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Abstract: Humans are exposed daily to numerous mixtures of chemicals present in their environment instead of
just a single chemical. The classical health risk assessment for regulatory decisions uses the chemical toxicity of a
single test agent one at a time. Comparison of the toxicity of even a simple chemical mixture with that of its parts
often shows significant differences. Therefore, the classical chemical risk assessment paradigm does not represent
real-world human exposure, making a risk assessment of chemical mixtures an even more complex process. In vitro,
in silico, organs-on-a-chip, and 3D cell culture models are examples of alternative approaches that have been used
for toxicity screening. The developing genomic and epigenomic technologies also show promise for human health
risk assessment. However, all these execting experimental models and tools must be validated before they can be
used to support hazard and risk assessments of chemical mixtures for regulatory approval.
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Introduction

The regulation of industrial and household
chemicals, food additives, pesticides, and
drugs, many of which are complex mixtures,
can vary from one regulatory agency to anoth-
er; however, in addition to the currently regula-
tory-driven in vivo animal studies required for a
typical health risk assessment, the value of
New Approach Methods (NAMs), especially in
understand mode and/or mechanisms of
action, are being given greater consideration
[1, 2]. Such a health assessment process con-
sists of four steps: (a) hazard identification, (b)
exposure assessment, (¢) dose-response rela-
tionship, and (d) risk characterization [3], typi-
cally undertaken using in vivo animal studies
for hazard identification and dose-response
assessment.

Guidelines for the risk assessment of chemical
mixtures were published by U.S. Environmental
Protection Agency (EPA) in 1986 [4]. It allowed
the risk assessment of chemical mixtures to be
determined by the toxic or carcinogenic proper-
ties of the components in the mixture. This
dose additive model predicted reasonably well

the toxicities of mixtures composed of a sub-
stantial variety of both similar and dissimilar
compounds [5]. In addition, in 2014, the Joint
Research Centre of the European Union issued
its 136-page report on the Assessment of
Mixtures-Review of Regulatory Requirements
and Guidance [https://publications.jrc.ec.euro-
pa.eu/repository/handle/JRCO0601]. Notwiths-
tanding the usefulness of these two docu-
ments, resolving the toxicity of mixtures, much
less assessing the risk of a mixture, is a prob-
lem that needs investigation.

In classical health risk assessments, the dose-
response relationship is typically determined
using high and often unrealistic doses of the
test material administered frequently by a sin-
gle route of exposure compared to the real-
world human exposure that often includes mul-
tiple routes of exposure. Humans are generally
exposed not only to the oral route but also to
dermal contact and inhalation. Extrapolations
of experimental animal results from animal to
human, from high dose to low dose, from the
experimental route of exposure to real-world
exposure are major challenges that currently
are resolved by employing uncertainty factors
[6].
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To reduce the cost and time of classical animal
studies, the U.S. National Academy of Sciences
published its landmark report “Toxicity Testing
in the 21st Century: A Vision and a Strategy” in
2007 [7]. This report suggested in vitro studies
in human cells as alternatives to classical ani-
mal studies to determine the dose of the test
material required for health hazard assess-
ment for regulatory decisions. However, Tice
and his colleagues [8] cautioned in 2013 that
the task of converting completely to such
approaches has several difficulties including 1]
perfect assays do not exist; 2] coverage of all
chemicals of interest is incomplete (i.e., vola-
tiles), 3] a high throughput system for measur-
ing the free concentration of a compound in
vitro is not yet available; 4] the lack of xenobi-
otic metabolism in virtually all in vitro assays,
interactions between cells are poorly captured,;
5] distinguishing between statistical and bio-
logical significance is difficult; 6] extrapolating
from in vitro concentration to in vivo dose or
blood levels is not straightforward; 7] assess-
ing the effects of chronic exposure conditions
in vitro is not possible; 8] identifying when a
perturbation to a gene/pathway would lead to
an adverse effectin animals or humans remains
a challenge, and; 9] achieving routine regulato-
ry acceptance of the developed prediction mo-
dels is years away. Several of their cautions still
exist in 2022. Felter and her colleagues recent-
ly published the outcome of a Toxicology Forum
Workshop on Assessing Chemical Carcinoge-
nicity in which emphasis on the use of NAMs
was encouraged [9].

