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Reassessing Food Additive Safety: The Impact of
Combined Exposure and the Case for Policy Change
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ABSTRACT

Regulatory measures have traditionally determined the safety of food additives, with the regulatory aim of minimizing risks
presented by separate substances in the additive. Nonetheless, there is growing evidence that combinations of exposures
to more than one chemical are complex and cumulative, and such exposures cannot be adequately evaluated using existing
assessment protocols. This paper subjectively analyzes the governance landscape, and it seeks to identify gaps in exposure
evaluation, risk characterization, and the cross-jurisdiction harmonization. It uses the latest methodologies, such as adverse
outcome pathway and dietary exposome, to investigate how advances in science can improve the assessment of the safety
of additives. Case studies highlight specific susceptibilities among the kids and other at-risk groups, which call attention to
the necessity of precaution plans. The issues linked to harmonizing mechanistic, toxicological, and epidemiological data
in order to enable evidence-based decision-making are also discussed. On these bases, policy implications encourage the
adoption of the standards, transparent and harmonized frameworks of risk assessment compatible with combined exposure
condition scenarios. These measures need to be implemented to safeguard the health of people, enhance credibility to
regulations, and create a directive to industry activities. The work will be relevant to the emerging debate of food additive
safety in associating scientific evidence with policy change measures.
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INTRODUCTION

Food additives have been a backbone of modern food
production as they provide stability to a product, its sensory
appeal and shelf-life. Traditionally, regulatory systems
of the United States, Europe, and other territories have
aimed at assessing the safety of each additive identified
as toxicological testing, and exposure analysis (Maffini et
al., 2013; Neltner et al., 2011). Although many of the acute
risks have been mitigated with such strategies, mounting
evidence indicates that the additive and accumulative effect
of multiple additives has not been sufficiently considered,
which is suggested to pose certain health risks over the long
term (Cattaneo et al., 2023; Eskola et al., 2020).

There is growing awareness in the scientific literature
that the possibility of additive, synergistic, or even surprising
toxicological interactions due to combined exposure to
chemical mixtures exists, especially due to vulnerable groups
of children, pregnant women, the elderly among others
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of trade standards have added more complexity to the
scenario whereby regulatory regimes are expected to be
both scientifically rigorous and internationally harmonized
and market driven (Millstone, 2009; Ewers, 2000). These
problems emphasize the necessity of re-evaluating the
current safety assessment protocols design and elaborating
a strategy that combines the mechanistic, toxicological, and

(Trasande et al.,, 2018; Constable et al., 2017). However, this
is not enough since regulatory evaluations often exist within
a single-chemical mold and can potentially underrepresent
their environmental risks (Alger et al., 2013; Vinken et al.,
2020).

Moreover, the process of globalization and harmonization

epidemiological data.

The objective of the given article is to revise the level
of food additive safety with the presence of combined
exposure, review regulatory edges critically, and formulate
evidence-based improvements of the policy. It tries to inform
the best practices of the industry by synthesizing recent
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Reassessing Food Additive Safety

scientific findings with regulatory analysis aiming to inform
the protection of the public health (Maffini et al., 2011; de
Jong et al,, 2022).

HistoRricAL PersPECTIVE ON FooD
ADpDITIVE REGULATION

Food additives have attained widespread utilization in food
systems as additives to increase flavor, texture, appearance,
and the shelf-life. Regulatory control has also taken a
dramatic turn during the last century due to the safety of
these substances and to safeguard the health of people.
This paragraph looks at the chronical course of food additive
control, noting significant bills, scientific reviews, and other
non-resolved questions involving conciliation of safety
assessment structures.

Preliminary Regulatory Systems

Regulatory control of food additives in the United States and
Europe commenced in reaction to matters connected with
public health and the evidence arising on toxicity of chemical
plants. The first framework was given in the U.S. where in
1938, the Federal Food, Drug and Cosmetic Act (FFDCA)
required the safety assessment of food additives before
introducing them into the market (Montemarano, 1993). In
1958, the Delaney Clause was added, which stated that any
additive shown to cause cancer in humans or animals must
not have its usage (early form of precautionary principle in
regulatory thinking, Montemarano, 1993).

Likewise, Europe also came out with its own regulatory
body in terms of national food safety agencies and guidance
programs. Nonetheless, the initial regulation was not
harmonized; in other words, there were discrepancies in
the thresholds of safety and the assessment approaches
(Luetzow, 2003; Lin, 2013).

