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Highlights
Precision medicine and the exposome,
the totality of environmental exposure
over a lifetime, are emerging concepts
in biomedical research.

The chemical exposome can impact
drug action and adverse effects. For
example, chemotherapeutics can be
negatively impacted by drug–exposome
interactions, resulting in reduced drug
efficacy, increased drug resistance, and
adverse effects.

The exposome modulates and interacts
with drug-metabolizing enzymes,
xenobiotic-sensing receptors, and drug
Drug–drug interactions are a known concern duringmedical treatment. However, in
addition to therapeutic drugs, humans are exposed to thousands of environment-
and food-related chemicals on a daily basis. The exposome (i.e., the total measure
of environmental factors on the human body) is an emerging concept in the field of
environmental health. Many chemicals have the potential to interact with drugs and
subsequently influence health outcomes. To date, this concept has not been
systematically investigated. Nevertheless, adverse effects have been observed
between environmental, dietary, and microbiome-derived xenobiotics and a num-
ber of drugs, including chemotherapeutics. Recent technological advances in
mass spectrometry-based metabolomics and the establishment of omic-scale ex-
posure assessment will enable a broader and systemic investigation of these inter-
actions. As a complement to pharmacogenomics and pharmacometabolomics,
research on drug–exposome interactions holds immense potential to elevate preci-
sion medicine to an unprecedented level.
transporters.

Recent advances in mass spectrometry-
based untargeted metabolomic/
exposomic research now enable
the systemic investigation of these
interactions.

Drug–exposome interactions hold
vast potential as a complementary
approach to pharmacogenomics
and pharmacometabolomics in pre-
cision medicine.
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The Exposome and Precision Medicine
The effect of drug therapy can vary greatly among individuals. A reduction in efficacy or adverse drug
reactions that range from minor events to major incidents can jeopardize patient well-being. The
resultant consequences include persistent health problems that are associated with high morbidity,
mortality, and medical costs. Such an outcome represents a major cause for concern for clinicians
and the pharmaceutical industry alike. Consequently, the desire to personalize treatment through
improved drug performance and avoidance of adverse effects is a key objective. The new paradigm
of personalized/precision medicine [1] has given rise to pharmacogenomics [2], which targets the
relationship between the unique genetic blueprint of a patient and their individual response to
drugs. While the major focus of personalized medicine has origins in this area, other promising
research fields are currently emerging and include, for example, pharmacometabolomics
(see Glossary) [3]. Here, the metabolic state of an individual and the impact of metabolism on
drug treatment are studied. Interindividual variation in response to therapy is heavily influenced by
the biochemical state of the patient during treatment. This is reflected in the metabolic phenotype
that results not only from the genetic background of a patient, but also, and even more so, from
the interaction of the individual with environmental factors. These include lifestyle, diet, exposure to
environmental toxicants, and, importantly, the gut microbiome [4]. Such factors also affect gene
expression, thus clearly obviating the applicability of indicators that are based on genomic data only.

The concept of the exposome was first proposed in 2005 as the environmental complement to
the genome [5]. It was defined as the total lifetime environmental exposure of an individual. The
definition includes exposure to chemical and nonchemical stressors. These range from individual
exposures (such as smoking and diet) to general exposures that impact entire populations,
including, for example, air quality and urban environment. More recent definitions of this innova-
tive concept in environmental health research incorporate biological responses that represent
physiological alterations that have been induced by environmental exposure (e.g., change in
994 Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12 https://doi.org/10.1016/j.tips.2020.09.012

© 2020 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.tips.2020.09.012
https://doi.org/10.1016/j.tips.2020.09.012
https://doi.org/10.1016/j.tips.2020.09.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tips.2020.09.012&domain=pdf