Systems toxicology leverages the tools of sys-
tems biology to characterize the physiological
and molecular perturbations associated with
biologically active substances or their metabo-
lites [10]. Systems toxicology provides a holistic
view of biological processes by using systems-
wide molecular measurements, commonly ter-
med “omics”, such as genomics, proteomics,
lipidomics, and metabolomics. Computing om-
ics data from different biological systems and
experimental conditions allow a better charac-
terization of the molecular interactions and net-
works and their roles in cellular processes. The
genome maintains the genetic code and the
epigenome controls when, where, and how
genes are expressed. The objective of genetic
and epigenetic toxicology is to determine and
predict potential hazards that directly interact
with the genome or can adversely affect gene
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expression by regulating the epigenome, res-
pectively, using computational predictions, bio-
logical assays, state-of-the-art “-omics” tech-
nologies, and quantitative risk assessment
tools.

The classical health risk assessment paradigm
relies on developing the toxicity profile for each
chemical in a mixture even in the case of com-
plex mixtures such as superfund sites, air pollu-
tion, or botanicals. However, humans are rarely
if ever exposed to a single chemical by a single
pathway but are exposed to mixtures, daily and
to different mixtures often by multiple routes of
exposure. Therefore, the classical chemical risk
assessment, based on individual chemicals,
does not represent the real-world human expo-
sure to mixtures of chemicals occurring at the
same or different times [11].

Furthermore, it has been demonstrated that
the combination of toxicities of individual com-
ponents of a chemical mixture is not always
additive and can result in variations of toxicity
depending on the interactions of the individual
component of the mixture and routes of expo-
sure [12]. One must keep in mind that when
assessing the toxicity of a mixture it is impor-
tant to test the null hypothesis of no interac-
tions. Only upon its rejection should the possi-
bility of synergistic interactions be considered.
An assessment of chemical mixtures should
represent all the available integrated scientific
evidence on their potential individual toxicities
[13] as well as the combined toxicity of the
mixture.

The toxicity of a chemical mixture may not
always be additive of the toxicity of the individ-
ual components of the mixture but may elicit
synergistic toxicity. For example, Hayes and col-
leagues [14] studied the effects of nine pesti-
cides individually and in combination on the
time to foreleg emergence and complete tail
resorption in Rana pipiens and concluded that
the mixture had a greater than additive effect
than that of the individual chemicals contained
in the mixture.

Risk assessment of botanicals

Archeological studies have shown that medici-
nal or herbal plants have been used since
antiquity (http://baike.baidu.com/view/14642-
63.htm). Extracts of natural products will vary
but will consist of a mixture of individual com-
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ponents, ranging from a few chemicals to sev-
eral hundred chemicals. Plants, although prom-
ising sources of new therapeutic agents or new
dietary ingredients are extremely challenging
from the standpoint of regulatory evaluation
because of their chemical diversity and com-
plexity. Identification of the active ingredient is
another major but separate issue.

Risk assessment of botanicals is a challenging
process because of the chemical complexity of
plants. Natural ingredients are complex mix-
tures that vary in composition due to variation
from differing growing conditions and geo-
graphical locations, different processing meth-
ods, and extractions from different parts of the
plant (e.g., leaves, roots, flowers, fruits, and
seeds).

Clemens et al [15] have discussed the uncer-
tainty of hazard identification and risk assess-
ments of palm oil and threats to a critically
important food source. Constable et al [16]
have presented an integrated approach to the
safety assessment of food additives. Hayes et
al [17] have discussed various approaches to
risk assessment of complex chemical mixtures
using new emerging technologies. Booth,
Kruger, Hayes, and Clemons [18] proposed an
innovative approach to the safety evaluation of
natural products using a Vaccinium macrocar-
pon Aiton leaf aqueous extract as a case study
by quantitating the individual chemicals in the
extract, evaluating each chemical against its
know toxicity, and establishing strict production
specifications.

An international roundtable meeting brought
together scientists to discuss the needs, avail-
able tools, and ongoing data gaps in the botani-
cal safety risk assessment process [19]. The
identified critical areas and data gaps include
better context on the history of use, systematic
assessment of the weight of evidence, use of in
silico approaches, the inclusion of threshold of
toxicological concern considerations, individual
substances/matrix interactions of plant con-
stituents, assessing botanical-drug interac-
tions and adaptations needed to apply to in
vitro and in vivo pharmacokinetic modeling of
botanical constituents.

Alternate animal models for risk assessment
of chemical mixtures

High cost and time-consuming evaluation of
animal testing for human health risk assess-
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ment have propelled the use of alternative ani-
mal models and emerging new technologies for
risk assessment. Zebrafish and the worm, Cae-
norhabditis elegans, are just two examples.
Zebrafish have been a useful alternate animal
model for toxicity testing [20]. Zebrafish embry-
0s have been used as an alternate animal
model for risk assessment of chemical mix-
tures [21]. Caenorhabditis elegans (C. Elegans)
is another alternate model that is being used
for the health risk assessment of chemical mix-
tures [22].

