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ABSTRACT

The paper shows that dietary phytochemicals influence carcinogen metabolism by rebalancing activation and detoxification
metabolism by increasing phase I detoxification and rebalancing phase I carcinogen activation. These effects can reduce adduct
burden and mutational risk. The background notes bioactive classes-polyphenols, isothiocyanates, organosulfurs, terpenoids, and
alkaloids-show to affect CYP450 isoforms as well as GSTs, UGTs, NQO1 and sulfotransferasing enzymes, and down-regulate
reactive oxygen species and inflammation. The aim is to systematically chart compound-enzyme interactions and quantify
directionality of responses across tissues and generally assess human relevance through controlled feeding, nutkinetic modelling
and real-world diet patterns. The results will comprise a matrix of connections between individual phytochemicals (e.g.,
sulforaphane, curcumin, resveratrol, EGCG, quercetin) and prioritized nodes in the metabolome, conditions of modulation that
are protective vs. those that may be adverse, and factors that influence efficacy (dose, food matrix, microbiome metabolism,
genetic polymorphisms). The review additionally assesses the formulation strategies to increase bioavailability and deduce rules
of combination of phytochemicals with the standard risk-reduction guidelines. It foresees delivering a translational roadmap of
biomarker-directed nutrition intervention trials applying adductomics and metabolomic endpoints ultimately to help support diet-
based interventions as feasible, low-risk chemoprevention.
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INTRODUCTION

Phytochemicals present in the diet have become promising natural compounds in the modulation of carcinogen metabolism.
These are bioactive compounds like sulforaphane, curcumin, resveratrol, EGCG, and other flavonoids like quercetin which can
normalize the interaction between phase | enzymes like CYP450 and phase Il detoxifying enzymes like GSTs and UGTs.
Phytochemicals are proposed to minimize risks of mutations and decrease DNA adducts by increasing detoxification and
decreasing activation of carcinogens. Their activity is also affected by dosage, microbiome metabolism and genetic variability.
New technologies (e.g., adductomics and metabolomics) yield additional data about the action of these compounds in tissues.
The knowledge of these mechanisms allows the creation of nutrition-based chemopreventions as a safe and efficient method of
reducing the risk of cancer.

PROBLEM STATEMENT

The intricacy of carcinogen metabolism makes the discovery of safe and effective modulators top of the priority. Traditional
anticancer treatment is usually subjected to toxicity, resistance, and derailing of normal metabolic processes [1,2,3].
Phytochemicals including sulforaphane and curcumin show evidence because they can change phase | enzymes including
CYP450 and improve phase Il detoxification using GST and other systems. Nevertheless, irregular bioavailability, the dynamics
of human microbiome interactions, and the lack of translation evidence do not contribute to their application [4,5,6]. This forms
a research gap in the mapping of phytochemical-enzyme interactions in a systematic manner and establishing their role in
chemoprevention.

RESEARCH SIGNIFICANCE
Research into the role of phytochemicals as carcinogen metabolism modifiers can be of great importance to prevention of cancer.
Natural compounds not only increase detoxification but also control tumor microenvironment signaling, inflammation, and
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epigenetic processes [7,8,9,10]. Combining adductomics and metabolomic profiling can also uncover molecular pathways by
which CYP450 regulation and phase Il detoxification can stimulate decreased DNA adduct formation. In addition, the insights
into the functions of the microbiome in the metabolism of plant-based chemicals can improve interventions based on personalized
nutrition [4,11,12]. The study can promote safe, risk-free dietary strategies, placing phytochemicals as feasible options of
chemoprevention in the long run.

LITERATURE REVIEW

Elkashty and Tran [13] emphasize that sulforaphane is a promising dietary phytochemical that changes the metabolism of
carcinogens by stimulating the Nrf2 signaling pathway and inducing phase Il detoxification enzymes, including GST, UGT, and
NQOL1 and inhibiting CYP450 isoform activities to decrease DNA adducts. Hussain et al. [28] also highlight kaempferol and
other polyphenols, which modulate the Nrf2-ARE pathway and increase antioxidant defenses and conjugation ability and reduce
reactive oxygen species and inflammation, but whose clinical effects are hampered by low bioavailability. Zafar et al. [14] go
further to demonstrate that ursolic acid can modulate oncogenic pathways such as PI3K/Akt, NF-kB and STAT3 thus indirectly
acting on phase | enzymes and promoting the balance of detoxification by anti-inflammatory and pro-apoptotic mechanisms.

In a study of semaglutide in steatohepatitis that is associated with metabolic dysfunction, Jara et al. [15] show that CYP450
expression and detoxification potential can be remodeled through systemic metabolic and inflammatory pathway reimaging,
which provides a translational framework that can be applied to dietary agents. Collectively, the results indicate that
phytochemicals including sulforaphane, curcumin, kaempferol, and ursolic acid are promising agents in regulating enzyme
systems, limiting the formation of adducts, and regulating host-microbiome interactions that are essential in chemoprevention.
The cellular, animal and dietary intervention evidence suggests that phytochemical modulation of phase | enzymes and phase Il
detoxify in a synchronised pattern can reduce the risk of mutations, yet issues of bioavailability, inter-individual differences and
long-term validation in humans remain. Therefore, combining studies in the future using adductomics and metabolomics is
necessary to determine the design of diet-based cancer prevention based on biomarkers.