Glossary
Biotransformation: metabolization of
xenobiotics, including toxicants,
contaminants, drugs, or nutrients,
resulting in a structurally differentmolecule
compared with the initial precursor.
Chemical exposome: fraction of the
exposome that comprises chemical
compounds, in contrast to the
nonchemical component (e.g., UV
radiation).
Drug–exposome interactions:
change in drug action and/or adverse
effects during treatment caused by
exposure to environmental, food-
related, or microbiome-derived
molecules.
Exposome: proposed as the
environmental complement to the
genome and defined as the totality of
environmental exposures and the
resulting effects on an individual or (sub-)
population. Although definition details
are still subject to discussion, the
unifying idea is to investigate the role of
environmental factors in health and
disease in a more holistic fashion.
Exposomics: research activities aimed
at understanding the impact of
environmental factors, including dietary
exposure, on human health. In the
postgenomic era, this typically involves
measuring exposures and their effect on
an omic-scale utilizing mass
spectrometry and complementary
analytical approaches.
High-resolution mass spectrometry
(HRMS): analytical technique using
ionization of chemical compounds to
determine their exact mass and ion
abundance, frequently in complex
biological samples, to obtain qualitative
and quantitative information.
Human biomonitoring: measuring
biomarkers of exposure in biological
specimen for assessing exposure to a
certain xenobiotic; frequently used in
epidemiological studies for investigating
exposure–health relationships and
occupational exposure.
Metabolomics: large-scale study of
endogenous metabolites/small
molecules referred to as the
metabolome and their interactions within
a certain biological system.
MSn fragmentation: fragmentation of
a molecule in mass spectrometry,
resulting in compound specific MSn

spectra (n+1 = one fragmentation step)
that are used for compound
identification in database searches
beside the mass of the compound.
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metabolic state, DNA mutations, epigenetic alterations, protein modifications, and impact on the
microbiome). The exposome paradigm aims to measure multiple cumulative and co-occurring
exposures and, thus, to achieve an integrated overview of human environmental exposure in its
entirety, and the connection with physiological conditions. With the advent of novel analytical and
bioinformatic tools that enable the systematic and holistic evaluation of human exposure to
chemical compounds, the emerging field of ‘exposomics’ is rapidly evolving [6]. Ultimately, this
will enable a more comprehensive dissection of the exposome. PubChem currently comprises
~110 million unique chemical structures, a number sometimes referred to as the known
chemical space. Nevertheless, estimates suggest that, throughout their lifetime, an individual
faces exposure to at least 10 000–100 000 xenobiotics.

Not only does the exposome directly affect health outcomes, but indirect effects can also occur
through the impact of environmental exposure during drug treatment. While drug–drug interactions
are a major focus of biomedical research, the systematic assessment of drug–exposome inter-
actions is almost nonexistent. Although drugs are usually included in the exposome concept, the
exposure is deliberate, with controlled dosage, and often under medical supervision. By
contrast, the exposure to other exposome components is mainly uncontrolled and unperceived,
therefore advocating for a separation into drug–drug interactions and exposome–drug interac-
tions, based on their different nature of exposure. Drug–drug interactions are a leading cause of
unpredictable clinical effects; and pharmaceuticals with a narrow therapeutic window or low
therapeutic index (e.g., anticancer drugs) are more likely to be susceptible to serious drug–drug
interactions, due to their small range between therapeutic effect and toxicity [7]. The impact of
environmental xenobiotics on drug treatment is a largely neglected area of pharmacology and an
underexplored field in biomedical research. The term ‘drug–exposome interaction’was first coined
by Beger and Flynn [8], but, thus far, the concept has not received appropriate attention. Here, we
direct awareness to not only the importance and potential, but also the challenges of this emerging
field in personalized medicine. This new era in exposomic research and precision medicine will be
governed by the unique opportunity of investigating interactions on an omic scale.

