrol [28]: note high dose used

Citrus Observational 0.5+ servings/day of citrus fruits or foods [92]
Dandelion In vivo Free access to 2% dandelion tea solution [53]

Rooibos tea In vivo Rooibos tea as sole beverage; concentration 2 g tea
leaves/100mL water steeped for 30 minutes [93]

UGTs Honeybush tea In vivo Honeybush tea as sole beverage; concentration 4 g tea
leaves/100mL water steeped for 30 minutes [93]

Rosemary In vivo Diet of 0.5% rosemary extract [37]
Soy In vivo 150 and 500mg/kg soy extract [94]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo Diet of 1% ellagic acid [95]

Ferulic acid
Whole grains, roasted coffee, tomatoes,

asparagus, olives, berries, peas, vegetables,
and citrus [96]

In vivo Diet of 1% ferulic acid [95]

Curcumin
Turmeric, curry powder [34] In vivo Diet of 1% curcumin [95]

Astaxanthin
Algae, yeast, salmon, trout, krill, shrimp,

and crayfish [38]
In vivo Diets of 0.001–0.03% astaxanthin for 15 days [39]

(b)

Legumes Mung bean seeds, adzuki bean sprouts [97]

Vegetables and fruits
Oranges, spinach, apples, carrots, alfalfa sprouts, cabbage, Brussel sprouts,
cauliflower, broccoli, grapefruit, grapes, peaches, plums, lemons, apricots, sweet
cherries, corn, cucumber, lettuce, celery, green pepper, tomato, and potatoes
[97–99]

may be vastly different. Of note, caffeic acid demonstrates in
vitro SULT-inhibitory properties [105]. This finding conflicts
with its in vivo ability to induce SULT enzymes, as described
by Zhou et al. (2012) [107], highlighting the difficulty of
extrapolating meaningful conclusions from in vitro data.

SULT enzyme activity is dependent on a depletable
reserve of inorganic sulfate [112]. Dietary sources of sulfur-
containing compoundsmay therefore play an essential role in
SULT function, by providing the substrate for enzyme action
(Table 6(b)).

2.2.3. Glutathione S-Transferases. Similar to the aforemen-
tioned categories of conjugating enzymes, glutathione S-
transferases (GSTs) include a complex of enzymes, whose
main function is to attach a glutathione group to a bio-
transformed metabolite. The production of these enzymes
can be induced through the production of reactive oxygen

species and via gene transcription involving the antioxidant-
responsive element (ARE) and the xenobiotic-responsive
element (XRE), which will be subsequently discussed in this
paper [113].

Cruciferous and allium vegetables and resveratrol
demonstrate ability to induce GSTs in humans [28, 114–117]
(Table 7(a)). Observational research also associates citrus
consumption with increased GST activity [115]. In vivo
data also suggest many foods and food constituents to be
upregulators of these enzymes, including garlic, fish oil,
black soybean, purple sweet potato, curcumin, green tea,
rooibos tea, honeybush tea, ellagic acid, rosemary, ghee, and
genistein [36, 43, 44, 70, 93, 118–123]. Conjugated linoleic
acid has been shown to be at least partly responsible for the
effect of ghee [122]. It is possible that the effects of at least
some of these foods and bioactive compounds may be due to
their upregulation of the Nrf2 signaling pathway.
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Table 6: (a) In vivo example nutrient inducers of sulfotransferases (SULTs). (b) Selected dietary sources of sulfur-containing compounds
(adapted from [110]).

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

SULTs

Caffeine
Coffee, cocoa, black tea, and green tea [111] In vivo 2, 10, and 50mg/kg caffeine [107]

Retinoic acid (bioactive form of vitamin A)
Meat (especially liver), fish, egg, and dairy products
contain retinol; apple, apricot, artichokes, arugula,

asparagus, and other plant foods contain provitamin A
carotenes [111]

In vivo 2, 10, and 50mg/kg/d retinoic acid
suspension in corn oil [108]

(b)

Animal products Fish, shellfish, lamb, beef, chicken, pork, duck, goose, turkey, egg, and cheese
Legumes Lentils, peas, and butter beans
Grains Barley, oatmeal

Vegetables and fruits Cabbage, horseradish, Brussel sprouts, leeks, cress, haricot beans, apricots, peaches,
spinach, and watercress

Nuts and seeds Brazil nuts, almonds, peanuts, and walnuts
Herbs and spices Mustard, ginger

Genetic variances, gender, and even possibly body weight
appear to play a role in the effects of dietary factors on
GST enzymes [114–116]. Clinical investigation of cruciferous
and allium vegetables by Lampe et al. (2000) found that an
upregulated effect was most marked in women, indicating
gender variability, and that the effect was also genotype-
dependent, occurring only in GSTM1-null individuals [116].
The same investigators also found that apiaceous vegetables
inhibited GST activity, but only in GSTM1+ men [116]
(Table 7(b)). High doses of quercetin and genistein have also
shown inhibitory effects [123, 126].

There is evidence that at least some of these foods and
phytonutrients may exert modulatory rather than absolute
inductive/inhibitory effects; Chow et al. (2010) found that
resveratrol increased GST only in those with low baseline
enzyme levels or activity [28]. It is also noteworthy that
bioactive components of crucifers, including isothiocyanates,
are substrates for GST enzymes and that GST genotype
may therefore alter the response to cruciferous vegetables
consumption on other mechanisms such as glutathione
peroxidase and superoxide dismutase [134, 135]. GSTM1-
null genotype is associated with a more rapid excretion of
isothiocyanates, leading some researchers to conclude that
the benefits of cruciferous vegetable consumption may be
lessened in individuals with this genetic variation [89].

Support for glutathione conjugation also involves
enhancing reduced glutathione (GSH) status. Glutathione
is a low-molecular weight tripeptide containing residues of
cysteine, glutamate, and glycine [136]. Most glutathione from
foods and supplements is poorly absorbed, so liposomal
delivery has been used [137]. The sulfur-containing amino
acids methionine and cystine are important precursors to
glutathione formation; their depletion leads to depressed

GSH levels [138]. N-acetyl cysteine has also been used to
restore depleted GSH levels in a clinical setting [139].

Various nutrients may also enhance endogenous glu-
tathione synthesis, including vitamin B6, magnesium, and
selenium [140, 141]. Curcuminoids (from turmeric), sily-
marin (from milk thistle), folic acid, and alpha-lipoic acid
have been shown, in humans, to restore depleted GSH
[129, 130, 142, 143]. In animal studies, cruciferous vegetables
and artichoke have also demonstrated a GSH-protective
effect [131–133]. There is therefore the potential to improve
glutathione status via diet or supplementation (Table 7(c)).

2.2.4. Amino Acid Transferases. Amino acids of various types
(e.g., taurine, glycine), whether endogenous or exogenous
(from dietary sources) in origin, can be utilized for attaching
tomolecules for their excretion. For the benefit of providing a
substrate to these enzymes, it is generally thought that dietary
protein is required for an effective detoxification protocol.
Table 8 lists amino acids used in phase II conjugation reac-
tions and selected food sources.

2.2.5. N-Acetyl Transferases (NAT). This class of enzymes is
responsible for the transfer of an acetyl group to convert
aromatic amines or hydrazines to aromatic amides and
hydrazides, which is significant for those taking pharma-
ceuticals such as isoniazid, hydralazine, and sulphonamides
[83]. Polymorphisms in genes for this category of enzymes,
leading to slowmetabolism, have been shown to be associated
with hepatoxicity during drug treatment [146]. One small
human study found that 500mg quercetin daily enhanced
NAT activity [29]. However, more research is needed to
understand the relationship between dietary nutrients and
NAT function.
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Table 7: (a) In vivo example nutrient inducers of glutathione S-transferases (GSTs). (b) In vivo example nutrient inhibitors of glutathione
S-transferases (GSTs). (c) Selected dietary sources of nutrients for glutathione support ([111] unless otherwise noted).

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Cruciferous vegetables Clinical,
observational

Approximately 5 and 10 servings/d of
cruciferous vegetables including frozen
broccoli, cauliflower, fresh cabbage (red
and green), and fresh radish sprouts [114]
>31.2 g/d cruciferous vegetables [115]
4.5 cups of cruciferous vegetables/d,

including 0.5 cups of radish sprouts, 1 cup
of frozen cauliflower, 2 cups of frozen

broccoli, and 1 cup of fresh cabbage [116]
300 g/d cooked Brussels sprouts [117]

Allium vegetables Clinical
3 tbsp fresh chives, 1.33 cups of fresh
leeks, 1 tsp garlic, and 0.5 cups of fresh

onion [116]
Resveratrol

Grapes, wine, peanuts, soy, and itadori tea
[32]

Clinical 1 g/d resveratrol [28]: note high dose used

Citrus Observational, in
vivo

>76 g/d citrus [115]
20mg limonoid mixture every 2 days

[124]

Garlic In vivo
30 to 200mg/kg garlic oil [36]

80 and 200mg/kg garlic oil 3 times
weekly [70]

GSTs Fish oil In vivo 20.5 g/kg fish oil [36]: note high dose used

Black soybean In vivo 1 g/kg black soybean seed coat extract
[44]

Purple sweet potato In vivo 100 and 200mg/kg anthocyanin extract
from purple sweet potato [118]

Curcumin In vivo Diet of 2% curcumin [119]

Green tea In vivo Equivalent of 4 cups/d (200mL each) of
green tea [120]

Rooibos tea In vivo
Rooibos tea as sole beverage;

concentration 2 g tea leaves/100mL water
steeped for 30 minutes [93]

Honeybush tea In vivo
Honeybush tea as sole beverage;

concentration 4 g tea leaves/100mL water
steeped for 30 minutes [93]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo 30mg/kg/d ellagic acid [43]

Rosemary In vivo 20mg/kg carnosic acid 3 times weekly
[121]

Ghee (clarified butter) In vivo 19.5mg CLA (conjugated linoleic acid)/g
fat [122]

Genistein (kidney GSTs)
Fermented soy (e.g.,miso, tempeh) contains
up to 40% bioavailable genistein versus 1%

or less in other soy products [125]

In vivo 1.5 g/kg genistein [123]: note high dose
used

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Apiaceous vegetables Clinical

1 tsp fresh dill weed, 0.5 cups of fresh
celery, 3 tbsp. fresh parsley, 1.25 cups of
grated parsnips, and 0.75 cups of frozen

carrots [116]
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(b) Continued.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

GSTs
Quercetin

Apple, apricot, blueberries, yellow onion,
kale, and alfalfa sprouts, green beans,

broccoli, black tea, and chili powder [47, 48]

In vivo 2 g/kg quercetin [126]: note high dose used

Genistein (liver GSTs)
Fermented soy (e.g.,miso, tempeh)

containsup to 40% bioavailable genistein,
versus 1% or less in other soy products [125]

In vivo 1.5 g/kg genistein [123]: note high dose
used

(c)

Vitamin B6 Turkey, pork, chicken, beef, amaranth, lentils, pistachio nuts, sunflower seeds, garlic, and
prunes

Magnesium Nuts, seeds, beans, and whole grains
Selenium Brazil nuts, pork, turkey, lamb, chicken, and egg
Methionine Turkey, pork, chicken, beef, egg, Brazil nuts, soybean, sesame seeds, and spirulina
Cystine Pork, turkey, chicken, egg, soybean, spirulina, sesame seeds, and oats
Glycine Turkey, pork, chicken, amaranth, soybean, peanuts, pumpkin seed, and beef

Folate (dietary form of folic acid) Mung bean, adzuki bean, and other legumes, liver, sunflower seeds, quinoa, spinach,
asparagus, avocados, mustard greens, and artichokes

Alpha-lipoic acid Spinach, broccoli, tomato, peas, Brussels sprouts, and visceral meats [127, 128]
Functional foods Turmeric, milk thistle, cruciferous vegetables, and artichoke [129–133]

Table 8: Amino acids used in phase II conjugation and selected food sources.

Glycine Turkey, pork, chicken, soybean, seaweed, eggs, amaranth, beef, mollusks, peanuts, pumpkin seeds,
almonds, duck, goose, mung beans, sunflower seeds, lentils, lamb, bison, lobster, and fish [111]

Taurine
Many cooked meats and fish supply taurine. Taurine is also synthesized in the body from cystine
(requiring niacin and vitamin B6) and homocysteine (requiring additionally betaine and serine)
[144]

Glutamine Plant and animal proteins such as beef, pork, chicken, dairy products, spinach, parsley, and
cabbage [145]

Ornithine Ornithine is synthesized endogenously via the urea cycle, requiring arginine and magnesium [144]

Arginine
Turkey and pork are especially rich sources; also chicken, pumpkin seeds, soybean, butternuts,
egg, peanuts, walnuts, split peas, mollusks, almonds, sesame seeds, lentils, fava beans, mung
beans, pine nuts, beef, sunflower seeds, and white beans [111]

2.2.6. Methyltransferases. Relatively significant attention has
been given in various medical communities to this class
of phase II enzymes due to the increasing importance of
methylation for reducing disease risk.The conjugating donor
compound in methyltransferase reactions is a methionine
group from S-adenosyl-L-methionine (SAMe) [147]. Cate-
chol O-methyltransferase (COMT) is one of the prominent
methyltransferases that has received wide attention due to its
role in estrogen detoxification [148].

Support formethylation consists of nutrient cofactors and
methyl donors, such as methionine, vitamin B12, vitamin
B6, betaine, folate, and magnesium [144]. Various foods
can provide these nutrients (Table 9). Conversely, a high
sucrose dietmay inhibitmethylation enzymes such as COMT
[149].

3. Gene Induction of Phase II Detoxification
and Antioxidant Enzymes through Nrf2

The transcription factor, Nrf2 [nuclear factor erythroid 2
(NF-E2) p45-related factor 2], is key to regulating the body’s
detoxification and antioxidant system. When activated, Nrf2
dissociates from the cytosolic protein, Keap1 (Kelch-like ECH
associated protein 1), and translocates to the nucleus to bind
to AREs in the promoter/enhancer portion of genes asso-
ciated with phase II detoxification and antioxidant enzyme
genes [150] (Figure 1). Nrf2-deficient animals experience
increased toxicity from drugs [151], carcinogens, allergens,
and environmental pollutants [152] and do not respond as
well to the anti-inflammatory effects of phytochemicals [153],
indicating the essentiality of these enzymes. Conversely, Nrf2
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Table 9: Selected dietary sources of nutrients for methylation support (adapted from [111]).