Risk Assessment Approaches Past Evolution
Initial evaluation of the food additives was largely based on

animal toxicology and overestimates of the margin of safety.
By the end of the 20th century, mechanistic toxicology,
exposure assessment, and probabilistic risk modelling were
getting integrated into scientific approaches (Brock et al.,
2003; Maffini et al., 2013). The regulatory bodies, like FDA
and EFSA, formulated systematic assessment structures,
which took into consideration acute and chronic exposure
(Alger et al., 2013).

The table above illustrates the progressive evolution
of regulatory oversight, highlighting key legislative and

scientific developments.

The Delaney Paradox and Regulatory Tensions
One instance of a long historical headache in the regulation
of historical issues has been the conflict between science,
precautionary policy and finance. In one particularly
striking case, the Delaney Clause, attempts to translate the
zero-risk principles into an actual food production reality,
usually created regulatory contradictions (Abbarami, 2004;
Montemarano, 1993; Millstone, 2009). Moreover, the process
of trade liberalization and globalization served as the source
of friction to have uniform standards in different jurisdictions,
and this conflict arose when international food standards
collided with domestic safety concerns (Ewers, 2000; Lin,
2013).

International Guidelines

International organizations like Codex Alimentarius
Commission and OECD have been formulating guidelines
to have a standardized procedure of risk evaluation and
exposure assessment to overcome these inconsistencies
(Luetzow, 2003; Brock et al., 2003). Notwithstanding all these
attempts, inequities still exist because of the variability
of the national legal systems, risk tolerance, and scientific
capacities. One of the modern ways of filling these gaps
is the development of dietary exposome assessments and
integrated safety evaluations (Eskola et al., 2020; de Jong et

Table 1: Key Historical Milestones in Food Additive Regulation

Year Regulatory Body Key Action Significance
1938 FDA (USA) FFDCA enacted First comprehensive pre-market
safety evaluation
1958 FDA (USA) Delaney Clause Prohibition of carcinogenic additives
1960s Various EU nations National safety guidelines Initiated European harmonization
efforts
1990 EFSA precursor bodies Exposure assessment Shift toward mechanistic risk
frameworks evaluation
2012 EFSA ANS Panel Guidance on submission for Standardized European safety
additive evaluation assessments
2020 EFSA & OECD Adverse Outcome Pathways Enhanced predictive toxicology tools
(AOP) integration
194 SAMRIDDHI : A Journal of Physical Sciences, Engineering and Technology, Volume 16, Issue 1 (2024)
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Table 2: Comparative Overview of Exposure Assessment Methods

Method Description Strengths Limitations Key References

Traditional Estimates exposure using Simple, widely Ignores variability, Brock et al., 2003;

deterministic average intake and additive  used worst-case scenarios  EFSA ANS, 2012
concentration

Probabilistic Uses distributions for intake  Captures Data-intensive Shah etal., 2017;
and concentration to assess  population Neltner et al., 2013
variability variability

Measures chemical levels in
biological matrices

Biomonitoring-based

Direct human
exposure data

Eskola et al., 2020;
Vinken et al., 2020

Expensive, invasive

Table 3. Key Data Gaps in Combined Exposure Assessment

Area of Concern Current Limitation

Implication for Safety

Toxicological Interaction

Data effects

Long-term Exposure Studies

Population-Specific Data
models

Cross-Chemical Interaction

Limited studies on cumulative/synergistic
Few lifetime dietary intake models
Insufficient child and prenatal exposure

Lack of validated mechanistic models for

Underestimation of risk

Incomplete evaluation of chronic
health impacts

Gaps in protection for vulnerable
populations

Difficulty in regulatory decision-making

Tools mixtures
Harmonized Global Fragmented approaches across jurisdictions  Regulatory inconsistency and trade
Standards conflicts

al., 2022). or additive toxicological effects (Cattaneo et al., 2023).