Known Examples of Drug–Exposome Interactions
In their simplest and most obvious form, drug–exposome interactions can be exemplified by
alcohol consumption and smoking habits. For example, it is well known that, during treatment
with various pharmaceuticals, such as clopidogrel [9], erlotinib [10], or theophylline [11], smoking
results in an altered drug response compared with nonsmokers. There are thousands of other
chemicals that humans are exposed to on a daily basis. All have the potential to interact with
therapeutic drugs. To date, however, information on these interactions remains elusive. With
new tools provided by mass spectrometry, there is now a means to discover the chemical
exposome on a large scale. Many environmental, dietary, and microbial xenobiotic interactions
have been described in the literature. However, all of them have been based on a rational design
rather than on a generic testing scheme (Table 1). A high-risk group for drug–drug interactions are
individuals undergoing multiple drug treatments. This is particularly relevant for older patients,
who constitute an increasing proportion of the population [12]. Potential interactions are also
relevant during anticancer treatment. Typically, these are characterized by a steep dose–
response relationship and a narrow therapeutic window. Furthermore, patients undergoing
cancer therapy often receive multiple drugs, plus additional therapy to manage adverse effects
and comorbidities. Over the past decades, one of the most extensively studied xenobiotics has
been bisphenol A (BPA) due to its impact on the endocrine system and its abundant use in
consumer goods. In several studies, BPA was shown to interact with anticancer drugs, leading
to increased drug resistance and decreased efficacy (Table 1). Due to the omnipresence of plas-
tics in agriculture, food packaging, and everyday objects, humans are constantly exposed to
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Pharmacometabolomics: measures
the metabolome to predict or evaluate
the effects of pharmaceuticals on the
endogenous metabolism, to improve
understanding of their modes of action,
pharmacokinetic profiles, and toxicity, or
to predict an individual patient response.
Untargeted metabolomics: relative
quantitative analysis of the metabolome
without any a priori selection of analytes;
typically uses HRMS and is commonly
used for hypothesis generation.
Xenobiotics: chemical substances
found within an organism that are not
naturally produced by that organism.
Xenoestrogen: synthetic or natural
molecule able to mimic endogenous
estrogens and subsequently interfere
with the endocrine system.

Table 1. Examples of Drug–Exposome Interactions Demonstrating the Impact of Environmental, Food, and
Microbial Xenobiotics on Various Therapies

Drug Indication Short description of interaction Refs

Bisphenol A

Doxorubicin, cisplatin,
vinblastine

Cancer: e.g., breast,
bladder, lung, testicular

BPA reduced efficacy of multiple chemotherapeutic
agents at environmentally relevant doses by
antagonizing cytotoxicity in ER-negative breast
cancer cells independent of estrogen receptors, due
to increased expression of antiapoptotic proteins

[67]

Cisplatin Cancer: e.g., testicular,
lung

BPA antagonized cisplatin cytotoxicity at
environmentally relevant concentrations of 0.01–10
nM by increasing cell proliferation and viability and
decreasing apoptosis

[68]

Rapamycin/tamoxifen Immunosuppression,
breast cancer

Altered regulation of mTOR pathway proteins in
BPA-treated high-risk donor breast epithelial cells
led to rapamycin resistance; BPA pretreatment led
to anti-estrogenic effects of tamoxifen leading to
apoptosis evasion and induction of cell cycling

[69]

Lapatinib analog ER+/EGFR+/HER2+
breast cancer

BPA at low nM doses increased epidermal growth
factor receptor (EGFR) activation at protein level
and attenuated effects of anti-EGFR drug currently
approved for treatment of breast cancer

[70]

Genistein (and other xenoestrogens)

Doxorubicin/mitoxantrone Cancer: leukemia Genistein-treated cells displayed induction of ABC
transporters at protein level and clear increase in efflux
and resistance to doxorubicin and mitoxantrone

[34]

Palbociclib/letrozole ER+ breast cancer Metabolomics revealed that genistein and the
mycoestrogen zearalenone altered cellular
metabolism induced by palbociclib/letrozole
combination therapy and restored cell proliferation
to levels comparable with untreated cells

[71]

Paclitaxel Cancer: breast,
ovarian, lung, cervical

Genistein improved systemic exposure of
antineoplastic agent paclitaxel and also inhibited its
clearance whether administered orally or intravenously