In vitro and in silico models for health risk as-
sessment of chemical mixtures

The OECD [23] supports the use of in vitro data
for risk assessment of chemical mixtures. New
in vitro, in silico, organs-on-a-chip, and 3D cell
culture models are being developed, validated,
and used as predictive toxicity screening [6,
24]. Quantitative modeling that uses systems
toxicology approaches can identify exposure-
induced cellular and molecular alterations that
would not be detected by standard toxicology
assays [17]. All these tools, however, must be
validated or at least be shown to be fit for pur-
pose for the indicated endpoint before they can
be successfully used for the risk assessment of
chemical mixtures [25, 26].

Estimation of combined toxicities of chemical
mixtures

A risk probability-based method for evaluation
of combined health risks of a chemical mixture
of aflatoxin B1 and microcystin LR was devel-
oped by Li et al [27]. This approach may be use-
ful for estimating the combined effects of che-
mical mixtures for human health by dietary
exposure. Other models have indicated that
the observed synergistic effects are due to
response addition or response multiplication
joint actions and that most synergistic joint
actions are non-interactive and are governed
by the dose-response relationship of the indi-
vidual toxicants [28].

The Online Chemical Modeling Environment
(OCHEM, http://ochem.eu) is a web-based plat-
form that provides tools for the automation of
typical steps necessary to create a predictive
QSAR/QSPR model. Until recently, the OCHEM
was limited to the processing of individual com-
pounds; however, the OCHEM has been extend-
ed with a new ability to store and model proper-
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ties of binary non-additive mixtures. Liess and
colleagues have provided an additional ap-
proach for the evaluation of the combined toxi-
cant effect as an R package and/or as an
Indicate model (http://www.systemecology.eu/
indicate/).

Safety assessment of natural complex sub-
stances

While many consumers assume that ‘natural’
ingredients are inherently safe, this is not nec-
essarily the case. Various reports have demon-
strated the adverse effects of exposure to nu-
merous natural ingredients [29]. These effects
include irritation, dermal sensitization, photo-
sensitization, and allergic reactions [1, 29].

The safe use of botanicals or other natural
ingredients is dependent on chemically charac-
terizing the composition of its constituents.
Various analytical methods are available to
identify constituents of complex mixtures in-
cluding high-performance liquid chromatogra-
phy, high-resolution mass spectrometry, ultra-
violet detection, and charged aerosol detection
[29]. The constituents and levels present need
to be identified and documented so that rea-
sonable product specifications can be esta-
blished.

Once the chemical composition of the product
is available, the safety assessment process is
similar to that described for synthetic ingredi-
ents [29]. This includes identifying hazards
(including those discussed above for synthetic
ingredients, as well as the potential for Type |
allergy at the site of contact), and defining con-
sumer exposure. Since many natural ingredi-
ents are complex mixtures and there are often
data gaps in the safety/toxicity information, the
Threshold of Toxicological Concern (TTC) [30]
has been used as part of the safety assess-
ment. A TTC of 10 pg per person per day of
botanical plant material, based on dry weight,
has been suggested to be sufficiently protec-
tive, but it should not be applied to concentrat-
ed extracts such as essential oils [31].

If there is not sufficient data to complete a
safety assessment on the whole extract, and
the estimated exposure exceeds the TTC, then
additional safety data needs to be collected.
Non-animal testing approaches can be con-
ducted to fill many such data gaps. This testing
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can be done on the extract or the individual
constituents.

Humans are exposed daily to numerous chemi-
cal mixtures. Risk assessments for regulatory
decisions typically evaluate the toxicity of the
individual chemicals in a mixture. Comparison
of the toxicity of even a simple chemical mix-
ture with that of its individual parts often shows
significant differences. In vitro, in silico, organs-
on-a-chip, and 3D cell culture models are exam-
ples of alternative approaches that have been
used to evaluate individual chemicals within a
mixture or the mixture.

Conclusion

The current chemical risk assessment para-
digm does not represent real-world human
exposure, making a risk assessment of chemi-
cal mixtures an even more complex process.
Recent advances in ‘omics’ technologies con-
tinue to provide useful data for hazard and risk
assessment of chemical mixtures. The new de-
veloping genomic and epigenomic technolo-
gies also show promise for human health risk
assessment. However, all these exciting experi-
mental models and tools must be validated, or
fit for the endpoint of interest, before they can
be used to support hazard and risk assess-
ments of chemical mixtures for regulatory
approval.
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