Data Holes and Ongoing Difficulties

Previously and to date, evaluations of chemical safety reveal
ongoing blank spots in chemical safety assessment, namely
with regard to both combined exposure and sensitive groups
like children (Neltner et al., 2013; Trasande et al., 2018). Most
regulatory systems established early in the regulatory
development process favored the single-chemical testing
paradigm, and this failed to adequately record the synergies
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Fig 1: Cumulative Risk from Combined Additive Exposure
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Moreover, the use of more intoxicated risk assessment tools
has also been complicated by political forces, resource
limitations, and the available knowledge on the science that
is subject to change (Maffini et al., 2011; Jovanovic, 2014).
To conclude, the historical development of regulation
of food additives depicts a slow transition of the reactive
and precaution-driven approach into more scientifically
evidenced, mechanistic and harmonized ones. Although
regulatory advances have enhanced protection of the
population against health risks, past experience serves as
a reminder that challenges still need to be met, such as
consideration of mixed exposures, compatibility of global
standards and integration of new approaches to the scientific
method. The comprehension of this history is very important
in giving the current policy deliberations and coming reform
efforts much needed context (Maffini et al., 2013; Cattaneo

etal.,, 2023; de Jong et al., 2022).

Risk AsSesSMENT METHODOLOGIES

Risk assessment plays a vital role in the determination of food
additive safety where the exposure of each chemical and
combination individually should present no substantial risk to
the health of consumers. Methods have been developed over
the years, moving beyond classical toxicological assessments,
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Frameworks for Advancing Combined Exposure Assessment
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Fig 2. Frameworks for Advancing Combined Exposure
Assessment

to much more integrated approaches reflecting multiple
exposure routes, sensitive groups, and cumulative effects
(Brock et al., 2003; EFSA ANS, 2012). The section discusses
the transformation, present and developing approaches to
the safety of food additives estimation, citing its strong and
weak points.

Risk Assessment Classic Methods

Traditionally, risk assessment was based on both a framework
of hazard identification and a dose-response assessment.
In this strategy, the toxicology endpoints of individual
chemicals are established, the no-observed-adverse-effect
level (NOAEL) is determined and safety or uncertainty factors
are used to derive acceptable daily intakes (ADI) (Brock et
al., 2003; Alger et al., 2013). Classical approaches tend to be
ineffective in the capture of the complexities of combined
exposures, low dose effects, or chemical interactions (Maffini
etal., 2013; Neltner et al., 2013).

Limitations
- Ignores synergistic or cumulative effects (Cattaneo et

al., 2023).

+ Relies heavily on animal models that may not fully
translate to human risk (Vinken et al., 2020).

- Often lacks consideration for sensitive populations, such
as children (Trasande et al., 2018).

Exposure Assessment Methods

Exposure assessment quantifies the magnitude, frequency,
and duration of human exposure to food additives.
Traditional methods use food consumption data, additive
concentrations, and standard body weights to estimate
exposure levels (Shah et al., 2017; Alger et al., 2013). Emerging
approaches, such as dietary-exposome assessment, integrate
broader chemical monitoring, biomarkers, and population
variability (Eskola et al., 2020).

The table above illustrates how risk assessors can
select methodologies depending on available data,

resources, and population focus.

Toxicological Assessment and Adverse
Outcome Pathways (AOPs)

Modern methodologies incorporate Adverse Outcome
Pathways (AOPs) to connect molecular-level effects with
organism- or population-level outcomes (Vinken et al., 2020).
This approach allows for a mechanistic understanding of
toxicity and can be combined with traditional toxicology to
better predict risks associated with chronic and combined
exposures.

Advantages

«Mechanistic insight into chemical interactions (Vinken
et al., 2020).

- Facilitatesintegration of in vitro, in vivo,and computational
data.

«  Supports predictive toxicology, reducing reliance on
animal testing (Alger et al., 2013).

Combined Exposure and Mixture Risk
Assessment
Assessing multiple chemicals simultaneously is critical,

Table 4. Selected Case Studies Illustrating Mixture Toxicity

Chemical Combination Population at Risk

Observed Outcome

Reference

Acrylamide + Other Genotoxic
Agents

General Population

Titanium Dioxide
(Nanoparticles) + Additives

Children, Adults

Emulsifiers + Food Colorants Children

Increased carcinogenic
potential

Inflammatory and genotoxic
effects

Gut microbiota disruption,

Claeys et al.,, 2016

Jovanovi¢, 2014

Shah et al., 2017

metabolic risks

Multi-additive Exposure in Diets Infants, Young

Children

Developmental and
neurobehavioral concerns

Constable et al,, 2017;
Trasande et al., 2018
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Table 5. Comparative Overview of Policy Recommendations for Food Additive Safety

Policy Area Current Challenges

Recommended Action

Supporting References

Inconsistent frameworks
across jurisdictions

Risk Assessment
Methodologies

Protection of Vulnerable Limited child-specific and

Groups developmental testing
Multi-Chemical Additives assessed in
Exposure isolation