[72]

Letrozole ER+ breast cancer Dietary genistein increased growth of MCF-7Ca
tumors implanted in mice and could also negate
inhibitory effect of LET on MCF-7Ca tumor growth

[73]

Tamoxifen ER+ breast cancer Dietary genistein negated inhibitory effect of
tamoxifen on MCF-7 tumor growth in mice and
increased expression of estrogen-responsive genes

[74]

p-cresol

Acetaminophen Fever, pain Bacterially mediated p-cresol generation by
microbiome reduced effective systemic capacity to
sulfonate acetaminophen, potentially leading to
liver injury as an adverse effect

[22]

Secondary bile acids

Simvastatin High cholesterol Correlation observed between increased plasma
concentration of simvastatin and response to
simvastatin treatment with higher levels of several
bacterial-derived secondary bile acids; competition for
membrane transport may be mechanism responsible

[23]
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plasticizers, including BPA and substitutes thereof. For the phthalate plasticizer, di-2-ethylhexyl
phthalate, and the primary metabolite thereof, mono-2-ethylhexyl phthalate, receptor-based
induction of the drug-metabolizing enzyme CYP3A4 has been observed [13]. Additionally,
in vitro co-exposure of this plasticizer and the synthetic glucocorticoid dexamethasone
996 Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12
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(widely used for the treatment of cancer and immune disorders) led to a strong synergistic effect in
the induction of CYP3A4 expression. This observation is particularly interesting and alarming
because patients undergoing multiple medical procedures are frequently exposed to high levels
of phthalates [14,15] and may have administered dexamethasone as well. The observed combina-
tory effect of the plasticizer and dexamethasone on inducing levels of CYP3A4 also raises the ques-
tion of the potential impact of the exposome on drug–drug interactions.

Moreover, interactions between anticancer drugs and the ubiquitous dietary phytoestrogen,
genistein, have been observed (Table 1). Genistein is one of the main compounds in soybeans
and a major isoflavone present in our diet. In human sera, the average concentration is ~4 nM
[16]. Consumption of a soy-rich diet (or dietary supplements high in isoflavones) may lead to plasma
concentration levels of up to 2.4 μM [17]. Genistein and other phytoestrogens are often included in
over-the-counter supplements and their consumption has been associated with a decrease in the
incidence of some hormone-related cancers [18]; they have also, in general, exhibited various ben-
eficial and preventive effects for breast cancer [19] and other medical conditions [20]. Nevertheless,
adverse drug interactions, especially for chemotherapeutics used in breast cancer treatment, have
been described in several studies (Table 1 and Figure 1). The often generally assumed positive ef-
fects of genistein on breast cancer may lead to increased exposure through diet and supplements
in patients with breast cancer, rendering the potential negative effects of genistein on breast cancer
chemotherapeutics particularly concerning. Therefore, further investigations are warranted to enable
a clearer evaluation of adverse or beneficial effects of genistein and additional xenoestrogens dur-
ing breast cancer treatment regarding the individual patient. Figure 1 details selected studies illustrat-
ing interactions between genistein and chemotherapeutics used in breast cancer therapy. The
typically observed plasma concentrations of the interacting xenobiotic and the respective drugs
are also displayed (Figure 1) [21].

Another interesting aspect of the human exposome are bacterial-derived metabolites that are
absorbed via the intestinal tract and are considered human xenobiotics. The bacterial-derived
metabolite p-cresol (secreted by Clostridium difficile) and several secondary bile acids are
suspected to affect the response of patients to treatment with acetaminophen [22] and simvastatin
[23], and could be a potential predictor of therapeutic effects (Table 1). The significance of the gut
microbiome and the influence on human metabolism and drug-induced reactions is increasingly
recognized [24]. Furthermore, the exposome (particularly diet-related molecules) is known to
heavily impact the composition and action of the gut microbiome [25,26].