Methionine
Meats, poultry, fish, shellfish, egg, nuts (especially Brazil nuts), seeds (especially sesame seeds and
pumpkin seeds), spirulina, teff, soybeans Lower amounts found in other legumes and whole
grains (especially teff and oats)

Vitamin B12 Meats and meat products (especially liver and kidney), poultry, fish, shellfish, and eggs

Vitamin B6 Meats, nuts (especially pistachio), garlic, whole grains, seeds (especially sesame and sunflower
seeds), legumes (especially chickpeas and lentils), and prunes

Betaine Quinoa, beets, spinach, whole grains (especially rye, kamut, bulgur, amaranth, barley, and oats)
sweet potato, meats, and poultry

Folate
Beans and legumes (especially mung beans, adzuki beans, chickpeas, and lentils), liver, nuts
(especially peanuts), seeds (especially sunflower seeds), spinach, asparagus, mustard greens, and
avocado

Magnesium Seeds (especially pumpkin seeds and sesame seeds), beans (especially soybeans), nuts (especially
Brazil nuts and almonds), and whole grains (especially amaranth)

Keap1
Keap1Nrf2Nrf2

ARE

Nrf2

Ubiquitination and 
proteasomal degradation

Oxidative stress, Nrf2 inducers

Transcription of phase II detoxification 
and antioxidant enzymes 

Cytosol

Nucleus

Figure 1: Nrf2/Keap1 signaling (created from text in [154]).

induction is considered protective against various oxidative
stress-related conditions such as cancer, kidney dysfunction,
pulmonary disorders, arthritis, neurological disease, and
cardiovascular disease [154].

Research demonstrates that dietary components, espe-
cially phytochemicals, not only scavenge reactive oxygen
species, thereby acting as direct antioxidants, but also reg-
ulate Nrf2 activity [150]. In vivo evidence exists for Nrf2-
modulation by curcumin [155–158], broccoli constituents
[159, 160], garlic [161–163], epicatechins [164–167], resvera-
trol [168, 169], ginger [170, 171], purple sweet potato [118],
isoflavones [172, 173], coffee [174], rosemary [175, 176],
blueberry [166, 177], pomegranate [178], naringenin [179],
ellagic acid [166], astaxanthin [166], and 𝛾-tocopherol [180]
(Table 10(a)). A clinical trial by Magbanua et al. (2011),
investigating the Nrf2 modulation effects of fish oil and
lycopene in the context of prostate cancer risk, also demon-
strated that these dietary compounds can upregulate Nrf2
signaling and response to oxidative stress in humans [181].
Direct comparison of the magnitude of effect between these
compounds can be difficult to gauge. Some information on

their relative effects is provided by Kavitha et al. (2013), who
ranked the order of potency of the compounds they tested
(from highest to lowest) as chlorophyllin (a semisynthetic
compound derived from chlorophyll), blueberry, ellagic acid,
astaxanthin, and EGCG [166].

Various studies point to the advantageous effects of
whole foods, and food combinations, versus specific bioactive
compounds. Zhou et al. (2014), for example, illustrate how
organosulfur compounds are not the only Nrf2-enhancing
bioactive compounds in garlic; garlic carbohydrate deriva-
tives also show Nrf2-modulatory activity [186]. Balstad et al.
(2011), in testing the effects of a combination of food extracts
on Nrf2 activity in mice, found that the combination pro-
duced a larger-than-expected effect, indicating an additive or
synergistic effect [176]. By their calculations, the food extract
they used equated to a human (70 kg) dose of 14–23 g each of
turmeric, rosemary, and thyme, which is clearly not practical
for clinical application, as well as 140–233 g each of coffee, red
onion, and broccoli. Calabrese et al. (2010) and Houghton et
al. (2013) have also argued that Nrf2 inducers exhibit biphasic
effects, with lower doses demonstrating stimulatory effects
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Table 10: (a) In vivo example nutrient inducers of the Nrf2 pathway. (b) In vivo example nutrient inhibitors of the Nrf2 pathway.
(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics

Type of
study Dosages used and references

Fish oil Clinical 3 × 1 g/d fish oil containing 1098mg EPA and
549mg DHA [181]

Lycopene
Tomatoes, rose hips, guava, watermelon, and papaya [111] Clinical 2 × 15mg/d lycopene [181]

Curcumin
Turmeric, curry powder [34] In vivo

200mg/kg/d curcumin [155]
75mg/kg/d curcumin [156]
50mg/kg/d curcumin [157]
200mg/kg/d curcumin [158]

Cruciferous vegetables In vivo 0.5mg/kg/d sulforaphane [159]
Diet of 15% crushed broccoli seed [160]

Garlic In vivo
50 and 100mg/kg/d diallyl disulfide [161]

250mg/kg/d raw garlic [162]
25mg/kg S-allyl cysteine [163]

Catechins
Tea (especially green tea), cocoa, legumes, and grapes [182] In vivo

5, 15, and 45mg/kg epicatechin [164]
15mg/kg epicatechin [165]

20mg/kgTheaphenon E (95% EGCG)
[166]

5, 15, and 30mg/kg epicatechin [167]
Resveratrol

Grapes, wine, peanuts, soy, and itadori tea [32] In vivo 10mg/kg/d [168]
20mg/kg/d [169]

Nrf2 Ginger In vivo 100mg/kg/d [6]-shogaol [170]
10 and 100mg/kg dried ginger extract [171]

Purple sweet potato In vivo 100 and 200mg/kg anthocyanin extract from
purple sweet potato [118]

Isoflavones
Soy, kudzu root, and red clover [183] In vivo 80mg/kg/d soy isoflavones [172]

60 and 120mg/kg puerarin from kudzu root [173]

Coffee In vivo 2.0mL/d coffee to an average animal weight of
200 g ± 10 g [174]

Rosemary In vivo 50 and 100mg/kg carnosic acid [175]
5mg/animal carnosol extract [176]

Blueberry In vivo 200mg/kg blueberry [166]
0.6 and 10 g/day [177]

Pomegranate In vivo 1 and 10 g/kg pomegranate extract [178]: note high
doses used

Naringenin
Citrus [179] In vivo 50mg/kg/d naringenin [179]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo Diet of 0.4% ellagic acid [166]

Asthaxanthin
Algae, yeast, salmon, trout, krill, shrimp, and crayfish [38] In vivo 15mg/kg astaxanthin [166]

𝛾-tocopherol
Nuts, seeds, whole grains, vegetable oils, and legumes [111] In vivo 20.8mg/kg 𝛾-tocopherol [180]

(b)

Enzyme Food, beverage, or bioactive compounds Type of study Dosages used and references

Nrf2 Luteolin In vivo 40mg/kg luteolin three times per week
[184]

Quercetin In vivo 50mg/kg/d quercetin [185]
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and higher doses exhibiting Nrf2-interference [187, 188].
These data suggest that the doses found in whole foods may
be more beneficial than supplements at supraphysiological
doses. In fact, it may well be their weak prooxidant effects
that stimulate Nrf2 inducers’ favorable antioxidant responses
[188].

Nonuniform activities of different foods within the same
food group should, once again, be considered; in their recent
review of the effects of plant-derived compounds on Nrf2
activation, Stefanson and Bakovic (2014) noted that pak choi,
via presumed Nrf2 activation, was more effective at reducing
inflammation in the colon than broccoli and that broc-
coli upregulated some additional Nrf2-related antioxidant
enzymes compared with pak choi [189]. Interestingly, this
effect was only apparent when steamed, rather than cooked,
broccoli was used [189], indicating that food preparationmay
be an important consideration.

Conversely to its role in cancer prevention, overex-
pression of Nrf2 is found in many cancer cells and has
been shown to promote tumor growth and resistance to
anticancer therapy [154]. Consequently, the inhibition ofNrf2
signaling may be clinically relevant for patients receiving
cancer chemotherapy [184, 185]. Overexpression of Nrf2 and
CYP2E1 has also been associated with impaired GLUT4
activity and insulin resistance [68]. As noted above, supple-
mentation (above levels normally consumed through diet)
with certain phytochemicals may have inhibitory effects on
Nrf2 activation, including luteolin [184] and quercetin [185]
(Table 10(b)). Vitamins A, C, and E and N-acetyl cysteine
have also been implicated as Nrf2 inhibitors at high doses
[188]. These findings point to the need for further research
to clarify outcomes as they relate to specific disease states as
well as potential biphasic dose effects.

4. Metallothionein

Metallothionein, a cysteine-rich protein with the ability to
bind divalent cations, including toxicmetals such asmercury,
cadmium, lead, and arsenic, is gaining recognition as an
important component in heavy metal detoxification [190–
192]. Similar to the upregulation of phase II and antioxidant
enzymes, metallothionein can be induced at specific pro-
moter regions of genes by stimuli such as heavymetals, oxida-
tive stress, glucocorticoids, and even zinc [192]. In addition
to sequestering heavy metals, it is capable of scavenging free
radicals and reducing injury from oxidative stress [192], as
well as inhibiting NF-𝜅B signaling [193].

Dietary patterns and nutrients may result in changes
in metallothionein production. Lamb et al. (2011) reported
a 54% increase in metallothionein mRNA production in a
small clinical trial in women with fibromyalgia following
an elimination diet in conjunction with a phytonutrient-
rich medical food consisting of hops, pomegranate, prune
skin, and watercress [194]. Zinc supplementation (15mg/day)
to healthy men over 10 days led to significantly increased
metallothionein mRNA, up to 2-fold in leukocytes and up
to 4-fold from dried blood spots [195]. Metallothionein has
been shown to be decreased in the intestinal mucosa of

patients with inflammatory bowel disease (IBD); however,
zinc supplementation (300mg zinc aspartate, equal to 60mg
elemental zinc per day for 4 weeks) in 14 zinc-deficient
patients with IBD resulted in slightly higher metallothionein
concentration in the intestinal mucosa [196]. Cruciferous
phytonutrients may also modulate metallothionein expres-
sion, as suggested by a 10-fold increase following a single oral
dose of 50 𝜇mol sulforaphane to rats [197]. Chromium may
inhibit zinc-induced metallothionein expression, according
to animal studies by Kimura et al. (2011) [198]. Early-stage,
in vitro studies also suggest that quercetin and Cordyceps
sinensis, a mushroom native to the Himalayan region, may
upregulate metallothionein expression [199, 200].

5. Clinical Applications

With the continued emergence of data supporting the role of
toxins in chronic disease processes, it is becoming increas-
ingly necessary for clinicians to understand how to provide
therapeuticmodalities to reduce toxin load in patients. In this
paper, several studies regarding the influence of foods and
food-based nutrients on the systems of detoxification were
presented. From the current information presented, listed
below are some key concepts for translation into the clinical
setting.

5.1. Nonclinical versus Clinical Studies. One of the limitations
that comes to the forefront in this collection of studies is
how the information, in many cases, is constrained primarily
to studies in cells or animals. It remains questionable as to
whether similar effects would be seen in humans atmoderate,
reasonable doses. In the cell studies, it is difficult to anticipate
findings due to the lack of pleiotropic activity that occurs
in a complex, living system with multiple detoxification
systems working simultaneously. Along similar lines, animal
studies are often difficult to extrapolate to individuals due
to the degree of variability in genotype and environmental
phenotype seen in the diverse human population. Therefore,
at this time, it is best to take precaution in firmly advocating
foods or food-based nutrients that only have cell or animal
data as support. It is best to rely on the clinical studies
that have been published to date in making more firm
recommendations.

5.2. Single Agent versus Lifestyle. While this paper focuses
on isolated nutrients and foods that contain those nutrients,
it might be optimal from a clinical perspective to consider
how an entire lifestyle might induce or inhibit the array
of detoxification enzymes. For example, this paper has not
addressed behaviors like smoking, physical activity, or stress.
The modern clinician needs to weigh all these variables
against each other. Yet, science has not fully demonstrated
the individual impacts of these factors, along with all of them
together. Therefore, at this time, a dietary pattern favoring
whole, unprocessed, plant-based foods and the removal or
reduction of toxic substances in one’s environment is a two-
prong approach that would seem to have the best overarching
scientific underpinning.
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5.3. Modulating versus Inhibiting/Inducing Effects. In several
instances, certain foods exhibited a particular activity on an
enzyme, while, at higher doses, they had another, opposite
effect. Essentially, many foods serve as what is commonly
referred to as being “bifunctional modulators,” possessing
the ability to effectively induce or inhibit detoxification
enzyme activity based on the dose response. Therefore, the
resulting clinical takeaway might be to encourage patients
to follow a mixed, varied diet, full of different plant-based,
whole foods. Smaller amounts of many compounds might be
more therapeutic and supportive for biochemical pathways
rather than overriding signals derived from high concen-
trations of nutrients through high-dose supplementation or
the repeat, daily ingestion of large quantities of the same
food.

5.4. Polypharmacy. For patients who are taking multiple
pharmaceuticals, it is important to knowwhich detoxification
systems will be influenced by nutrients and foods so that side
effects are minimized or avoided.

5.5. Dietary Supplements versus Foods. Since there can be
potent effects of food-based nutrients on detoxification path-
ways, it would be best for the average patient to follow,
as indicated above, a mixed, complex, and whole-foods
diet. Additionally, dietary supplements may be a helpful
adjunct in patients in which the practitioner has information
about the patient’s genetic variability, so that nutrients can
be tailored accordingly. Without a full understanding of a
patient’s SNPs (single nucleotide polymorphisms), it becomes
difficult to make accurate assessments about nutrients and
dosing.

5.6. Duration of Dosing. Another factor to consider in ther-
apeutic intervention is the timing and duration of the dose
of nutrient or the food. In some of the research presented
here, effects on detoxification enzymes were seen after several
days of food intake or supplementation, while, in other cases,
induction of an enzyme might be fairly rapid, followed by
efficient adaptability. This variable needs to be considered
in further clinical research and requires close monitoring in
clinical practice.