Transparency & Data
Gaps

Insufficient public access to
data, incomplete testing

Develop harmonized
international standards for
additive safety assessment

Mandate early-life exposure
models and age-specific safety
margins

Implement cumulative and
synergistic risk assessment
approaches

Require disclosure of
toxicological data and close gaps

Brock et al. (2003); EFSA
ANS (2012); Alger et al.
(2013)

Trasande et al. (2018);
Constable et al. (2017);
Jovanovic¢ (2014)

de Jong et al. (2022);
Vinken et al. (2020); Eskola
et al. (2020)

Neltner et al. (2013);
Maffini et al. (2013)

in testing

Global Harmonization Conflicting standards due

to trade pressures

Promote Codex-led
harmonization and WTO-

Luetzow (2003); Ewers
(2000); Millstone (2009)

consistent risk assessment

Public Trust & Lack of consumer
Communication confidence in regulatory
decisions

Foster inclusive risk
communication and
participatory decision-making

Assmann (2013); Paradise
(2011)
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Fig 3: The graph above shows the differences in regulatory
thresholds for selected common food additives (e.g.,
emulsifiers, preservatives) between the U.S. FDA, EFSA, and
Codex Alimentarius over time.

as consumers are often exposed to mixtures of additives.
Cumulative risk assessment incorporates both additive and
interactive effects, using approaches such as the Hazard
Index (HI) and Relative Potency Factors (RPFs) (Cattaneo et
al., 2023; de Jong et al., 2022).

This methodology highlights vulnerable populations and
identifies chemical combinations of concern, guiding policy

and regulatory action.
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Approaches

Regulatory authorities such as the FDA and EFSA have come
up with guidelines to harmonize risk analysis procedures
(EFSA ANS, 2012; Maffini et al., 2011). A method of combining
exposure assessments, toxicology, and mixture analysis
permits comprehensive assessments (Constable et al., 2017;
Neltner et al., 2013). Newer systems recommend several levels
of risk assessment, beginning at the screening level, moving
to additional levels of detail when there is data-indication;
a practice termed tiered risk assessment (Brock et al., 2003;
Cattaneo et al., 2023).

Data problems and constraints

Even after the advances, risk assessment is a challenge:

Scanty toxicological information about most of the

additives (Neltner et al., 2013; Jovanovic, 2014).

Chronic, low-dose and mixture uncertainty (Eskola et

al., 2020).

Findings of linking or equalizing international standards

and methodologies (Luetzow, 2003; Lin, 2013).

To overcome such gaps, it is important to enhance
information sharing, computational modelling and
transdisciplinary collaborations.

The development of risk assessment approaches,
however, indicates relative strengths and weaknesses:
whereas single-chemical methodologies are still present in
the classical risk assessment, new approaches are integrated,
mechanistic, and mixture-based. Although classical methods
are a source of foundational knowledge regarding toxicology,
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100 Influence on Food Additive Regulatory Decisions

80

60

40

Proportion of Decisions (%)

20

Public Health Concerns
Trade/Economic Considerations

EU (EFSA)

0

us. (IFDA) WTO/(I:Ddex

Fig 4: The bar chart above illustrates the proportion of
food additive regulatory decisions influenced by public
health concerns versus trade/economic considerations,

comparing the U.S., EU, and WTO/Codex frameworks.

more contemporary approaches, including AOPs, dietary
exposome evaluation, and cumulative risk assessment display
additional predictive abilities and greater representation to
real-world exposures. Such practices of integrating these
methodologies will have to persist in the future to safeguard
the health sector and direct policy efficiently (Cattaneo etal.,

2023; Vinken et al., 2020; Maffini et al., 2011).

ComBINED ExPosSURE AND CHEMICAL
MIXTURES

The regulation of food safety has customarily been based
on the individual assessment of the risk level of individual
substances used in isolation. Nevertheless, in real-life
situations, consumers do not come into contact with a
single additive; instead, they are exposed to mixtures of
preservatives, colorants, emulsifiers, pesticides and
contaminants in various food products in their diet (Cattaneo
et al., 2023; Eskola et al., 2020). This fact invalidates the
classical toxicological paradigms because the effects could
be cumulative, additive or synergistic and, thus, increase
the risk at a higher level than that estimated in calculations
of the single-chemical risk. As recent reports highlight,
there is a significant need in the development of integrative
approaches to assessing combined exposures and their
possible effect on the population health (de Jong et al., 2022;
Vinken et al., 2020).