How the Exposome Influences Drug Action
Several routes exist for environmental exposures to directly or indirectly impact drug action
(Figure 2). This includes influencing drug metabolism, changing the bioavailability or excretion of
the drug, or interfering in drug action and drug targets. A plethora of xenobiotics can inhibit or induce
drug-metabolizing enzymes, in particular, the cytochrome P450 family. This group of enzymes is
responsible for the biotransformation of 70–80% of all drugs in clinical use [27]. Inhibition of, or
competition for, these enzymes decelerates prodrug activation and delays clearance of substrates,
thus promoting drug accumulation. Induction of the enzymes results in increased metabolic activity
and reduced drug exposure. An example of environmental contaminants that affect cytochrome
P450 enzymes are organophosphorothionate insecticides [28]. These chemicals inhibit the activity
of various P450 enzymes; in some cases, with IC50 values in the nM range. In addition, synergistic
effects have been observed when other compounds were present.

Another example of the adverse effect of the exposome on drug-metabolizing enzymes is the
bacterial-derived metabolite p-cresol and the potential role thereof in the hepatoxicity of
Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12 997
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Figure 1. Schematic Illustration of Selected Studies Extracted from Table 1 in the Main Text Showcasing Different Interactions between the Dietary
Xenoestrogen Genistein and Chemotherapeutics Used in Breast Cancer Therapy [34,65,71,73]. Genistein may be present at much higher concentrations
than most other xenobiotics in plasma, thus making it a good model to demonstrate the concept of drug–exposome interaction. Dissecting the interplay between the
plethora of chronic low-dose exposure xenobiotics and drugs in a systematic and untargeted manner will be the grand challenge of this evolving field.
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acetaminophen (Table 1) [22]) Continuous exposure to p-cresol produced in the colon and sub-
sequent O-sulfonation is suspected to deplete the hepatic sulfonation capacity of the liver.
Thereby, the effective systemic capacity to sulfonate acetaminophen is reduced, and the risk of
hepatotoxicity increases.

Another key participant in the alteration of drug action are membrane transporters, such as the
ABC transporters. These are involved in several key areas of drug disposition, including absorp-
tion, distribution, and excretion [29]. Such drug transporters can be affected by altered activity or
a change in transporter expression. Together with the expression of some drug-metabolizing
enzymes [30], these are known to be regulated by xenobiotic-sensing receptors. For example,
the pregnane X receptor can be modified by compounds originating from environmental expo-
sure [31,32]; and this leads to a change in the expression of the transporters and enzymes. A
998 Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12
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Figure 2. The Exposome May Impact Drug Treatment by Several Routes. Several of the explored paths for drug–exposome interactions are mediated by drug-
metabolizing enzymes and drug transporters, either by direct interaction and/or indirect modulation of their expression via xenobiotic-sensing receptors, resulting in the
altered disposition and biotransformation of drugs. The gut microbiome is increasingly recognized as a key player in human metabolism and drug-induced reactions.
While the microbiome can be considered to be a part of the exposome, it may be heavily modulated by other exposures, consequently also affecting its effect on the
human body. A route that has not been investigated in detail to date is the relationship between exposome-induced inflammation/insults of the liver and the potentially
induced susceptibility to drug hepatotoxicity and liver injury. The effect of exposure on the (epi-)genome and consequently also on the proteome and metabolome is a
relevant but only rudimentarily understood part of exposome research. Moreover, it is yet another underexplored potential way for exposure to affect drug treatment.
The chemical exposome, which includes drugs and their respective metabolites, can be investigated simultaneously by high-resolution mass spectrometry in the same
measurement. Concurrently, the endogenous metabolome can also be assessed and metabolic perturbations, considered as a biological response to exposure, can
be unraveled. Consequently, state-of-the-art high-resolution mass spectrometry enables the investigation of several routes by which the exposome can influence drug
treatment, making it a versatile tool for investigating drug–exposome interactions.
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commonly occurring group of chemicals that affect drug transporters are food additives. The
modulation of certain transporters has been observed in vitro for an array of artificial sweeteners
and food colorants [33]. In addition, the interaction of genistein with doxorubicin or mitoxantrone
(Table 1) [34] is based on induced drug transporter expression.