5.7. Foods Known to Impact Detoxification. Based on the four
systems examined in this paper, there are several foods which
seem to have demonstrated an influence on detoxification
systems. Many of them have been acknowledged as part of
naturopathic medicine. Hence, it would be useful to have a
knowledge base of this cumulative set of foods as patients
embark upon detoxification protocols. This recent scientific
update notes clinical evidence of effects from cruciferous
vegetables (in combination, and specifically watercress, gar-
den cress, and broccoli), allium vegetables, apiaceous veg-
etables, grapefruit, resveratrol, fish oil, quercetin, daidzein,
and lycopene. Many other foods, beverages, and nutrient
bioactive compounds, based on this review of scientific
literature, are also suggested as modulators of detoxification
enzymes in vivo (Table 11).

Table 11: Food, beverages, and bioactive compounds with demon-
strated, or potential, clinical impact on detoxification systems.

Food or beverage Nutrient bioactive
compounds

Allium vegetables Astaxanthin
Apiaceous vegetables Caffeic acid
Black raspberry Catechins (including EGCG)
Black tea Chrysin
Blueberry Curcumin
Chamomile tea Daidzein
Chicory root Ellagic acid
Citrus Ferulic acid
Coffee Fish oil
Cruciferous vegetables (with potential Genistein
for distinct effects of different Luteolin
crucifers) Lycopene
Dandelion tea MCTs
Garlic Myricetin
Ghee N-acetyl cysteine
Ginger Naringenin
Grapefruit Quercetin
Green tea Resveratrol
Honeybush tea Retinoic acid (vitamin A)
Peppermint tea
Pomegranate
Purple sweet potato
Rooibos tea
Rosemary
Soybean/black soybean
Turmeric

6. Conclusions

Over the past decade, there has been investigation into
nutrigenomic and epigenetic influences of food constituents
on chronic diseases [201, 202]. Similarly, studies have revealed
that exposure to and accumulation of toxins play a significant
role in cardiovascular disease, type 2 diabetes, and obesity
[203–207]. Thus, one’s dietary intake and environmental
influences may have large bearing on the incidence of
chronic disease. In fact, these influences may be significant
not just for the individual, but for several generations due
to the transgenerational inheritance of epigenetic changes
[208, 209]. Therefore, it would seem that designing clinical
recommendations to maximize the effects of food and reduce
the impact of toxins is essential. However, it is not without
caution and critical thinking that a detoxification protocol
should be assembled for patients by trained clinicians. There
remain many unresolved issues regarding knowing how and
what foods modulate detoxification pathways.
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phism of metabolic enzymes P450 (CYP) as a susceptibility
factor for drug response, toxicity, and cancer risk,” Arhiv za
Higijenu Rada i Toksikologiju, vol. 60, no. 2, pp. 217–242, 2009.

[22] Y. Tsuchiya, M. Nakajima, and T. Yokoi, “Cytochrome P450-
mediatedmetabolism of estrogens and its regulation in human,”
Cancer Letters, vol. 227, no. 2, pp. 115–124, 2005.

[23] J. J. Michnovicz and H. L. Bradlow, “Induction of estradiol
metabolism by dietary indole-3-carbinol in humans,” Journal of
the National Cancer Institute, vol. 82, no. 11, pp. 947–949, 1990.

[24] S. Peterson, Y. Schwarz, S. S. Li et al., “CYP1A2, GSTM1, and
GSTT1 polymorphisms and diet effects on CYP1A2 activity in
a crossover feeding trial,” Cancer Epidemiology Biomarkers and
Prevention, vol. 18, no. 11, pp. 3118–3125, 2009.

[25] D. G. Walters, P. J. Young, C. Agus et al., “Cruciferous vegetable
consumption alters the metabolism of the dietary carcinogen
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in
humans,” Carcinogenesis, vol. 25, no. 9, pp. 1659–1669, 2004.

[26] M. A. Kall, O. Vang, and J. Clausen, “Effects of dietary broccoli
on human in vivo drug metabolizing enzymes: evaluation of
caffeine, oestrone and chlorzoxazone metabolism,” Carcinogen-
esis, vol. 17, no. 4, pp. 793–799, 1996.

[27] T. L. Horn, M. A. Reichert, R. L. Bliss, and D. Malejka-Giganti,
“Modulations of P450 mRNA in liver and mammary gland and
P450 activities andmetabolism of estrogen in liver by treatment
of rats with indole-3-carbinol,” Biochemical Pharmacology, vol.
64, no. 3, pp. 393–404, 2002.

[28] H. H. S. Chow, L. L. Garland, C. H. Hsu et al., “Resveratrol
modulates drug- and carcinogen-metabolizing enzymes in a
healthy volunteer study,” Cancer Prevention Research, vol. 3, no.
9, pp. 1168–1175, 2010.

[29] Y. Chen, P. Xiao, D. S. Ou-Yang et al., “Simultaneous action
of the flavonoid quercetin on cytochrome p450 (cyp) 1a2,
cyp2a6, n-acetyltransferase and xanthine oxidase activity in
healthy volunteers,” Clinical and Experimental Pharmacology
and Physiology, vol. 36, no. 8, pp. 828–833, 2009.

[30] R. S. Lord, B. Bongiovanni, and J. A. Bralley, “Estrogen
metabolism and the diet-cancer connection: rationale for
assessing the ratio of urinary hydroxylated estrogen metabo-
lites,” Alternative Medicine Review, vol. 7, no. 2, pp. 112–129,
2002.



18 Journal of Nutrition and Metabolism

[31] H. Takemura, H. Sakakibara, S. Yamazaki, and K. Shimoi,
“Breast cancer and flavonoids—a role in prevention,” Current
Pharmaceutical Design, vol. 19, no. 34, pp. 6125–6132, 2013.

[32] J. Burns, T. Yokota, H. Ashihara, M. E. J. Lean, and A. Crozier,
“Plant foods and herbal sources of resveratrol,” Journal of
Agricultural and Food Chemistry, vol. 50, no. 11, pp. 3337–3340,
2002.

[33] H. T. Yao, Y. R. Hsu, C. K. Lii, A. H. Lin, K. H. Chang, and H.
T. Yang, “Effect of commercially available green and black tea
beverages on drug-metabolizing enzymes and oxidative stress
in Wistar rats,” Food and Chemical Toxicology, vol. 70, pp. 120–
127, 2014.

[34] R. F. Tayyem, D. D. Heath, W. K. Al-Delaimy, and C. L. Rock,
“Curcumin content of turmeric and curry powders,” Nutrition
and Cancer, vol. 55, no. 2, pp. 126–131, 2006.

[35] S. S. Bansal, H. Kausar, M. V. Vadhanam et al., “Curcumin
implants, not curcumin diet, inhibit estrogen-induced mam-
mary carcinogenesis in ACI rats,” Cancer Prevention Research,
vol. 7, no. 4, pp. 456–465, 2014.

[36] H. W. Chen, C. W. Tsai, J. J. Yang, C. T. Liu, W. W. Kuo, and
C. K. Lii, “The combined effects of garlic oil and fish oil on
the hepatic antioxidant anddrug-metabolizing enzymes of rats,”
British Journal of Nutrition, vol. 89, no. 2, pp. 189–200, 2003.

[37] P. Debersac, J. M. Heydel, M. J. Amiot et al., “Induction
of cytochrome P450 and/or detoxication enzymes by various
extracts of rosemary: Description of specific patterns,” Food and
Chemical Toxicology, vol. 39, no. 9, pp. 907–918, 2001.

[38] R. R. Ambati, P. S. Moi, S. Ravi, and R. G. Aswathanarayana,
“Astaxanthin: sources, extraction, stability, biological activities
and its commercial applications—a review,”Marine Drugs, vol.
12, no. 1, pp. 128–152, 2014.

[39] S. Gradelet, P. Astorg, J. Leclerc, J. Chevalier, M.-F. Vernevaut,
and M.-H. Siess, “Effects of canthaxanthin, astaxanthin,
lycopene and lutein on liver xenobiotic-metabolizing enzymes
in the rat,” Xenobiotica, vol. 26, no. 1, pp. 49–63, 1996.

[40] A. Bu-Abbas, M. N. Clifford, R. Walker, and C. Ioannides,
“Selective induction of rat hepatic CYP1 and CYP4 proteins and
of peroxisomal proliferation by green tea,” Carcinogenesis, vol.
15, no. 11, pp. 2575–2579, 1994.

[41] M. K. Rasmussen, C. Brunius, G. Zamaratskaia, and B.
Ekstrand, “Feeding dried chicory root to pigs decrease andro-
stenone accumulation in fat by increasing hepatic 3𝛽 hydroxys-
teroid dehydrogenase expression,” Journal of Steroid Biochem-
istry and Molecular Biology, vol. 130, no. 1-2, pp. 90–95, 2012.

[42] C. Usta, S. Ozdemir, M. Schiariti, and P. E. Puddu, “The
pharmacological use of ellagic acid-rich pomegranate fruit,”
International Journal of Food Sciences and Nutrition, vol. 64, no.
7, pp. 907–913, 2013.

[43] G. Celik, A. Semiz, S. Karakurt, S. Arslan, O. Adali, and A. Sen,
“A comparative study for the evaluation of two doses of ellagic
acid on hepatic drug metabolizing and antioxidant enzymes in
the rat,” BioMed Research International, vol. 2013, Article ID
358945, 9 pages, 2013.

[44] T. Zhang, S. Jiang, C. He, Y. Kimura, Y. Yamashita, and H.
Ashida, “Black soybean seed coat polyphenols prevent B(a)P-
induced DNA damage through modulating drug-metabolizing
enzymes in HepG2 cells and ICRmice,”Mutation Research, vol.
752, no. 1-2, pp. 34–41, 2013.

[45] F. Catterall, N. J. McArdle, L. Mitchell, A. Papayanni, M. N.
Clifford, and C. Ioannides, “Hepatic and intestinal cytochrome
P450 and conjugase activities in rats treated with black tea

theafulvins and theaflavins,” Food and Chemical Toxicology, vol.
41, no. 8, pp. 1141–1147, 2003.

[46] R. Thapliyal and G. B. Maru, “Inhibition of cytochrome P450
isozymes by curcumins in vitro and in vivo,” Food and Chemical
Toxicology, vol. 39, no. 6, pp. 541–547, 2001.

[47] L. Sampson, E. Rimm, P. C. H. Hollman, J. H. M. de Vries,
and M. B. Katan, “Flavonol and flavone intakes in US health
professionals,” Journal of the American Dietetic Association, vol.
102, no. 10, pp. 1414–1420, 2002.

[48] M. G. L. Hertog, E. J. M. Feskens, P. C. H. Hollman et al., “Con-
tent of potentially anticarcinogenic flavonoids of 28 vegetables
and 9 fruits commonly consumed in the Netherlands,” Journal
of Agricultural and Food Chemistry, vol. 40, no. 12, pp. 2379–
2383, 1992.

[49] W. X. Peng, H. D. Li, and H. H. Zhou, “Effect of daidzein
on CYP1A2 activity and pharmacokinetics of theophylline in
healthy volunteers,” European Journal of Clinical Pharmacology,
vol. 59, no. 3, pp. 237–241, 2003.

[50] U. Fuhr, K. Klittich, and A. H. Staib, “Inhibitory effect of
grapefruit juice and its bitter principal, naringenin, on CYP1A2
dependent metabolism of caffeine in man,” British Journal of
Clinical Pharmacology, vol. 35, no. 4, pp. 431–436, 1993.

[51] I. Yamasaki, M. Yamada, N. Uotsu, S. Teramoto, R. Takayanagi,
and Y. Yamada, “Inhibitory effects of kale ingestion on
metabolism by cytochrome P450 enzymes in rats,” Biomedical
Research, vol. 33, no. 4, pp. 235–242, 2012.

[52] T. Zeng, C. L. Zhang, F. Y. Song, X. Y. Han, and K. Q. Xie, “The
modulatory effects of garlic oil on hepatic cytochrome P450s in
mice,” Human and Experimental Toxicology, vol. 28, no. 12, pp.
777–783, 2009.

[53] P. P. Maliakal and S. Wanwimolruk, “Effect of herbal teas
on hepatic drug metabolizing enzymes in rats,” Journal of
Pharmacy andPharmacology, vol. 53, no. 10, pp. 1323–1329, 2001.

[54] A. U. Nissar, M. R. Farrukh, P. J. Kaiser et al., “Effect of N-
acetyl cysteine (NAC), an organosulfur compound fromAllium
plants, on experimentally induced hepatic prefibrogenic events
in wistar rat,” Phytomedicine, vol. 20, no. 10, pp. 828–833, 2013.

[55] F. I. Al-Jenoobi, A. A. Al-Thukair, M. A. Alam et al., “Effect
of garden cress seeds powder and its alcoholic extract on the
metabolic activity of CYP2D6 and CYP3A4,” Evidence-Based
Complementary and Alternative Medicine, vol. 2014, Article ID
634592, 6 pages, 2014.

[56] D. Park, J. H. Jeon, S. Shin et al., “Green tea extract increases
cyclophosphamide-induced teratogenesis by modulating the
expression of cytochrome P-450 mRNA,” Reproductive Toxicol-
ogy, vol. 27, no. 1, pp. 79–84, 2009.

[57] V. Yoxall, P. Kentish, N. Coldham, N. Kuhnert, M. J. Sauer,
and C. Ioannides, “Modulation of hepatic cytochromes P450
and phase II enzymes by dietary doses of sulforaphane in
rats: implications for its chemopreventive activity,” International
Journal of Cancer, vol. 117, no. 3, pp. 356–362, 2005.

[58] C. Li, S. C. Lim, J. Kim, and J. S. Choi, “Effects of
myricetin, an anticancer compound, on the bioavailability and
pharmacokinetics of tamoxifen and its main metabolite, 4-
hydroxytamoxifen, in rats,” European Journal of Drug Meta-
bolism and Pharmacokinetics, vol. 36, no. 3, pp. 175–182, 2011.

[59] I. Leclercq, J. P. Desager, and Y. Horsmans, “Inhibition of
chlorzoxazone metabolism, a clinical probe for CYP2E1, by
a single ingestion of watercress,” Clinical Pharmacology and
Therapeutics, vol. 64, no. 2, pp. 144–149, 1998.