Conceptual Underpinnings of Combined
Exposition

The theory of combined exposure is the exposure to a
combination of chemicals at the same time or at sequential
timein the form of diet, environment, or consumer products.In
contrast to models involving exposure to only one substance,
combined exposure demands consideration of potentially
existing chemical interactions between the substances that

198
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can either lead to cumulative effects (summation of similar
mechanisms), synergistic effects (accelerations beyond the
additive expectations), or antagonistic effects (decreases in
overall toxicity) (Cattaneo et al., 2023).

In common safety systems, including that utilized by the
FDA and the EFSA, a priori consideration of mixture effects
has traditionally been missing, instead relying, in part, on
individual results and Acceptable Daily Intakes (ADI) (Maffini
et al,, 2013; Neltner et al., 2013). The discrepancy has led
to the question of underestimating the long- term risks in
populations that have a sustained dietary exposure.

Vulnerable Populations and Children at higher
risk

Among the most important issues of combined exposure,
one should refer to its unfair effect on vulnerable groups,
especially children, pregnant women, and those with
pre-existing health problems. Research findings confirm
that development can enhance predisposition to a variety
of chemical exposures because of imperfect metabolic
pathways and the impulses of rapid growth (Trasande et al.,
2018; Constable et al., 2017).

For example, emulsifiers and synthetic colorants, when
consumed together, may alter gut microbiota and disrupt
metabolic health in children, compounding risks beyond
the thresholds established for single substances (Shah et al.,
2017). This underscores the urgent need for refined safety
standards tailored to vulnerable populations.

Data Gaps and Limitations in Testing

Despite progress, toxicological data on mixtures remain
fragmented. Regulatory programs in the U.S. and Europe
often lack comprehensive testing strategies that address
chemical interactions (Neltner et al., 2013; Jovanovi¢, 2014).
Most toxicological studies are designed for single-compound
exposure models, creating significant uncertainty about the
safety of combined intakes over a lifetime.

Methodological Innovations in Assessing
Mixtures

To address these gaps, regulatory bodies and scientific
researchers are exploring new methodological tools.
The Adverse Outcome Pathway (AOP) framework offers
mechanistic insights into how different chemicals may
converge on shared toxicological outcomes (Vinken et al.,
2020). Similarly, the dietary exposome approach seeks to
capture the totality of chemical exposures through food over
time, providing a holistic risk perspective (Eskola et al., 2020).

The EFSA’s RACEMIC roadmap represents a
promising step in advancing mixture risk assess-
ment, encouraging integrated methods that com-
bine probabilistic modeling, exposure mapping,
and toxicological pathway analysis (de Jong et al.,

9
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Table 6: Comparative Overview of Key Regulatory Challenges and Public Health Implications of Food Additives

Challenge Industry Implication

Public Health Implication

Supporting Source

Divergent regulatory
standards (FDA vs. EFSA)

Self-regulation (GRAS)

Higher compliance costs,
complex approvals

Potential conflicts of
interest

Combined exposure risks  Need for reformulation

Market shifts to clean-
label products

Lack of consumer trust

Emerging contaminants  Product bans and recalls

(e.g., titanium dioxide)

Limited innovation in
additive development

Data gaps in longitudinal
studies

Inconsistent safety

Increased risk for children/
vulnerable groups

Improved awareness, but
consumer anxiety

Long-term exposure
uncertainties

Insufficient evidence on
chronic risks

Alger et al. (2013); EFSA

protections ANS (2012)
Data gaps in toxicity testing Neltner et al. (2011,
2013)

Trasande et al. (2018);
Cattaneo et al. (2023)

Millstone (2009);
Assmann (2013)

Jovanovic (2014);
Claeys et al. (2016)

Eskola et al. (2020);
Haighton et al. (2012)

2022).

Case Studies on Combined Exposure Risks

Empirical evidence continues to highlight the significance
of mixture toxicity. For instance, studies of acrylamide in
processed foods have demonstrated compounded risks
when consumed with other genotoxic substances (Claeys
et al., 2016). Similarly, evaluations of titanium dioxide
exposure underscore concerns about nanomaterials acting

synergistically with synthetic additives (Jovanovi¢, 2014).

Policy Relevance of Mixture Risk Assessment

Recognizing the risks of compound exposure has enormous
policy implications. It pressurizes the regulators to embrace
cumulative assessment approaches as opposed to substance-
by-substance assessment (Cattaneo et al., 2023; de Jong et
al., 2022). By including mixture models, it might be possible
to adjust regulatory levels; provide a greater degree of
protection to the population; and increase consumer trust
in food systems.