Environmental contaminants, such as the benzo(a)pyrene [35] or perfluorooctanoic acid [36,37],
are also known to upregulate inflammatory factors. Inflammation has been associated with the
downregulation of drug-metabolizing enzymes and changes in the expression level of hepatic
transporters [38]. Therefore, exposome-induced inflammation may impact drug treatment. This
has been suspected for liver injury induced by lipopolysaccharide, trovafloxacin, and ranitidine
Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12 999
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[39,40]. Drug-induced liver injury is not only a major cause of drug failure in clinical trials, but also
frequently results in the withdrawal of drugs from the market [41]. Interestingly, liver injury only
develops in a small proportion of patients, thus indicating that individual factors may have an
important and determinant role [42]. Several exposome compounds (e.g., the herbicide
paraquat, the food dye tartrazine, and various herbal and dietary supplements) have been
described as eliciting cholestatic liver insult [43,44]. Such reports raise the question as to whether
the impact of the exposome has the potential to increase liver susceptibility to drug-induced
hepatoxicity and liver injury.

Novel Technology for Systematically Investigating the Impact of the Exposome
Several of the examples described earlier have taken advantage of new, untargeted metabolomic
approaches to investigate drug–exposome interactions. Typically, this involves high-resolution
mass spectrometry (HRMS) and tailored bioinformatic data processing that enables the iden-
tification and quantification of hundreds of metabolites in complex biological matrices (e.g., blood,
breast milk, and urine; Figure 3). Through the identification of metabolic pathways that are
disrupted in response to drug treatment, metabolomics has been used as a tool to predict
TrendsTrends inin PharmacologicalPharmacological SciencesSciences

Figure 3. Schematic Overview of a Typical Untargeted Exposomics/Metabolomics Liquid Chromatography–High-Resolution Mass Spectrometry
(LC-HRMS) Workflow for the Assessment of Exposure to Xenobiotics and the Investigation of Resulting Biological Effects. Recent technological
developments intended to overcome the major bottleneck of compound identification in untargeted mass-spectrometric approaches are detailed in the blue boxes.
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drug efficacy and drug-induced adverse effects in patients. This relies on the fact that the derived
metabolite profiles are sensitive to both genomic and environmental influences that affect metabo-
lism [3]. Termed ‘pharmacometabolomics’, this field not only aids in drug development, leading to
higher success rates in clinical trials, but is also predestined to become an integral part of precision
medicine in the future. As exemplified for p-cresol [22] and acetaminophen, or simvastatin and
secondary bile acids [23], pharmacometabolomics has the potential to identify biomarkers for
certain drug responses and/or adverse effects.

To investigate the chemical exposome, metabolomics can also be used to partly determine the
extent and nature of exogenous compounds in the human body. An exposomic approach such
as this has potential in humanbiomonitoring [45] to screen for numerous xenobiotics from different
sample types. Furthermore, metabolomic-based exposomics could be used in case-control studies
to investigate the correlation between exposure and drug-induced adverse effects. As a first (and
relatively easy to perform) step, the investigation of patients exposed to particularly high levels of a
certain xenobiotic could be performed. This may include extremely premature infants or patients
undergoing multiple treatments where, for example, plasticizers are thought to leach from medical
tubes [46]. Moreover, supplement or diet-derived xenoestrogens in patients undergoing hormone
therapy may be a promising starting point. As observed for acetaminophen, another approach
would be to systematically investigate xenobiotic biotransformation [47] to determine possible com-
petition between xenobiotics and drugs during detoxification [22]. New workflows based on stable
isotopically labeled molecules and tailored software now make these experiments more feasible,
as exemplified recently by Flasch et al. [48].