[60] G. D. Loizou and J. Cocker, “The effects of alcohol and diallyl
sulphide on CYP2E1 activity in humans: a phenotyping study



Journal of Nutrition and Metabolism 19

using chlorzoxazone,”Human andExperimental Toxicology, vol.
20, no. 7, pp. 321–327, 2001.

[61] K. A. Park, S. Kweon, and H. Choi, “Anticarcinogenic effect and
modification of cytochrome P450 2E1 by dietary garlic powder
in diethylnitrosamine-initiated rat hepatocarcinogenesis,” Jour-
nal of Biochemistry andMolecular Biology, vol. 35, no. 6, pp. 615–
622, 2002.

[62] C. M. Park, Y. S. Cha, H. J. Youn, C. W. Cho, and Y. S.
Song, “Amelioration of oxidative stress by dandelion extract
through CYP2E1 suppression against acute liver injury induced
by carbon tetrachloride in sprague-dawley rats,” Phytotherapy
Research, vol. 24, no. 9, pp. 1347–1353, 2010.

[63] M. Tahir and S. Sultana, “Chrysin modulates ethanol meta-
bolism inWistar rats: a promising role against organ toxicities,”
Alcohol and Alcoholism, vol. 46, no. 4, Article ID agr038, pp.
383–392, 2011.

[64] C. S. Lieber, Q. Cao, L. M. Decarli et al., “Role of medium-
chain triglycerides in the alcohol-mediated cytochrome P450
2E1 induction ofmitochondria,”Alcoholism: Clinical and Exper-
imental Research, vol. 31, no. 10, pp. 1660–1668, 2007.

[65] S. A. Sheweita, “Drug-metabolizing enzymes: mechanisms and
functions,” Current Drug Metabolism, vol. 1, no. 2, pp. 107–132,
2000.

[66] N. K. Zgheib, Z. Mitri, E. Geryess, and P. Noutsi, “Cytochrome
P4502E1 (CYP2E1) genetic polymorphisms in a Lebanese pop-
ulation: frequency distribution and association with morbid
diseases,” Genetic Testing and Molecular Biomarkers, vol. 14, no.
3, pp. 393–397, 2010.
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[100] M. Kosmala, Z. Zduńczyk, K. Kołodziejczyk, E. Klimczak,
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■ Abstract Dietary patterns, nutrients, and other constituents of food are major
components of the environmental influences that contribute to risk for cancer, and the
study of interactions between nutritional and genetic factors is a new and important area
of research. This review describes the concepts and principles underlying this area of
study and types of relationships between nutritional and genetic factors, and it provides
examples of specific diet-gene interactions that are of current interest, with an empha-
sis on implications for cancer prevention and public health. Polymorphisms exist in
the genes for the activating and conjugating metabolizing enzymes, and the induction
of metabolizing enzyme activity by nutritional factors may result in either the activa-
tion of a carcinogen or the detoxification of a reactive intermediate metabolite. The
relationship between the methylenetetrahydrofolate reductase gene and dietary folate
is an example of a diet-gene interaction that involves a polymorphism in a vitamin
metabolism gene, and the presence of the variant appears to influence both risk for
cancer and folate requirements. Diet-gene interactions likely contribute considerably
to the observed inter-individual variations in cancer risk in response to exposures to the
nutritional factors that have the potential to promote or protect against cancer. Insights
into mechanisms by which nutritional factors affect the process of carcinogenesis are
provided by knowledge of the targeted gene function and enzyme activity. Increased
knowledge in this area will allow a more refined approach to reducing risk for cancer,
with diet interventions targeted toward individuals and subgroups that are genetically
susceptible and responsive to the effects of nutritional factors.

Investigating the cellular and molecular pathogenesis of cancer is an established
and important area of basic science research. Within the past several years, the ca-
pability of examining biomarkers of various genetic factors in the development
and progression of chronic diseases, such as cancers, has enabled researchers to
study these factors in clinical and community-based populations, in which envi-
ronmental factors can also be measured or even manipulated. Dietary patterns and
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the nutrients and other constituents of food are a major component of the envi-
ronmental influences that appear to contribute to disease risk, and the study of
interactions between nutritional and genetic factors is a new and important area of
research. This review describes the concepts and principles underlying this area
of study, describes types of relationships between nutritional and genetic factors,
provides examples of specific diet-gene interactions that are of current interest,
and comments on implications for cancer prevention and public health.

BASIC CONCEPTS

Nutrition

Nutrition is the process by which the human body uses food for life, growth, and
the normal functioning of every organ and tissue. The link between essential nu-
trients and health or risk for disease has been well established in this century, but
other dietary constituents are now also recognized as having potentially important
effects on health and disease risk. These nonnutrient dietary constituents include
dietary fiber and phytochemicals, such as allyl sulfides in garlic, indoles in cru-
ciferous vegetables, and other biologically active compounds that are found in
foods. Physiologic or metabolic characteristics that are determined at least in part
by dietary patterns, such as obesity, are yet another way in which nutrition appears
to influence disease risk.

Substantial evidence from epidemiological, clinical, and laboratory studies sug-
gests that nutritional or dietary factors can influence risk for the development of
cancer, prognosis after the diagnosis of cancer, and quality of life during cancer
treatment. In fact, current estimates are that 20%–60% of cancers in the United
States are related to nutritional and dietary factors (3, 23). The molecular patho-
genesis of cancer is currently believed to be a multistep process involving the
accumulation of genetic changes that result from the interaction between genetics
and the environment (28, 41, 63). Notably, genetic factors alone are believed to
explain only∼5% of all cancer (63). Also, several genetic and epigenetic changes
contribute to this process, in which normal cellular functions are ultimately lost
and clonal expansion of abnormal cells occurs.

Demonstrating the specific causative relationships and underlying mechanisms
that link the various dietary constituents to cancer risk has been a challenging
task. Typically, nutritional or other environmental factors are associated with only
modestly increased relative risks in community-based or population studies. Some
of the difficulties in defining the relationships between nutritional factors and dis-
ease risk may include limitations in the methodologies for assessing exposure to
these factors, difficulties in disentangling the influence of various dietary con-
stituents, and probable interactions between these factors, such as synergistic and
additive effects (73, 83). However, it has long been recognized that not all per-
sons exposed to the same risk factors will develop the associated disease (37, 41),
and it is now increasingly clear that differential genetic susceptibility may explain
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variations in response among individuals with apparently similar diets or exposures
to nutritional factors (61).

Recent advances in knowledge of genetics and cellular biology have been fa-
cilitated in large part by considerable advances and improvements in molecular
technologies, which are now enabling the identification of specific genes and
their function. An important initiative that is fueling these advances is the Human
Genome Project, currently being carried out by the National Institutes for Health,
National Center for Human Genome Research, and the U.S. Department of Energy
(17). The major objective of this 15-year project is to map the entire human genome
at the base-pair level. The implications of this knowledge for nutritional science
and public health research are substantial. In nutrition and cancer research, new
methodologies for molecular genetics are now being used in population-based ob-
servational and intervention studies, which has resulted in an explosion of interest
in potentially important diet-gene interactions. Biomarkers for genetic alterations
and activity have been demonstrated to be feasible and useful in many large-scale
studies. This area of research is one of rapid growth, as various mutations and vari-
ants are identified, and potential interactions between these variants and nutritional
factors are being explored (18).

Diet-Gene Interactions

Genetic factors that increase risk for cancer consist of several general types. Prob-
ably the best-known are the highly penetrant, dominant mutations that have been
associated with very high relative risks in epidemiological studies (80). An exam-
ple of this type of mutation is breast cancer gene 1 (BRCA1). Although this type of
genetic mutation is highly penetrant, it is also quite uncommon.BRCA1mutations
appear to account for 5% of breast cancer cases in women<40 years old, 2% of
cases in women aged 40–49 years, and 1% of cases in women aged 50–70 years
(79). Although the individual breast cancer risk is substantially increased by the
presence of this gene mutation, the public health significance is less clear, because
the majority of women who develop breast cancer do not have this or other highly
penetrant mutations that have been identified. In fact, recent studies in low-risk
populations suggest that many women withBRCA1(or BRCA2) do not develop
breast cancer (48, 79). Other cancers associated with these types of germline gene
mutations are familial retinoblastoma, Wilms’ tumor, familial polyposis coli, xe-
roderma pigmentosum A, and a subset of breast and ovarian cancers (Li-Fraumeni
syndrome).

Compared with these highly penetrant dominant mutations, genetic mutations
that are not sufficient to cause disease but may affect susceptibility to cancer or
response to environmental exposures can have a much greater effect on a population
level, even though they may pose lower individual risk (63). These types of gene
variants are inherited in the population at frequencies that can substantially affect
disease rates. A gene variant that occurs in >1% of the population is considered
a genetic polymorphism, because a pattern of heritability (rather than chance
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DNA mutation) is suggested. The gene variants that influence metabolic activation,
detoxification, or elimination of carcinogens have been the most studied to date,
and some of these polymorphisms are relatively common in the general population
(up to 53%). Genes that influence other aspects of carcinogenesis, such as DNA
repair, chromosome instability, the activity of oncogene or tumor suppressor genes,
cell cycle control, signal transduction, hormone metabolism, vitamin metabolism
pathways, immune function, and receptor action, may also potentially influence
susceptibility to dietary and other environmental exposures (80). The nature of the
diet-gene interactions that can occur appears to vary widely, as illustrated in the
examples provided below.

In studying the biological link between nutritional factors and cancer risk, an-
other aspect of research in diet-gene interactions involves identifying the genetic
and epigenetic alterations that constitute the mechanism by which nutrients and
other dietary constituents affect the process of carcinogenesis. Epigenetic alter-
ations (i.e. chemical alterations to the DNA that do not involve changes to the
coding sequence), although they are not heritable genetic risk factors, can influ-
ence cancer risk through modified transcriptional regulation. Knowledge of these
DNA alterations is also important for demonstrating a causative relationship be-
tween nutritional factors associated with cancer risk in epidemiological studies.
For example, folate deficiency in rats has been shown to induce hypomethylation
within thep53gene, an epigenetic alteration that may be a means by which folate
deficiency enhances carcinogenesis (39). Advances in molecular genetics have
enabled these mechanistic studies of genetic alterations to be incorporated into
clinical and community-based studies involving dietary interventions.

EXAMPLES OF DIET-GENE INTERACTIONS

Overview: Metabolizing Enzymes

Xenobiotic metabolizing enzymes play an important role in activating and/or
detoxifying foreign compounds, including carcinogens. Marked inter-individual
variability in response to drugs and toxins has been observed. Dietary constituents
act as inducing agents through several molecular mechanisms, and many dietary
factors (including both micronutrients and nonnutrient constituents of foods) are
well-known substrates or inducers of the metabolizing enzyme systems (90). In
addition to the recognized dietary inducers, several nutritional factors, such as
protein intake, obesity, and fasting, have been shown to influence the activity of
the oxidation enzymes in experimental animal studies (25). Polymorphisms exist
in the genes for the metabolizing enzymes, and the potential influence of these
genetic alterations on risk for cancer, owing to diet-gene interactions, has become
the focus of intense research interest.

In the biotransformation of a foreign compound or carcinogen, the first step typ-
ically involves the addition of one or more hydroxyl groups to a relatively nonpolar
hydrocarbon, which transforms the compound into an electrophilic or more polar
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intermediate. These oxidation reactions are carried out by phase I or activating
enzymes, the cytochromes P450, which are coded byCYPgenes. The cytochrome
P450 enzymes also catalyze the oxidation of several endogenous compounds,
such as steroid hormones and vitamin D metabolites. Phase II or conjugating
enzymes catalyze conjugation reactions to compounds such as glutathione, which
facilitates elimination. Phase II enzymes include the glutathioneS-transferases
(GSTs),N-acetyltransferases (NATs), microsomal epoxide hydrolase, sulfotrans-
ferases, and UDP-glucuronosyl-transferases (41). Whether a polymorphic variant
of these enzymes increases or decreases risk for cancer depends on the specific en-
zymatic activity that is being stimulated and the substrate involved. Similarly, the
induction of metabolizing enzyme activity by nutritional factors may result in ei-
ther the activation of a carcinogen or in the detoxification of a reactive intermediate
metabolite. Figure 1 illustrates the interrelationships between the biotransforma-
tion enzyme systems.

Cytochromes P450 andCYPGenes
The cytochromes P450 (and correspondingCYPgenes) are a superfamily of en-
zymes responsible for numerous oxidation reactions of endogenous compounds
and the phase I activation of a wide range of substrates (25, 82, 90). More than
30 of these enzymes have been characterized in detail, although a relatively small
number of P450s appears to be responsible for most xenobiotic oxidation reac-
tions in humans (25). In the general population, polymorphicCYPgenes result
in differences in the ability to oxidize substrates. The P450s have been shown to
be induced by chemical carcinogens and various foods and dietary constituents in
humans and by micronutrient supplements in laboratory animals (4, 55).

As described above, phase I or activating-enzyme reactions can result in the
metabolism of carcinogens to make them more carcinogenic, activated inter-
mediates. For example, P4501A1 activates polycyclic aromatic hydrocarbons
(i.e. benzo[a]pyrene), and P4501A2 activates heterocyclic amines, which are found
in meats cooked at high temperature (80). Also, these substrates and their sources
(i.e. tobacco smoke and well-done meat), in addition to cruciferous vegetables
(which contain indole-3-carbinol), can induce the activity of P4501A2. The ac-
tivity of P450s can also be inhibited by dietary constituents such as naringenin, a
dietary flavonoid in grapefruit juice (90).