METHODOLOGY

The study used a secondary data methodology by utilizing peer-reviewed journal articles and reviews to synthesize the use of
dietary phytochemicals in the metabolism of carcinogens. Secondary data provided broad access to experimental and clinical
results without restriction of primary trials, which was time-efficient and more powerful in evidence synthesis. The thematic
analysis was used to determine common themes of CYP450 regulation, phase Il detoxification, microbiome interactions, and
delivery challenges. Oncology, pharmacology, nutrition and toxicology journals were used as the sources, a focus on both
mechanistic and translational studies. This approach provided a guarantee of integration of both molecular pathways and human-
relevant knowledge, underpinning a complete analysis of chemoprevention strategies based on phytochemicals.

Inclusion criteria Exclusion criteria
o Peer-reviewed journal articles published between | ¢ Non-English publications;
2019-2025;

« Editorials, conference abstracts, or commentaries;
e Studies on dietary phytochemicals affecting
carcinogen metabolism; o Studies without enzyme-level or molecular data;

¢ Reports addressing phase | enzymes (CYP450) and | e Papers not focused on carcinogen metabolism or
phase Il detoxification (GST, UGT, NQOL); chemoprevention;

e Preclinical, clinical, and systematic review studies; e Research  lacking relevance to adductomics,

microbiome, or detoxification pathways.

e Articles in English with molecular or biochemical
outcome

RESULT AND DISCUSSION

Limited Bioavailability and Delivery Challenges of Phytochemicals

Elkashty and Tran [13] showed that in hepatic cells, sulforaphine was a significant inducer of GST and NQOL1 activity with a 2.8-
fold increase in each case, although the plasma half-life was small (around 2.2 h), which restrained the systemic
chemopreventative effect. According to Rathee et al. [16], the bioavailability of curcumin was less than 1 percent owing to a high
rate of glucuronidation and sulfation, which caused sub-therapeutic tissue levels. Likewise, quercitin had a poor solubility with
plasma concentrations never being above 1 2 m, whereas the modulation of CYP450 isoforms was effective at concentrations
exceeding 10 m.
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Figure 1: Mechanism underlying the anticancer potentials of some lead dietary phytochemicals.
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Fakhri et al. [17] highlighted that insufficient delivery decreases the contact with the AMPK/PGC-1a axis, which harms the
mitochondrial biogenesis and antioxidant control. New drug-delivery techniques like polymeric nanoparticle showed increased
stability of sulforaphane, which increased oral bioavailability by 3.5-fold [18,19,20]. A fivefold increase in systemic exposure
was attained through the lysosomal encapsulation of curcumin, with biologically significant modulation of phase 11 detoxification.
In the absence of such pharmacokinetic enhancement, phytochemicals do not attain enough enzyme interaction, especially when
extrahepatic tissues are involved. Therefore, bioavailability is the leading translational obstacle to uniform chemopreventive

effects in humans.

Variability in Microbiome-Mediated Metabolism and Efficacy
Ding et al. [21] also found that isothiocyanate precursors can be hydrolyzed by microbial -glucosidases exhibited by the gut,
increasing the yield of sulforaphane, whereas the inter-individual variation can result in a 60 percent difference in detoxification
efficiency. Acar and Akbulut [22] identified that microbial-derived metabolites, including equol, had a 1030-fold stronger binding
affinity to estrogen receptors than their parent phytoestrogens, which powerfully affected carcinogen metabolism and epigenetic
control. Authors noted that not everyone with equol-producing microbiota shows a response, as only a population-level became

equol-positive [23,24,25].
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Figure 2: Chemical structure of representative dietary phytoestrogens.

(Source: [23])
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Rathee et al. [16] also demonstrated that the microbiome composition induced a modulation of the phytochemicals of CYP450
1A1 and GST activity, where the expression of the enzymes varied by up to 2.5 times among various microbial communities.
Dysbiosis disrupted conjugation pathways, increased the DNA adduct burden, and decreased chemopreventive efficacy. Also,
microbial metabolites changed the histone acetylation and histone methylation patterns and had an effect on the expression of
oncogenes. These results highlight that differences in microbiome metabolism are critical to phytochemical activity.
Individualized interventions that incorporate microbiome profiling would be able to differentiate between responders and non-
responders, and allow specific application of chemoprevention regimes that use phytochemicals.