The advent of the newest generation of high-resolution mass spectrometers during the past decade
greatly improved the sensitivity, mass resolution, mass accuracy, acquisition rates, and
advanced the capabilities of untargeted mass spectrometric applications. Exposomic research in
particular has benefited from the instrumental, methodological, and bioinformatic advances in recent
years, allowing the application of untargetedmetabolomics in first exposome-scale experiments.
Current research efforts are directed toward the optimization of untargeted workflows, including
broad and generic sample preparation protocols and tailored bioinformatic data and quality control
(QC) evaluation. An important future endeavor is the simultaneous and sensitive analysis of en-
dogenous metabolites (‘metabolome’) and the totality of exogenous metabolites (including xe-
nobiotics and their biotransformation products; i.e. ‘chemical exposome’). These approaches
will enable the comprehensive assessment of exposure and the partly intrinsic elucidation of bio-
logical effects [49]. Nevertheless, identification of large numbers of unknown and structurally diverse
metabolites and exogenous chemicals remains a major bottleneck in the field of untargeted metabo-
lomics and particularly exposomics.

However, new computational methods and developments in the scientific community (Figure 3)
aid compound identification and build a solid foundation for tackling this complex issue in the
near future. Promising new computational methods, including in silico MSn fragmentation
[50] and MS2 fragment similarity searching [51], help to overcome the challenge of incomplete
databases, lacking available experimental fragmentation (MS2 or MSn) data and the identification
of so-far unknown analytes. Another promising evolving tool is molecule retention time prediction
[52,53]. This approach further assists in analyte identification by adding a new layer of confidence,
in addition to exact mass and MS2 spectra, for (putatively) identifying compounds.

Given that the exposomemainly comprises exogenous chemicals with partly so-far unknown bio-
transformation routes, biotransformation products have an important role for the comprehensive
investigation of xenobiotics [48]. Predictionmechanisms [54] of these biotransformation products
Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12 1001



Outstanding Questions
Are unexplainable drug adverse effects
and complications during drug treatment
(partially) caused or enhanced by
environmental factors?

Howdoes chronic low-dose exposure to
environmental chemicals compare with
short-term exposure with regard to
resulting biological responses and the
subsequent impact on drug treatment?

To which degree, and in which clinical
settings, do environmental factors
also affect drug–drug interactions?

What is the impact of co-exposure
(to potentially thousands of chemical
compounds) and potentially associated
synergistic effects compared with indi-
vidual exposures (which is the current
gold standard) in the context of systems
medicine?
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and fragment similarity searching mentioned earlier have the potential to greatly improve the iden-
tification and discovery of these structures, thereby further extending the depth of exposomic
screening methods. Besides the development of novel computational methods, new tailored
exposome compound databases have been introduced and include the Blood Exposome
Database [55], T3DB database [56], or METLIN [57]. In contrast to most established databases
in metabolomics focusing on endogenous metabolites, these new databases partially or completely
concentrate on exogenous chemicals of the exposome, therefore benefiting exposomic research in
particular. In addition, the establishment of community-wide organization and sharing of mass spec-
trometry data [58] facilitate the distribution of information beyond the publication of papers from
which data is often hard to extract. Taken together, these developments will support ongoing initia-
tives to overcome the bottleneck of compound identification in HRMS, leading to more comprehen-
sive and effective investigations of drug–exposome interactions.

Recommendations for Investigating Drug–Exposome Interactions
One key point in the investigation of significant drug–exposome interactions through in vitro and
in vivo studies is the implementation of concentrations that relate to real-life exposure levels in
humans. At the same time, the broad margin between average exposure in a population and
high-exposure groups that spans several orders of magnitude must be taken into consideration.
High exposure may emerge due to particular environmental factors, lifestyle, or medical history;
for example, research found extremely high serum levels of plasticizers in premature infants and
hospital patients [14], due to leaching from tubing and medical devices, such as arterial infusions
[15]. In addition to the aftermath of acute events, the impacts of chronic long-term exposure and
accumulation also have to be considered [59], particularly the impact on inflammation, metabolism,
organ toxicity targeting the liver or kidney, gut microbiome, and the expression of genes, drug
transporters and drug-metabolizing enzymes. Low-dose chronic exposure has the potential to
indirectly interfere with drug medication. A still often unknown variable in drug–exposome interac-
tions is the effect of chemical mixtures that occur through cumulative co-exposure to thousands of
different compounds [59]. The combined action of these chemicals has the potential to result in
synergistic mixture effects that are difficult to dissect. Initial investigations in this still relatively
unexplored area have been made for pesticides [28,60], BPA [61,62], and xenoestrogens [63,64].