Several studies of theCYP1A1gene suggest that polymorphisms in this gene,
which occur in∼10% of the Caucasian population (63), may be an important
determinant of cancer risk. Increased lung cancer risk in smokers has been asso-
ciated with certainCYP1A1variants (MspI, exon7[isoleucine-valine]) (88), and
interactions between these variants and conjugating enzyme polymorphisms have
been observed. As reviewed by Perera (63), the degree of increased risk asso-
ciated withCYP1A1polymorphism ranges from twofold in heavy smokers to a
sevenfold increase in light smokers, when compared with equivalent exposures
in smokers without the genotype. For example, the presence of at least one copy
of theCYP1A1 MspIvariant allele was associated with a 2.4-fold increase [95%
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confidence interval (CI), 1.2–4.7] in the risk for squamous cell carcinoma, and a
3.1-fold increase (95% CI, 1.2–7.9) when combined with aGSTM1deletion, ad-
justed for smoking and dietary variables, in a recent multiethnic case control study
(42). Although a significant relationship between theCYP1A1 MspIvariant and
overall lung cancer was not observed in this study, homozygousCYP2E1 RsaIand
DraI genotypes were associated with a 10-fold decrease (95% CI, 0.0–0.5) in over-
all lung cancer and adenocarcinoma risk. More polycyclic aromatic hydrocarbon-
DNA adducts have been found in the leukocytes of smokers with theexon7variant
compared with those without this variant, and the adduct concentration of lung
tissue has been found to correlate withCYP1A1expression or enzyme activity
(54). Furthermore, mutations in the tumor suppressor genep53 have also been
linked with theCYP1A1genotype in the lung tumors of Japanese smokers (35).

Effects of dietary factors on the endogenous substrates of P450s may also be
relevant to the prevention of certain cancers. Indole-3-carbinol, which is found in
vegetables such as cauliflower, cabbage, and Brussels sprouts, has been shown to
increase estradiol 2-hydroxylase activity in animals and humans (44, 90), owing
to the induction ofCYP1A1. In mice, feeding indole-3-carbinol at doses ranging
from 34 to 700 mg/kg/day can promote a fivefold increase in activity of estradiol
2-hydroxylase (11). In a small study of 25 obese and nonobese women, oral doses
of 400 mg/day of purified indole-3-carbinol for 2 months increased the ratio of uri-
nary 2-hydroxyestrone to estriol, an indirect measure of 2-hydroxylation activity in
the competitive estrogen metabolic pathway, by 82%–93% (53). 2-hydroxylation
converts estradiol to less potent metabolites, and it is possible that an increase in
this metabolic activity may reduce the risk for estrogen-related cancers, although
further studies are clearly needed to demonstrate whether the effect is clinically
significant.

The surprising results from two large clinical trials in which supplementation
with beta carotene and/or vitamin A was associated with an increased risk for
lung cancer in smokers (1, 59) may even be related to an interaction between these
micronutrients and cytochromes P450. Liver P450 enzymes have been shown to
metabolize retinol and retinoic acid to polar metabolites (68, 72), and the ad-
ministration of vitamin A, canthaxanthin (a non-provitamin A carotenoid), or a
beta-carotene metabolite (β-apo-8′-carotenal) has been shown to induce P450s in
laboratory animals (5, 22, 55). In one recent study,CYP1A1, CYP1A2, and other
corresponding P450 genes, which would predispose an individual to cancer risk
from the widely bioactivated tobacco smoke procarcinogens (i.e. benzo[a]pyrene),
were shown to be induced by high doses of beta carotene (500 mg/kg body weight)
administered to rats (60). In ferrets fed 2.4 mg/kg/day of beta carotene (calculated
to be equivalent to an intake of 30 mg/day of beta carotene in a 70-kg human),
exposure to smoke promoted increased oxidation of beta carotene to an abun-
dance of metabolites that are structurally similar to retinoids (87), includingβ-
apo-8′-carotenal, a strong inducer of liver cytochromes P4501A1 and P4501A2
in rats (22). In the study by Wang et al (87), the concentration of retinoic acid in
the lung tissue of the smoke-exposed and/or beta carotene-supplemented ferrets
was decreased significantly, supporting the suggestion that oxidation products of
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beta carotene promoted induction of cytochrome P450 enzymes, which depleted
retinoic acid and thus interfered with normal retinoid signaling. At present, no
studies in humans that address the effect of carotenoids on P450 enzyme activity
have been reported.

Glutathione S-Transferases
The GSTs are a major family of cytosolic enzymes that catalyze the conjugation of
reduced glutathione to a large number of electrophilic compounds formed by cy-
tochrome P450 enzymes. Because electrophiles can bind to DNA, forming adducts
and potentially DNA mutations, GSTs play a critical role in protecting cells against
the cytotoxic and mutagenic effects of these reactive compounds. Thus, it has been
hypothesized that GST induction results in an overall decreased cancer susceptibil-
ity (8) and that, conversely, impaired detoxification by GST will confer increased
susceptibility to disease (31).

The GSTs are divided into four major classes—alpha (GSTA), pi (GSTP), mu
(GSTM), and theta (GSTT), based on their physicochemical and immunologic
properties (49), and, within each class, several isozymes exist. GSTs have been
found in all human tissues studied, but with striking differences in isozyme distri-
bution in different tissues and organs (reviewed in 16, 85). For example, of the total
hepatic GST protein,∼80% is GSTA, 10%–20% is GSTM (inGSTM1-positive
individuals), and<5% is GSTP (76, 86). In the lung, GSTP is the predominant
class (85%), whereas GSTM and GSTA isozymes constitute only∼7%–8% each
(86).

GST isozymes have overlapping substrate specificities; however, the GSTA
family conjugates predominantly organic hydroperoxides, some steroids, prostag-
landins, and alkenals, whereas GSTM conjugates predominantly epoxides and
quinones (10, 36, 50) and polycyclic aromatic hydrocarbons, common carcinogens
found in tobacco smoke, food, and combustion fumes (64).GSTT1metabolizes
epoxybutanes, monohalomethanes, and certain alkyl halides (30).

Genetic polymorphisms have been identified in the GSTM, GSTT, and GSTP
classes (27, 29, 62, 78). The most intensely studied to date areGSTM1andGSTT1,
for which inherited homozygous deletions result in deficiencies of these two
isozymes. The frequency of theGSTM1null genotype varies significantly among
ethnic populations. For example, it ranges from 22% to 35% among Africans and
African-Americans to 38% to 67% in Caucasians, and is apparently 100% among
the inhabitants of the Republic of Kiribati (Oceania) (69), which may account in
part for some of the international differences in cancer rates. The frequency of the
GSTT1-null genotype is estimated to be similar to that of theGSTM1-null genotype
in Africans and Asians, but to be≤20% among Caucasians (69). BothGSTM1-
andGSTT1-null genotypes, either alone or in combination, confer a higher risk
for several types of cancer, particularly among subgroups exposed to sources of
carcinogens (e.g. tobacco smoke) (reviewed in 13, 31, 69). At the same time, a
number of studies show no effects of theGSTM1genotype on risk, suggesting
that theGSTM1-null genotype is a susceptibility factor of moderate strength (13).
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However, in combination with polymorphisms inCYPgenes (e.g.CYP1A1vari-
ants that result in increased P4501A1 activity), theGSTM1null genotype may be
a more important risk factor. For example, among Japanese, the risk of lung can-
cer was significantly increased inGSTM1-null individuals who had theCYP1A1
(MspI m2/m2) [odds ratio (OR), 8.3; 95% CI, 1.44–49.7) or (m1/m2) genotype
(OR, 5.2; 95% CI, 1.20–22.7), but not the wild type (m1/m1) (OR, 2.3; 95% CI,
0.39–12.6) (38). In non-Japanese populations, these gene-gene interactions are
weaker, although similar relationships have been reported (31).

Dietary modulation of GSTs has been reported in animal studies and some
controlled feeding studies in humans. Types of dietary fiber and fat have been
shown to affect hepatic GST activity in rats (70, 74). Numerous phytochemicals,
including those in cruciferous vegetables and allium vegetables, increase GSTs in
rat liver and other tissues (71, 84, 91). In humans, addition of 300 g of Brussels
sprouts (at the expense of 300 g of glucosinolate-free vegetables) increased plasma
GSTA concentrations by a factor of 1.4–1.5 in men, without a concomitant change
in plasma GSTP concentrations (57). In another feeding study, vegetable juice
consumption was associated with an average twofold increase in peripheral lym-
phocyte GSTP expression among a subset of responders (65); it has been suggested
that the cancer-protective effect of vegetables may be dependent on the ability to
induce high levels of tissue GSTP. Cruciferous vegetables may have dual or oppos-
ing effects, in that the constituents of these foods can both induceCYP1A2(which
could potentially activate procarcinogens) and also induceGSTM1(which could
potentially detoxify carcinogens). In fact, an interactive effect ofGSTM1genotype
and cruciferous vegetable intake onCYP1A2activity was observed in one recent
observational study.GSTM1-null individuals exhibited a 21% higherCYP1A2
activity thanGSTM1-positive individuals consuming comparable amounts of cru-
ciferous vegetables (P = 0.01) (67), presumably owing to higher excretion rates
of the vegetableCYP1A2inducers in theGSTM1-positive participants.

More recently, investigators have begun to examine the differential protective
effect of dietary patterns on the basis ofGSTgenotypes. For example, in a study
of the association between colonic adenomas and cruciferous vegetables, only
individuals who wereGSTM1null received protection from ingestion of large
amounts of broccoli (P for trend, 0.001;P for interaction, 0.01) (43). Furthermore,
in GSTM1-null smokers, Grinberg-Funes et al (24) reported an inverse relationship
between polycyclic aromatic hydrocarbon-DNA adducts and serum concentrations
of vitamins E and C (r = −0.4; P< 0.06). These studies suggest that intakes of
antioxidants and dietary constituents that induce GSTs are more important in
individuals who lack theGSTM1detoxification mechanism and who are exposed
to high levels of polycyclic aromatic hydrocarbons.

Diet Interactions with Other Metabolizing Enzymes
Among the other metabolizing enzymes that could be influenced by dietary factors,
NAT gene interactions with diet have been examined in several epidemiological
studies. Two NAT enzymes have been identified in humans, NAT1 and NAT2, and
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both have been shown to be polymorphic. These enzymes catalyze the metabolic
activation of aromatic and heterocyclic amine carcinogens. A NAT2 phenotype
described as a slow acetylator occurs in 50%–60% of Caucasians and 30%–40%
of African-Americans (63). Consumption of meat prepared at high temperature, a
source of heterocyclic amines and polycyclic aromatic hydrocarbons, and exposure
to tobacco smoke have been observed to interact with theNAT2genetic variant type
and thus may influence risk for colorectal and breast cancer, respectively (80, 92),
although the results from studies of the relationship between NAT2 and breast
cancer risk have been somewhat inconsistent (2). NAT1 has been suggested to be
of greater etiological importance in breast cancer, because NAT1 but not NAT2
activity is detectable in human mammary epithelial cells. In a nested case-control
study of postmenopausal Iowa women, Zheng et al (92) found a 30% increased risk
(95% CI, 0.8–1.9) for breast cancer associated with theNAT1∗10allele and a nearly
fourfold increased risk (95% CI, 1.5–10.5) associated with theNAT1∗11allele. The
increased risk associated with theNAT1∗11allele was most evident among smokers
(OR, 13.2; 95% CI, 1.5–116) and among those who were in the highest red meat
consumption group (OR, 6.1; 95% CI, 1.1–33.2). Similarly, individuals with the
rapid NAT2 acetylator type have been observed to be at increased risk of colorectal
cancer in association with higher levels of meat consumption, in some (15, 89) but
not all (34) epidemiological studies.

Interactions between nutritional factors and several other metabolizing enzymes
are also under study. For example, risk for liver cancer in association with exposure
to aflatoxin, a fungal contaminant of peanuts, may be modified by the presence
of genetic variants of cytochromes P4503A3 and P4503A4 and the phase II en-
zyme epoxide hydrolase (41, 52). It has been suggested that genetic factors may
contribute to risk for cancer in response to aflatoxin exposure because aflatoxin
B1 is activated and conjugated via phases I and II enzymes. Aflatoxin B1 is me-
tabolized by the cytochrome P450 enzymes to several products, at least one of
which (8,9-exo-epoxide) appears to be mutagenic (26). The aflatoxin B1 epoxide
metabolite reacts with DNA as a mutagenic metabolite, but alternatively can be
detoxified by epoxide hydrolase. Although the clinical significance has not yet
been demonstrated, a role for epoxide hydrolase polymorphisms in determining
risk is supported by an observed association between mutant alleles of epoxide
hydrolase, aflatoxin B1 adducts, and primary hepatocellular carcinoma (52). Given
the importance of metabolizing enzymes in the activation and elimination of po-
tential carcinogens and the demonstrated ability of dietary constituents to influence
expression of these genes, additional diet-gene interactions of this type are likely
to be identified in population-based studies.

Polymorphisms of Methylenetetrahydrofolate Reductase
and Folate

The relationship between the gene encoding methylenetetrahydrofolate reductase
(MTHFR) and dietary folate is an example of a diet-gene interaction that involves a
polymorphism in a vitamin metabolism gene. The presence of the variant appears to
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influence both risk for cancer and folate requirements. A relatively common genetic
alteration in the gene encoding MTHFR is the autosomal recessiveC677Tmutation
to generate aval/valgenotype (6, 19), which results in lower specific activity and
increased thermolability of the enzyme. Individuals who are homozygous are
reported as having 30% of normal enzyme activity, whereas heterozygotes have
65% of normal enzyme activity (19).

The metabolic consequences of this genetic polymorphism are evident in the
distribution of folate and related metabolites in the body pools, because MTHFR
converts 5,10-methylenetetrahydrofolate, the major intracellular form of folate, to
5-methyltetrahydrofolate, the major form of folate in the circulation. The pres-
ence of the MTHFR gene variant is associated with decreased plasma folate
and increased plasma homocysteine concentrations, reflecting a shift in the fo-
late metabolic pathway (6, 19), and the presence of this polymorphism has been
observed to relate to differences in homocysteine and folate responses to folic acid
supplements (6, 56). Plasma homocysteine is a sensitive indicator of folate status
owing to folate coenzyme activity in the metabolism of homocysteine to methio-
nine (7). An interaction between theC677TMTHFR mutation and plasma folate
and homocysteine concentrations has been observed in several studies. Among
subjects with lower plasma folate concentrations (<15.4 nmol/L), those with the
homozygousC677Tmutant genotype have been observed to have total plasma
homocysteine concentrations that are 24% greater (P < 0.05) than those of in-
dividuals with the normal genotypes (33). In contrast, such differences are not
observed between genotype subgroups among individuals with higher folate lev-
els (i.e.≥15.4 nmol/L). Studies involving supplemental folic acid, administered at
levels ranging from 0.5 to 5.7 mg/day, suggest that a 25% reduction in homocys-
teine concentration can be anticipated as a result of increased folate intake (47).
Thus, it has been suggested that individuals with the homozygousC677TMTHFR
genotype have an increased requirement for folate to maintain optimal body
pools.