Inconsistent Modulation of Phase | and Phase 11 Enzymes

Elkashty and Tran [13] demonstrated that the sulforaphine inhibited CYP1A1 by 45 percent and, at the same time, GST by 2.2
times, producing positive detoxification ratios. Nonetheless, Rathee et al. [16] also found that resveratrol had an unpredictable
effect on CYP3A4 inhibitory effects, with a range of 15-60 percent, depending on the tissue type and dose, which reduced phase
Il activity. Zafar et al. [14] showed that ursolic acid reduced NF k -10 signaling by 40 percent and indirectly reduced CYP2E1
expression, but did not reliably increase phase Il enzymes in tumor models. Fakhri et al. [17] observed that the use of
phytochemicals to activate AMPK/PGC-1a enhanced oxidative metabolism and decreased the amount of ROS by up to 35% yet
enzyme reactions were different depending on the dietary situation. Shoaib et al. [26] also included that phyto-chemicals
prevented miRNA expression, although miR-21 inhibition increased NQO1 expression, but miRNA target variability in some
cases disrupted protective effects. This disparate phase | enzyme modulation and phase Il detoxification makes predicting net
chemopreventive effects uncertain and requires tissue-specific and dose-optimizing studies with the support of adjunctomics and
metabolomics profiling.

Insufficient Human Evidence for Long-Term Chemoprevention

Rathee et al. [16] stressed that although the use of phytochemicals has good preclinical evidence, only 15 percent of the research
has been expanded to human clinical trials, and there is little clear evidence of cancer incidence reduction. Ding et al. [21] found
a reduced amount of DNA adducts by 2025 percent in smokers who intake cruciferous vegetables containing isothiocyanates,
although the long-term effects of this exposure on the development of lung cancer are unclear.
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Figure 3: Mechanism of ursolic acid: inhibits Akt/mTOR/ERK, regulates Bcl2, VEGF, PD-L1
(Source: [14])

Zafar et al. [14] identified trials of ursolic acid with the effect of lowering inflammatory cytokines (IL-6, TNF-alpha) by 30-40
percent with no confirmed cancer risk reduction outcomes. Acar and Akbulut [22] recorded that DNA methylation and histone
acetylation are controlled by the presence of phytochemicals, yet there are no consistent biomarkers in human beings, as there
are inter-individual genetic polymorphisms. It was determined by lonescu et al. [23] that the phytoestrogen metabolites mediated
gene expression dependent on the ER, yet the number of individuals who had quantifiable benefits was only 30 to 40 percent.
Existing trials are seldom longer than 612 months, not enough to confirm longer-term chemoprevention. Evidence is disjointed
without the biomarker driven trials based on the use of adducomics and metabolomics and enzyme activity panels. Therefore,
although phytochemicals including sulforaphane and curcumin have strong mechanistic activity, a lack of human validation limits
their incorporation into clinical chemopreventive protocols.

RESEARCH LIMITATION

One of the limitations of existing evidence on dietary phytochemicals and carcinogen metabolism is the shortage of large scale,
long-term human clinical trials. Although compounds, including sulforaphane, unsolid acid, and curcumin, exhibit substantial
phase | enzyme modulation and phase Il detoxification in vitro and in vivo, the effects of these compounds in humans are still
inconsistent because of their differences in bioavailability, genetic variations, and microbiome effects [16,27]. This limit’s
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translational reliability of results, since most of the available data is preclinical or short-term, meaning it is difficult to apply clear
chemo preventive recommendations in population-wide applications.

FUTURE SCOPE

Clinical trials incorporating biomarker-based clinical trials using a combination of adjunctomics, metabolomics, and enzyme
activity panels should consider future research to determine the efficacy of phytochemicals in human beings. An individualized
treatment taking into consideration genetic variances and microbiome differences can enhance the predictability of reactions and
maximize the effectiveness of treatment [22,28,29]. Additionally, more sophisticated formulation techniques like nanoparticle
encapsulation and phytochemical combinations may contribute to systemic bioavailability, which would provide steady
modulation of CYP450 as well as of the GST activity. The broad extension of evidence through longitudinal cohorts will be more
convincing in the diet-based chemoprevention and in the specialty of phytochemicals as potential, non-risky options towards the
reduction of carcinogen-promuted mutagenesis in other population groups.

CONCLUSION

Phytochemicals in the diet are interesting natural carcinogen metabolism modulators, able to counterbalance the functioning of
phase | enzymes, including CYP450, as well as to boost phase I detoxification via GST, UGT, and NQOL1 induction. Compounds
such as sulforaphane, curcumin, kaempferol, and ursolic acid have potential in reducing the burden of DNA- adducing, reducing
oxidative stress, and disrupting signaling pathways associated with carcinogenesis. Nevertheless, issues like the lack of
bioavailability, the heterogeneity of microbiome, and the lack of long-term clinical validation limit their general use. These gaps
may be bridged by integration of advanced technologies such as adductomics and metabolomics and nanotechnology-based
delivery systems. In general, phytochemicals represent a viable, low risk, method of chemoprevention and this can be used to
promote the design of nutritional interventions to reduce the risk of cancer.
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