In addition to the negative effects of the exposome on drug treatment that have already been
discussed, there may also be beneficial interactions. These include the earlier discussed tamoxifen
example with genistein and isoflavone analogs thereof (Figure 1). By reducing the formation of the
drug metabolite α-hydroxytamoxifen [65], these molecules have the potential to decrease the
adverse effects of tamoxifen. Other dietary phytochemicals have demonstrated beneficial proper-
ties in in vitro models [66]. Data have shown that berberine, celastrol, limonin, and ellagic acid
have inhibitory effects in the nM range on ABCG2 (a breast cancer-resistance protein), a prominent
efflux transporter involved in multidrug resistance. These are some well-known examples and it is
our hope that systematic research on drug–exposome interactions will lead to new strategies for
increasing therapeutic success, decreasing adverse effects, and determining beneficial interactions.

Concluding Remarks and Future Perspectives
Drug–exposome interactions are an elusive and neglected area of pharmacology. To date, research
has only been established in a rather unsystematic manner and only with some xenobiotic classes.
These include drug–food and drug–herb interactions, although more comprehensive investigations
at the omic-level are still lacking. Moreover, with the unknown effect of chemical mixtures, the
exposome is more than the sum of its individual components (see Outstanding Questions). When
combined with the long-term impact of chronic low-dose exposure, an even more extensive gap in
current research efforts is evident. Amajor step toward the systematic elucidation of drug–exposome
1002 Trends in Pharmacological Sciences, December 2020, Vol. 41, No. 12
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interactions will be in the implementation of new technology. The constantly evolving field of
untargeted metabolomics/exposomics will have a key role not only in dissecting the composition of
the exposome, but also in deciphering the impact of the exposome on biological systems and
human health. After a broad identification of exposures with impacts on drug treatment, and the
establishment of an drug–exposome interaction database, exposomic technology has the potential
to generate personal risk profiles. These will be based on the exposure of an individual and the sub-
sequent prediction of potential adverse drug effects. Moreover, such information could aid medical
professionals in optimizing individual drug doses to improve efficacy and reduce adverse effects.

To date, the field is in its infancy and there are multiple barriers to overcome. This includes, for
example, the harmonization of analytical protocols, data analysis methods, and feature identification
process, as well as appropriate documentation to enable proper reproducibility, before clinical appli-
cation can become a reality. There are several steps needed to pave the way for the translation from
research into clinical practice. One key step is the establishment of benchmarkingworkflows and the
introduction of a (semi) automated data analysis pipeline using improved data analysis methods for
high-dimensional data and user-friendly software to increase overall accessibility. Another crucial
point is the development of mass spectrometry data-based feature identification methods that are
increasingly automated, while simultaneously being accurate and reliable. Together with
pharmacometabolomics, a personal exposomic approach could be a valuable and complementary
component to pharmacogenomics in precision medicine. A comprehensive understanding of the
exposome and the subsequent interaction with therapeutic drugs has immense potential to further
refine the prediction of drug effectiveness and safety. Beyond being a basis for individualized med-
icine, the implications of the knowledge gained on interactions and chemical mixture effects further
extend to the population level for general improvements in public health. Drug–exposome interac-
tions together with pharmacometabolomics as a complement to pharmacogenomics clearly hold
the potential to emerge as the next frontier in personalized medicine.
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