The frequency of theC677Tpolymorphism varies markedly across racial and
ethnic groups. In a recent U.S. study (32), the prevalence of several gene mutations,
including MTHFRC677T, was assessed by polymerase chain reaction in individu-
als belonging to six racial/ethnic groups. MTHFRC677Tallele frequencies were
higher among Koreans (47%), Hispanics (42%), Native Americans (29%), and
Caucasians (27%), compared with African-Americans (12%) and Asian Indians
(10%). In U.S. studies involving comparisons between African-Americans and
whites (20, 21), homozygosity for theC677Tgenotype among African-American
adults has been observed to be very rare. For example, analysis of blood samples
in Ohio suggested the allele frequency ofC677Tto be 30% of Caucasians and
10% of African-Americans (51). Overall, rates among whites are 10%–12% for
homozygous and up to 50% for those who are heterozygous for the MTHFRC677T
polymorphism (6), with wide differences in these figures across the different U.S.
racial/ethnic minority groups.

Folate plays a crucial role in DNA synthesis and methylation, functions that
are biologically relevant to carcinogenesis. Epidemiological studies have linked
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low folate status or low levels of intake with increased risk for colorectal, lung,
and cervical cancer (58, 66, 77), as well as cardiovascular diseases (9, 40, 47), and
abnormalities of DNA methylation in colonic neoplasms are frequently observed
(46). In the assessment of the relationship between folate intake, cancer risk, and
MTHFR polymorphisms, dietary factors that may influence folate requirements,
such as methyl donors and alcohol (which adversely affects folate metabolism),
also need to be examined. Before the fortification of all cereal grain products
(effective in January 1998), high-folate diets in the United States were basically
diets high in vegetables and fruits, and dietary folate quantified in earlier studies
may be a marker of a high-vegetable and high-fruit diet (similar to beta carotene),
which would provide numerous potentially anticarcinogenic constituents.

In several case control studies (14, 81), intakes of folate and the dietary factors
that influence folate status or methylation capabilities (i.e. alcohol and dietary
methionine) have been found to modify the pattern of risk for colorectal cancer
that is typically associated with MTHFR polymorphisms. For example, theC677T
variant form of MTHFR was associated with a lower risk of colon cancer than the
other types [i.e. RR 0.46 (95% CI, 0.25–0.84) in the Physicians’ Health Study]
(45), but individuals with this reduced enzyme activity appear to benefit the most
(with regard to risk for colon cancer) from a diet high in folate and methionine and
low in alcohol (14). Possibly, individuals with theC677Tvariant form of MTHFR
may have reduced risk for colorectal cancer because normal DNA synthesis would
be promoted by the altered folate metabolic pathway, but they would also be more
likely to exhibit difficulty maintaining normal DNA methylation with a more
limited supply of folate supply or increased stress on methylation capabilities
caused by alcohol intake (14, 33).

SUMMARY AND CONCLUSIONS

Identifying the influence of nutritional factors on risk for cancer is substantially re-
fined by increased knowledge and research on the various genetic polymorphisms,
as illustrated in the types of interactions and specific examples described above. If
only a subgroup of individuals is sensitive to these factors, the effect may be diluted
and thus undetectable when the entire population is the focus of study. Continued
research in this area will also help to clarify the biological and biochemical roles of
nutritional factors, because insights into mechanisms are provided by knowledge
of the targeted gene function and enzyme activity.

With increased knowledge of susceptibility based on genetic factors, diet in-
terventions to prevent cancer can be better targeted to individuals most likely to
benefit by diet modification, based on their degree of risk caused by genetic vari-
ability. Historically, nutritional guidelines to prevent diseases such as cancer are
developed for and aimed to the general population, involving much debate and
discussion of priorities because the resources to support these nutrition efforts are
necessarily limited. Some of these guidelines and communications are likely to
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be of benefit to the majority of individuals regardless of genetic risk factors for
cancer, owing to their association with risk for several chronic diseases, such as
the recommendation to maintain healthy body weight. However, current evidence
from research on diet-gene interactions suggests that some subgroups are more
susceptible than others to the increased risk for cancer associated with a dietary
pattern, and targeting efforts toward these individuals would be a more efficient
use of the limited resources that are available.

There are also substantial limitations and constraints in this area of study. De-
pending on the prevalence of the genetic polymorphism, the size of the sample
needed for sufficient statistical power to examine diet-gene interactions may be
an important limitation (75). Also, the difficulties involved in accurately identi-
fying and characterizing exposures to nutritional factors remain daunting in the
epidemiological studies in which genetic factors are examined, as in other epidemi-
ological studies, and even the best methods for nutritional and dietary assessment
used in population-based research have well-known limitations and weaknesses
(12, 73). Given the apparent importance of phytochemicals (as compared with es-
sential nutrients) in many of these interactions, it is important that knowledge of
the bioavailability and other pharmacokinetic properties of most of these com-
pounds is quite limited, and, in most cases, a food content database that would
allow quantification of intakes of these compounds is simply not available. Many
of the potentially influencing nutritional factors are unmeasured in these types of
studies, so the risk of confounding or misidentification of surrogate variables as im-
portant determinants is high. Also, biomarkers and biological assays that are used
to characterize susceptibility of individuals based on apparent genetic variation
must have demonstrated specificity and be validated in the targeted populations,
or the associations will be based on assumptions that may not be supportable.

Even at this early stage of research, evidence suggests that diet-gene interac-
tions likely contribute considerably to the observed inter-individual variations in
cancer risk in response to exposures to the nutritional factors that have the poten-
tial to promote or protect against cancer. Genetic factors, in relation to nutritional
factors, are sometimes incorrectly perceived as an alternative explanation for can-
cer risk. In contrast, current evidence suggests that these factors are inextricably
linked. Continued research efforts in this area are expected to improve our capabil-
ity of reducing risk for cancer by diet modifications, with a more refined approach
involving targeted nutrition interventions.

Visit the Annual Reviews home page at www.AnnualReviews.org
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ESTROGEN PRODUCTION

The term “estrogen” is used to collectively describe the female
hormones, the most potent of which is estradiol. The other
important—but less powerful—estrogens are estrone and estri-
ol. Estrogens affect the growth, differentiation, and function of
diverse target tissues throughout the body—not just those
involved in the reproductive process. Estrogens play an impor-
tant role in bone formation and maintenance, exert cardiopro-
tective effects, and influence behavior and mood. Estrogens
also have important actions in male tissues, such as the prostate
and testes.1,2

In women, estrogens are synthesized from cholesterol in the
ovaries in response to pituitary hormones. In an adult woman
with normal cycles, the ovarian follicle secretes 70 to 500 µg of
estradiol per day, depending on the phase of the menstrual cycle.
Estradiol can be converted to estrone and vice versa, and both
can be converted to estriol, the major urinary metabolite.
Estrogens are also produced by the aromatization of androgens in
fat cells, skin, bone, and other tissues.

After menopause, most endogenous estrogen is produced in the
peripheral tissues by the conversion of androstenedione, which is
secreted by the adrenal cortex, to estrone. In addition, some
estrogen continues to be manufactured by aromatase in body fat,
and the ovaries continue to produce small amounts of the male
hormone testosterone, which is converted to estradiol. The total
estrogen produced after menopause, however, is far less than that
produced during a woman’s reproductive years.1,2

Estrogens circulate in the body bound mainly to the sex hormone
binding globulin (SHBG); however, only unbound estrogens can
enter target-tissue cells and induce biological activity.1,2 This is an

important point, because it means that any change in the concen-
tration of SHBG will alter estrogen metabolism by inducing
changes in the availability of estrogen to the target cell. 

ESTROGEN METABOLISM AND DETOXIFICATION

Metabolism of estrogen within the body is a complex subject
(Figure 1). Estrone and estradiol are biochemically interconvert-
ible and yield the same family of estrogen metabolites as shown
for estrone in Figure 1. Because these metabolites vary greatly in
biological activity, the ultimate biologic effect of estrogen
depends on how it is metabolized. The metabolism of estrogen
takes place primarily in the liver through Phase I (hydroxylation)
and Phase II (methylation, glucuronidation, and sulfation) path-
ways, with final excretion in the urine and feces.1

• Hydroxylation

Cytochrome P-450 enzymes mediate the hydroxylation of estra-
diol and estrone, which is the major Phase I metabolic
pathway for endogenous estrogens. This takes place at two
primary sites on the estrogen molecule, either at the 2 carbon
(C-2) position yielding 2-hydroxyestrone (2-OH) or at the 
16α carbon (C-16α) position yielding 16α-OH. A minor contri-
bution is made from hydroxylation at the 4 carbon (C-4) position
yielding 4-OH.3 The 2-OH metabolite confers very weak estro-
genic activity, and is generally termed the “good” estrogen. In
contrast, the 16α-OH and 4-OH metabolites show persistent
estrogenic activity and promote tissue proliferation.3-6 It is 
suggested that women who metabolize a larger proportion of
their endogenous estrogen via the C-16α hydroxylation pathway
may be at significantly elevated risk of breast cancer compared
with women who metabolize proportionally more estrogen via
the C-2 pathway.3-5,7-9 Furthermore, it is theorized that shifting
estrogen balance toward a less estrogenic state through promo-

Nutritional Influences on Estrogen Metabolism 

ABSTRACT: It is now well known that one of the most promi-
nent causes of breast cancer, as well as many other hormone
related health problems in both men and women, is excessive
estrogen exposure from both endogenous and exogenous
sources. Improving estrogen metabolism can be of benefit in
women with various conditions and family histories, including a
family history of breast, uterine, or ovarian cancer, and condi-
tions such as endometriosis, premenstrual syndrome, uterine
fibroid tumors, fibrocystic or painful breasts, cervical dysplasia,
and systemic lupus erythematosis. Beneficial modulation of

estrogen metabolism can be accomplished through dietary and
lifestyle modifications such as increasing fiber and reducing fat,
increasing phytoestrogen intake, losing weight, and increasing
exercise. In addition, many nutrients effectively reduce estrogen
load by supporting preferred pathways of estrogen metabolism
and detoxification. These include isoflavones, indole-3-carbinol,
B vitamins, magnesium, limonene, calcium D-glucarate, and
antioxidants. The influences of these nutrients on estrogen
metabolism may have profound significance for diseases and
conditions in which estrogen plays a role in clinical expression.
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tion of the C-2 pathway may prove beneficial for a variety of
conditions related to estrogen dominance or imbalance.

• Methylation

The 2-OH and 4-OH metabolites (catechol estrogens) are read-
ily oxidized to quinones, which are highly reactive and can dam-
age DNA and promote carcinogenesis directly or indirectly
through the generation of reactive oxygen species (ROS). This
harmful pathway can be minimized through detoxification and
excretion of the catechol estrogens via Phase II methylation by
the catechol-O-methyltransferase (COMT) enzyme.5,10,11 This
methylation requires S-adenosylmethionine (SAM) and 
magnesium as cofactors.11 COMT is present in most tissues and
converts catechols into their corresponding methyl ester
metabolites, which are more water soluble.5,7 Recent data
suggest that the methylation of 4-OH renders this harmful
metabolite significantly less active, while 2-methoxyestrone
may manifest beneficial properties by inhibiting breast
cancer.10,12 Therefore, supporting the methylation pathways
promotes detoxification of estrogens and provides for more
beneficial metabolites of estrogen. 

• Glucuronidation

Glucuronidation is one of the key Phase II liver detoxification
pathways for estrogens and other toxins. Glucuronic acid is 
conjugated with the estrogen to facilitate its elimination from the
body.1 Unfortunately, some intestinal bacteria (mostly pathogen-
ic) possess an enzyme, β-glucuronidase, that uncouples the bond
between excreted estrogen and glucuronic acid in the large intes-
tine, allowing the estrogen to reenter circulation (enterohepatic
recirculation).13 Not surprising is the finding that excess
β-glucuronidase activity is associated with an increased cancer
risk, including breast cancer.14 The activity of β-glucuronidase 
is increased when the diet is high in fat and low in fiber, and 
can be reduced by establishing a proper bacterial flora by 
eating a diet high in plant foods and supplementing the 
diet with  the “friendly bacteria” Lactobacillus acidophilus and
Bifidobacterium infantis.15

ESTROGEN RECEPTORS

Estrogens, like all steroid hormones, have a wide range of actions
and affect almost all systems in the body, yet act in a tissue-
specific manner. Estrogens act by binding with high affinity to the
estrogen receptor (ER) in target cells. Once bound by estrogens,
the receptor activates the transcription of estrogen-responsive tar-
get genes.16,17 Because the ER has a unique ability to bind with a
wide variety of compounds with diverse structural features, many
environmental toxins and plant compounds can bind to the ER
with varying affinities and modulate estrogen activity.17

Two forms of the estrogen receptor, α and β, have been identi-
fied that differ in tissue distribution, binding affinity, and
biological function.16,17 Therefore, different target cells may
respond differently to the same estrogenic stimulus depending on
the ratio of expression of the two receptor subtypes in the cell.16,17

This helps to explain how phytoestrogens and the new designer
estrogen drugs such as tamoxifen and raloxifene—called
selective estrogen receptor modulators (SERMs)—behave like
estrogens in some tissues but block its action in others.
Unraveling the detailed physiological role of each receptor

subtype is needed to further elucidate the complex nature of
estrogen’s mechanisms of action.

ESTROGEN AND CANCER RISK

Epidemiological and animal studies have identified estrogen
exposure as a risk factor for several cancers, namely breast,
endometrium, ovary, prostate, testis, and thyroid. Much of the
evidence comes from the observation that cancer risk increases
with increased exposure to endogenous or exogenous estrogens,
and the positive relationship observed between blood levels of
estrogens and cancer risk.7,18-22 Prolonged estrogen exposure can
cause direct genotoxic effects by inducing cell proliferation in
estrogen-dependent target cells (increasing the opportunity for
the accumulation of random genetic errors), affecting cellular
differentiation, and altering gene expression. Additionally, there
is increasing evidence for indirect genotoxic effects of estrogens
as well. The relative importance of each mechanism is likely a
function of the specific estrogen, as well as the exposed tissue or
cell type and its metabolic state.5,7

Direct Genotoxic Effects

Evidence is accumulating that some estrogen metabolites may be
directly responsible for the initial genetic damage leading to
tumors. 16α-OH and 4-OH are the primary estrogen metabolites
that have been associated with direct genotoxic effects and
carcinogenicity.5,7 Some researchers believe increased levels of
16α-OH may increase the risk of breast cancer by increasing both
cell proliferation and direct DNA damage; however, scientific
consensus has not yet been reached.5,7-9,23 Conversely, 2-OH may
induce apoptosis and thereby inhibit cell proliferation, an impor-
tant mechanism in the prevention of cancer.12

A recent 5-year prospective study of 10,786 women was
conducted to investigate the role of estrogen metabolism as a
predictor of breast cancer, specifically the ratio of 2-OH to
16α-OH.4 The researchers found that premenopausal women
who developed breast cancer had a decreased 2-OH:16α-OH
ratio and a higher percentage of 16α-OH than 2-OH. Women
with predominately 2-OH were 40% less likely to have devel-
oped breast cancer during the 5 years. Another recent case-
control study that began in 1977 found that postmenopausal
women who developed breast cancer had a 15% lower
2-OH:16α-OH ratio than control subjects.8 Furthermore, those
with the highest 2-OH:16α-OH ratios had about a 30% lower
risk to breast cancer than women with lower ratios.

Diverse factors can add to the hormonal risk by decreasing the 
2-OH:16α-OH ratio, including numerous pesticides and 
carcinogens, certain drugs such as cyclosporin and cimetidine
(Tagamet), obesity, and genetic predisposition.24-27 Dietary
interventions such as increased consumption of cruciferous
vegetables (e.g., broccoli and cabbage) and phytoestrogen-rich
foods such as soy and flaxseeds can significantly promote C-2
hydroxylation and increase the 2-OH:16α-OH ratio.

Indirect Genotoxic Effects
Excessive production of ROS has been reported in breast cancer
tissue, and free-radical toxicity, which manifests as DNA single-
strand breaks, lipid peroxidation, and chromosomal abnormali-
ties, has been reported in hamsters treated with estradiol.7 The
oxidation of catechol estrogens (2-OH and 4-OH) yields reactive
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molecules called quinones. Quinones are thought to play a role
in carcinogenesis by inducing DNA damage directly or as a
result of redox cycling between the quinones and their semi-
quinone radicals, which generates ROS.5,7,10 Supplementation
with antioxidant nutrients can reduce the oxidation of the cate-
chols and promote greater excretion of these metabolites through
the methylation pathway.

RISK FACTORS FOR INCREASED ESTROGEN EXPOSURE

There are many lifestyle factors that can influence the body’s 
production of estrogen. Obesity increases endogenous estrogen
production by fat tissue, where the enzyme aromatase converts
androgens into estrogen.18,28 Excess insulin in the bloodstream
prompts the ovaries to secrete excess testosterone and reduces
SHBG levels, thus increasing levels of free estrogen.28 Alcohol
consumption increases estrogen levels, and epidemiological stud-
ies suggest that moderate alcohol consumption increases the risk
of breast cancer, an effect that may be synergistically enhanced
when combined with estrogen replacement therapy.29,30

Two major sources of exogenous estrogens are oral contracep-
tives and hormone replacement therapy. Another major source is
environmental toxins found in pesticides, herbicides, plastics,
refrigerants, and industrial solvents that are structurally similar
to estrogen and have the ability to mimic harmful estrogens in
the body.17,31 Furthermore, the hormones used to fatten livestock
and promote milk production are found in meat and milk 
products, thereby increasing one’s exposure to environmental
estrogens.31

While these lifestyle and environmental factors do influence the
lifetime hormone burden of an individual, endogenous hormone
levels also have a genetic basis that can be an important risk fac-
tor for hormone-dependent cancers and other conditions. Thus,
family history can be a valuable indicator of potential problems
in this area. All sources of estrogens—whether environmental,
dietary, or endogenously produced—can affect ER function
(Table 1). These substances can bind to estrogen α or β receptors
with varying affinities and for varying lengths of time, produc-
ing a wide range of estrogen-related effects.17

Table 1. Sources of Estrogens

MANIFESTATIONS OF EXCESSIVE ESTROGEN EXPOSURE
AND ESTROGEN DOMINANCE

An abundance of evidence makes it clear that excessive estrogen
exposure from both endogenous and exogenous sources is a causal
factor in the development of cancer in hormone-dependent tissues,
such as the breast, endometrium, ovary, uterus, and prostate.
Furthermore, hormonal imbalances between progesterone, testos-
terone, and estrogen can lead to symptoms and conditions of estro-
gen dominance. These include premenstrual syndrome (PMS),
endometriosis, uterine fibroid tumors, fibrocystic or painful
breasts, cervical dysplasia, and systemic lupus erythematosis. 

NUTRITIONAL MODULATION OF 
ESTROGEN METABOLISM

Multiple dietary and nutritional factors have the ability to influence
estrogen synthesis and receptor activity, as well as the detoxifica-
tion pathways through which estrogens are metabolized (Table 2;
Figure 1).  Incorporating dietary changes with the use of select
nutritional supplements can have profound effects in beneficially
influencing estrogen balance and thus preventing estrogen-related

diseases and conditions. A weight management program may also
be very helpful in both reducing adipose aromatase activity and
facilitating more desirable estrogen metabolism and excretion.

Dietary Fiber and Lignin

Insoluble dietary fibers such as lignin (found in flaxseeds and
the bran layer of grains, beans, and seeds) can interrupt the
enterohepatic circulation of estrogens in two ways, thus promot-
ing their excretion and making them less available for reabsorp-
tion and further metabolism.36 First, dietary fiber, especially
lignin, can bind unconjugated estrogens in the digestive tract,
which are then excreted in the feces. Second, dietary fiber can
beneficially affect the composition of intestinal bacteria and
reduce intestinal β-glucuronidase activity, resulting in a lowered
deconjugation of estrogen and reduced reabsorption.37 Dietary
fiber intake also increases serum concentrations of SHBG, thus
reducing levels of free estradiol.38

Carbohydrates/Fats/Protein

Complex carbohydrates, such as those found in vegetables and
whole grains, are preferred over simple carbohydrates for

Endogenous Estrogens

• Estradiol

• Estrone

• Estriol

• Hydroxylated estrogen
metabolites

• Methoxylated estrogen
metabolites

• Other estrogen metabolites

Environmental Estrogens31

• Organochlorine chemicals such as vinyl
chlorides, dioxins, PCBs, and 
perchloroethylene (~half of “endocrine 
disrupters” are in this class)

• Aromatic hydrocarbons, phthalates and
phenols, and some surfactants

• Medications such as hormone 
replacement, oral contraceptives, 
tamoxifen, and cimetidine

• Hormones in animal products consumed
by humans

Dietary Estrogens32-35 (“Phytoestrogens”)

• Isoflavones (e.g., genistein, daidzein,
equol, puerarin, coumestrol, glycitein,
biochanins) from soy, beans, peas, clover,
alfalfa, and kudzu

• Lignans (e.g., matairesinol, pinoresinol,
secoisolariciresinol) especially from
flaxseed, rye, wheat, and sea vegetables

• Certain flavonoids (e.g., rutin, naringenin,
luteolin, resveratrol, quercetin) especially
from citrus fruits and grapes
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optimizing estrogen metabolism. Excess consumption of simple
carbohydrates raises blood glucose and insulin levels, resulting in
adverse influences on sex hormone balance. Conversely, complex
carbohydrates attenuate glycemic and insulinemic responses.28

The types and amounts of dietary fats may play a role in deter-
mining balance among estrogens in the body. For instance, high-
fat diets may promote C-16α hydroxylation over C-2 hydroxyla-
tion.39 Furthermore, omega-3 fatty acids such as eicosapentaenoic
acid (EPA) have been shown to increase C-2 hydroxylation and
decrease C-16α hydroxylation of estradiol in breast cancer cells.24

Inadequate dietary protein may lead to decreases in overall
cytochrome P450 activity, including cytochrome P450-1A2,
which detoxifies estradiol.40 Rice fortified with lysine and thre-
onine is a source of protein frequently used to nutritionally sup-
port hepatic detoxification function, because of its low allergy
potential.41 Soy is also an excellent source of protein that is low
in fat and provides the health benefits of isoflavones.

Phytoestrogens

Phytoestrogens are plant compounds that have the capacity to
bind to ERs and appear to have both estrogenic and anti-estro-
genic effects, depending on the expression of ER subtypes in tar-
get cells and on the level of endogenous estrogen present.16,17,42

They are currently being extensively investigated as a potential
alternative therapy for a range of conditions associated with
estrogen imbalance including menopausal symptoms, PMS, and
endometriosis, as well as prevention of breast and prostate can-
cer and protection against cardiovascular disease and osteoporo-
sis.17,42-44 The two main classes of phytoestrogens are the
isoflavones and lignans.

Phytoestrogens beneficially influence estrogen synthesis and
metabolism through a variety of mechanisms: 1.) they have a
similar structure to estradiol and can bind to the ER,16,17,43 2.) they
increase plasma SHBG levels,45 3.) they decrease aromatase
activity,46 and 4.) they shift estrogen metabolism away from the
C-16α pathway to the C-2 pathway.47,48

Therefore, it may be possible to demonstrate significant hor-
monal effects through dietary modification. For example, two
recent studies found that increased isoflavone consumption
decreased urinary excretion of the genotoxic estrogen metabo-
lites 16α-OH and 4-OH, indicative of their decreased formation,
and significantly increased the 2-OH:16α-OH ratio in both pre-
and postmenopausal women.47,48

Isoflavones—Soy is perhaps the most common food source of
isoflavones, but others include legumes, alfalfa, clover, licorice
root, and kudzu root. There are several biologically active
isoflavones, such as genistein, daidzein, and puerarin, with each
plant source delivering a different profile. Higher intakes of soy
products and isoflavones, such as consumed in traditional Japanese
diets, are associated with low rates of hormone-dependent can-
cers.49 The average daily isoflavone intake of Japanese women is 20
to 80 mg, while that of American women is 1 to 3 mg.50

In two human studies, women given isoflavone supplements and
soymilk for one month experienced longer menstrual cycles and
lower serum estradiol levels.51,52 Longer menstrual cycles are 
beneficial because they result in decreased lifetime exposure to
estrogen and lower the risk for breast cancer. Furthermore, in
women with low levels of SHBG, consumption of a soymilk pow-
der providing about 69 mg of isoflavones daily substantially
increased their SHBG concentrations, an effect not observed in
women with higher initial SHBG levels.45

Lignans—These compounds are found in fiber-rich foods such
as flaxseed and other oil seeds, whole grains, legumes, and 
vegetables.53,54 Lignans stimulate the production of SHBG in the
liver, and therefore reduce the levels of free estrogen in
circulation. They also inhibit aromatase activity, thus decreasing
the conversion of testosterone and androstenedione into estro-
gens in fat and breast cells.38,46,55 Lignans also have been shown to
inhibit estrogen-sensitive breast cancer cell proliferation.56

Women consuming 10g of flaxseed per day experienced longer
menstrual cycle length, increased progesterone-to-estrogen
ratios, and fewer anovulatory cycles, all of which were 
considered to reflect improved ovarian function.57 

Mechanism of Action

Promote C-2 hydroxylation over C-4 and/or C-16α hydroxylation
of estrogens

Reduce the oxidation of catechol estrogens (2-OH and 4-OH)

Promote the methylation of catechol estrogens (2-OH and 4-OH)

Increase circulating concentrations of SHBG, thus reducing levels
of unbound, active estrogens

Inhibit the activity of aromatase, which converts into estrogens

Promote the detoxification of estrogens by upregulating Phase I
and Phase II enzymes

Inhibit the activity of β-glucuronidase, which deconjugates 
estrogens in the large intestine, allowing them to be reabsorbed
and re-metabolized

Modify estrogen receptor activity 

Nutrient

Cruciferous vegetables, indole-3-carbinol, rosemary, isoflavones
(soy, kudzu, clover)

Vitamins A, E, & C, N-acetylcysteine, turmeric, green tea,
lycopene, α-lipoic acid, flavonoids

Folate, vitamins B2, B6, & B12, trimethylglycine, magnesium

Fiber, lignans (flaxseed), isoflavones (soy, kudzu, clover)

Lignans (flaxseed), flavonoids (chrysin)

Turmeric (curcumin), D-limonene, magnesium, vitamins B2, B6,
& B12, flavonoids

Fiber, probiotics (acidophilus, bifidobacteria), calcium 
D-glucarate

Isoflavones (soy, kudzu), lignans (flaxseed), indole-3-carbinol, resveratrol 

Table 2. Mechanisms through which dietary and nutritional factors may influence estrogen metabolism
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Resveratrol—This bioflavonoid occurs naturally in grapes and
red wine and has been shown to inhibit breast cancer cell growth
in vitro.58 It has been classified as a phytoestrogen based on its
ability to bind to and activate the ER,59 with recent in vitro stud-
ies indicating that it exhibits estrogenic and anti-estrogenic activ-
ity and binds to ERα and ERβ with comparable affinity.60,61 These
estrogen modulatory effects may explain resveratrol’s well-
known anticancer and cardioprotective properties.60

Vitamin E

Low serum vitamin E is associated with elevated estrogen levels,
and supplementation may reduce symptoms of PMS.62 Vitamin E
inhibits growth of breast cancer cells, possibly by inhibiting the
expression of vascular endothelial growth factor, which encour-
ages angiogenesis.63 Furthermore, vitamin E deficiency may 
negatively affect cytochrome P450 function, thus impacting
estrogen detoxification.

Magnesium

Magnesium is an essential cofactor for the COMT enzyme, and
therefore optimizes the methylation and excretion of
catechol estrogens.7 Magnesium also promotes estrogen detoxifi-
cation by directly increasing the activity of glucuronyl trans-
ferase, an enzyme involved in hepatic glucuronidation. Ovarian
hormones influence magnesium levels, triggering decreases at
certain times during the menstrual cycle as well as altering the
calcium to magnesium ratio. These cyclical changes can produce
many of the well-known symptoms of PMS in women who are
deficient in magnesium and/or calcium.64

Indole-3-Carbinol (I3C)

I3C is a naturally occurring compound derived from cruciferous
vegetables such as broccoli, Brussels sprouts, and cabbage that
actively promotes the breakdown of estrogen to the beneficial
metabolite, 2-OH. Therefore, I3C is protective to estrogen-sen-
sitive tissues and may be beneficial to those with health issues
related to estrogen dominance. 

The mechanism by which I3C promotes 2-OH formation
involves the selective induction of Phase 1 metabolizing
cytochrome P450 enzymes, which facilitate the 2-hydroxylation
of estrogen.65,66 Through this metabolic role, I3C promotes an
increased ratio of 2-OH to 16α-OH and may improve estrogen
metabolism in women with poor diets or impaired detoxifica-
tion.3,65,67 I3C may also reduce the activity of the enzyme required
for the 4-hydroxylation of estrogen, thereby decreasing carcino-
genic 4-OH formation.68 

According to a recent human study in both men and women, 
supplementation with 500 mg and 400 mg of I3C, respectively,
resulted in significantly increased urinary excretion of 2-OH,
while that of nearly all other metabolites including estradiol 
and 16α-OH was lower—indicative of their decreased formation.65

In another double-blind, placebo-controlled study of 57 women
at increased risk for breast cancer, supplementation with 
I3C (300-400 mg/d for 4 weeks) proved to be a promising
chemopreventive agent as measured by the increased 2-OH:16α-
OH ratio.69

Not only does I3C promote healthier estrogen metabolism, but it
may also act as a “weak,” or anti-estrogen. Through competitive

inhibition, I3C has been shown to prevent the receptor binding of
“stronger,” more stimulating estrogens.70 Other mechanisms
relating to I3C’s influence on tissue health involve modulating
ER activity, detoxifying xenoestrogens, modulating cell cycle
regulation, and preventing the adhesion, migration, and invasion
of cancer cell lines.68,71,72 

B Vitamins

The B vitamins, such as B6, B12, and folate, function as impor-
tant cofactors for enzymes involved in estrogen conjugation and
methylation. Therefore, decreased levels of B vitamins can dis-
rupt estrogen detoxification and lead to increased levels of cir-
culating estrogens. For instance, folate (as a precursor to SAM)
is an essential cofactor for the methylation of catechol estrogens,
2-OH and 4-OH, which reduces their conversion to the carcino-
genic quinones.11 Unfortunately, many individuals have a genetic
polymorphism that interferes with their ability to metabolize
folic acid to the active form utilized by the body. Supplementing
with a metabolically active form of folate that doesn’t require
enzymatic conversion, such as L-5-methyl tetrahydrofolate, will
ensure that these patients maintain adequate folate nutriture.73

Another way in which certain B vitamins play a role in estrogen
activity is through a potential to modulate the cell's response to 
activation of the ER. It has been demonstrated that elevated intra-
cellular concentrations of the active form of vitamin B6 can lead to
significantly decreased gene transcription responses when estrogen
binds to the ER.74 By modulating estrogen-induced gene expression
in this way, vitamin B6 can attenuate the biological effects of
estrogen. B vitamins also play a role in the prevention of cancer
because they are crucial for DNA synthesis and repair as well as the
process of DNA methylation, which is essential for DNA stability
and integrity and is an important regulator of gene expression.

Calcium D-Glucarate

Calcium D-glucarate is a natural compound that appears to have
some influence on breast cancer by aiding in detoxification and
the regulation of estrogen.75 It not only inhibits β-glucuronidase,
but also increases the activity of the glucuronidation Phase II
pathway, with the net effect of increased estrogen and toxin elim-
ination from the body.76 Calcium D-glucarate has been found in
animal models to lower estradiol levels and inhibit the initiation,
promotion, and progression of cancer.75

Other Beneficial Phytonutrients

There are many other naturally occurring compounds derived
from a variety of plant sources that promote healthy estrogen
metabolism. Curcumin is a polyphenol complex from the curry
spice turmeric, a member of the ginger family. A combination of
curcumin and the isoflavone genistein has shown synergy in
reducing xenoestrogen-induced growth of breast cancer cells.77

Curcumin also increases hepatic levels of glutathione and
induces glutathione-S-transferase (GST) and glucuronyl trans-
ferase, important in the Phase II detoxification of quinones pro-
duced from the oxidation of catechol estrogens.78,79 Chrysin is a
bioflavonoid that has been shown to inhibit aromatase activity,
thus reducing the conversion of androgens into estrogen.80

Aromatase is found in breast tissue, and its inhibition may be
useful in reducing the cell proliferative effects of estrogen.
Preliminary research indicates that the herb rosemary promotes
the 2-hydroxylation of estrogen in a similar fashion to I3C, and
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may inhibit 16α hydroxylation. Rosemary may also enhance
estrogen detoxification.81

Furthermore, many antioxidants and phytonutrients can reduce
the oxidation of catechol estrogen metabolites into quinones.
Notable players in this group include vitamins E and C, α-lipoic
acid, N-acetylcysteine, the mineral selenium, curcumin, and
green tea. D-Limonene, a naturally occurring monoterpene
found in the oils of citrus fruits, promotes the detoxification of
estrogen by inducing Phase I and Phase II enzymes in the liver,
including GST.82 This compound has also shown great promise in
the prevention and treatment of breast and other cancers.83 

There are also many hormone-modulating herbs that have a long
history of traditional use in treating women’s health conditions,
including black cohosh, chasteberry, ginseng, dong quai, and
licorice. While the mechanism of action of these herbs varies,
many have been found to contain phytoestrogens. For a compre-
hensive discussion of the use of nutritional supplements and
herbs in treating PMS, menopause, and other women’s health
conditions, please refer to the articles titled, Premenstrual
Syndrome: A Natural Approach to Management; A Healthy
Menstrual Cycle; A Natural Approach to Menopause; and Black
Cohosh and Chasteberry: Herbs Valued by Women for Centuries.
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Estrogen affects the growth, differentiation, and function of tissues
throughout the body—not just those involved in reproduction. It plays an
important role in bone health, protects the cardiovascular system, and
influences behavior and mood. While appropriate levels of estrogens are
essential for good health, several studies conclude that as exposure to
estrogen increases, the risk of several cancers, including breast, ovary,
prostate, and thyroid, also increases.7,18-22 Furthermore, excessive estro-
gen exposure can lead to other health problems such as premenstrual
syndrome (PMS), endometriosis, and fibrocystic or painful breasts. 

Various lifestyle and environmental factors can influence estrogen pro-
duction, metabolism, and balance. These include poor diet, obesity,
excess alcohol consumption, high insulin levels, medications such as
hormone replacement therapy and birth control pills, overexposure to
chemicals found in pesticides and industrial chemicals, and agricultural
hormones in animal products consumed by humans.17,18,28-31 Genetics can
also play an important role in determining estrogen levels.   

THE BASICS OF ESTROGEN METABOLISM
“Estrogen” is a term that is used to collectively describe the female 
hormones estradiol, estrone, and estriol. The most potent of these is
estradiol. Estrogens circulate in the body mainly bound to the sex
hormone binding globulin (SHBG) and only unbound estrogens can
enter cells and cause biological effects.1,2 Therefore, any change in the
concentration of SHBG will alter estrogen activity by changing the
availability of estrogen to the target cell. 

The ultimate biologic effect of estrogen in the body depends on how it is
metabolized. The metabolism of estrogen takes place primarily in the
liver through Phase I (hydroxylation) and Phase II (methylation and 
glucuronidation) pathways, which allow the estrogen to be detoxified and
excreted from the body. Hydroxylation yields 3 metabolites that vary
greatly in biological activity: 2-hydroxyestrone (2-OH), 16α-OH, or 
4-OH.3 The 2-OH metabolite is generally termed the “good” estrogen
because it generates very weak (and therefore potentially less harmful)
estrogenic activity in the body. In contrast, the 16α-OH and 4-OH
metabolites show persistent estrogenic activity and may promote 
dangerous tissue growth.3-6 In fact, women who metabolize a larger 
proportion of their estrogen via the 16α-OH metabolite may be at 
significantly higher risk of developing breast cancer.3-5,7-9 Therefore,
shifting estrogen balance toward a less estrogenic state through 
promotion of the 2-OH pathway may prove very beneficial in improving
a variety of conditions related to elevated or imbalanced estrogen levels.  

The 2-OH and 4-OH estrogen metabolites are further detoxified via a
process called methylation. This is an important pathway, because it ren-
ders the harmful 4-OH metabolite significantly less active. Furthermore,
if they are not methylated, the 2-OH and 4-OH estrogens can be con-
verted to highly reactive molecules that can damage DNA.5,10,11

Glucoronidation is one of the key Phase II liver detoxification pathways
for estrogen, facilitating its elimination from the body.1

NUTRITIONAL SUPPORT OF OPTIMUM ESTROGEN METABOLISM
Many elements of good nutrition and diet play an important part in influ-
encing estrogen metabolism and detoxification. Incorporating dietary
changes with the addition of beneficial nutrients and herbs can
profoundly affect estrogen balance and potentially reduce the risk of
estrogen-dependent cancers and other hormone-related conditions. 

Diet—It has been found that dietary interventions such as increasing 
consumption of cruciferous vegetables like cabbage and broccoli, and
foods such as soy can significantly increase the 2-hydroxylation of
estrogen. Dietary fiber intake can promote the excretion of estrogen by
binding estrogens in the digestive tract and also increases SHBG, thus
reducing levels of free estradiol.36,38 Complex carbohydrates, such as
those found in vegetables and whole grains, are more effective in
optimizing estrogen metabolism than simple carbohydrates, which can
raise blood glucose and insulin levels, resulting in secondary adverse
influences on sex hormone balance.28

Phytoestrogens—These plant compounds are similar in shape to the
estrogen molecule and can bind to estrogen receptors (ERs). They are

much weaker than endogenous estrogens and, through competitive inhi-
bition, have been shown to prevent the receptor binding of “stronger,”
more stimulating estrogens.16,17,42 Phytoestrogens are currently under
extensive investigation as a potential alternative therapy for a range of
conditions associated with estrogen imbalance, including menopausal
symptoms, PMS, endometriosis, prevention of breast and prostate
cancer, and protection against heart disease and osteoporosis.17,42-44

The two main classes of phytoestrogens are isoflavones and lignans. Soy
is perhaps the most common food source of isoflavones, but other
excellent sources include legumes, clover, and kudzu root. Higher
intakes of soy products and isoflavones, such as consumed in traditional
Japanese diets, are associated with low rates of hormone-dependent
cancers.49 Lignans are compounds found in fiber-rich foods such as
flaxseeds, whole grains, legumes, and vegetables.53,54 Lignans stimulate
the production of SHBG in the liver, and therefore reduce the levels of
free estrogen in circulation. They also inhibit aromatase, an enzyme that
synthesizes estrogen. 

Vitamin E and Magnesium—Low serum vitamin E is associated with 
elevated estrogen levels, and may negatively affect estrogen detoxifica-
tion.  Women with PMS have experienced improvements of their symp-
toms when given supplemental vitamin E.62 Magnesium promotes estro-
gen detoxification by promoting methylation and glucuronidation, key
estrogen detoxification pathways. Ovarian hormones influence magne-
sium levels, triggering decreases at certain times during the menstrual
cycle as well as altering the calcium to magnesium ratio. These cyclical
changes can produce many of the well-known symptoms of PMS in
women who are deficient in magnesium and/or calcium.64

Indole-3-Carbinol (I3C)—I3C is a naturally occurring compound
derived from cruciferous vegetables that actively promotes the break-
down of estrogen via the beneficial 2-OH pathway.3,65-67 Therefore, I3C is
protective to estrogen-sensitive tissues and may be beneficial to those
with health issues related to excessive estrogen. Not only does I3C pro-
mote healthier estrogen metabolism, but it may also act as a “weak” or
anti-estrogen in a similar fashion to isoflavones.70

B Vitamins—Folate, B6, and B12 function as important cofactors for
enzymes involved in estrogen detoxification; thus, decreased levels of B 
vitamins can lead to increased levels of circulating estrogens. Certain B 
vitamins also have the potential to modulate the biological effects of 
estrogen by decreasing the cell’s response when estrogen binds to the
ER.74  B vitamins also play a role in the prevention of cancer because they
are important for DNA synthesis and repair.

Calcium D-Glucarate—Calcium D-glucarate is a natural compound
found in foods that appears to have some influence on breast cancer by
aiding in detoxification and the regulation of estrogen.75,76 It has been
found in animal models to lower estradiol levels and inhibit the initia-
tion, promotion, and progression of cancer.75

OTHER BENEFICIAL PHYTONUTRIENTS AND HERBS
Many other compounds derived from a variety of plant sources are
available that promote healthy estrogen metabolism. These include
curcumin, a compound found in the herb turmeric (Curcuma longa) that
increases the phase II detoxification of estrogens;78,79 chrysin, a
bioflavonoid that inhibits aromatase activity, thus reducing the synthesis
of estrogen;80 the herb, rosemary, which promotes the formation of the
2-OH estrogen metabolite;81 and D-limonene from citrus fruits, which
promotes the detoxification of estrogen and shows promise in the
prevention and treatment of breast and other cancers.82,83 Furthermore,
many antioxidant nutrients and phytonutrients can reduce the oxidation
of the 2-OH and 4-OH estrogen metabolites. Notable nutrients in this
group include vitamin C, N-acetylcysteine, the mineral selenium, and
green tea. 

In addition, traditional societies have long relied on a variety of
hormone-modulating herbs in treating women’s health conditions. These
include black cohosh, chasteberry, ginseng, dong quai, and licorice. The
mechanism of action of these herbs varies; however, many have been
found to contain beneficial phytoestrogens.

Nutritional Influences on Estrogen Metabolism: A Summary
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