Also, standardization would eliminate trade conflicts and
create uniformity in the international food safety regulation
(Luetzow, 2003; Lin, 2013).

In aggregate, it is apparent that food additive safety
evaluation can no longer be measured by individual
chemicals. The fact of combined exposures requires
transition to compound risk assessment models which
consider the additive and synergistic effects and cumulative
exposures. High-risk groups, especially children, are still
disproportionately affected and thus stronger regulatory
reform is needed soon. Future strategies including the
mapping of the dietary exposome and AOP frameworks
need to be institutionalized across the U.S. and European
regulatory agencies to bridge important datasets and
standardize safety practises to reflect the current state of
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scientific evidence (Cattaneo et al., 2023; Vinken et al., 2020).

REGULATORY AND PolLicy
CHALLENGES

The governance of food additive safety remains fragmented
and inconsistent across jurisdictions, raising significant
challenges in protecting public health. Despite advances
in toxicology and risk assessment methodologies, existing
regulatory frameworks often lag behind scientific evidence,
particularly regarding combined exposures and chemical
mixtures. This section explores the major regulatory and
policy obstacles shaping the reassessment of food additive
safety, highlighting institutional gaps, global inconsistencies,
political influences, and the urgent need for harmonization.

Fragmentation of Regulatory Frameworks

Food additive regulation is largely decentralized, with
agencies such as the U.S. Food and Drug Administration (FDA)
and the European Food Safety Authority (EFSA) applying
different approaches to evaluation. While the FDA historically
relies on thresholds of toxicological concern and voluntary
industry notifications, EFSA follows more structured guidance
documents emphasizing cumulative exposure (Maffinietal.,
2011; EFSA ANS, 2012). However, neither system adequately
integrates real-world scenarios of multi-chemical exposure.
This fragmentation leads to discrepancies in permissible
levels of the same additives across regions, undermining
both public trust and international trade (Neltner et al., 2017;

Luetzow, 2003).

Gaps in Combined Exposure Assessment

A critical limitation in regulatory policy is the insufficient
attention given to combined or cumulative exposure.
Traditional safety assessments evaluate additives in isolation,
yet consumers are exposed daily to complex mixtures that
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Global Trends in Consumer Demand for Additive-Free and Clean-Label Products (2010-2024)
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Fig 5: Global Trends in Consumer Demand for Additive-
Free and Clean-Label Products (2010-2024)

may act additively or synergistically (Cattaneo et al., 2023; de
Jong et al., 2022). The failure to account for mixture toxicity
results in underestimated risks, especially for sensitive
groups such as children and pregnant women (Trasande et
al., 2018; Constable et al., 2017). Although EFSA has begun
developing frameworks for multi-chemical risk assessment,
implementation remains inconsistent, and the FDA has been
slower to adopt such approaches (Maffini et al., 2013; Neltner
etal., 2013).

Influence of Trade and Globalization

Food safety governance does not operate in isolation; it is
strongly influenced by international trade rules and global
market pressures. The World Trade Organization (WTO)
and Codex Alimentarius often promote harmonization of
standards to facilitate trade, but this can sometimes weaken
national precautionary approaches (Ewers, 2000; Millstone,
2009). For instance, regulatory reluctance to adopt stricter
additive bans often stems from concerns about creating trade
barriers. This tension between economic liberalization and
public health protection highlights the politicization of food

safety decisions (Lin, 2013; Assmann, 2013).

Politicization and Scientific Controversy

Another barrier arises from the entanglement of science
and politics in food safety lawmaking. Scientific evidence
is sometimes selectively emphasized or downplayed
depending on political and economic priorities (Millstone,
2009; Lin, 2013). Regulatory agencies often face accusations
of “regulatory capture,” where industry influence undermines
precautionary decision-making (Neltner et al., 2013; Maffini
& Vogel, n.d.). This undermines public confidence and
creates uncertainty about whether safety assessments
truly reflect independent science. Moreover, disputes over
methodologies such as acceptable daily intake levels or
reliance on animal studies further erode trust in the system
(Haighton et al., 2012; Claeys et al., 2016).

International Inconsistencies and

200
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Harmonization Barriers

Efforts to harmonize food safety standards across borders
face numerous obstacles. While Codex Alimentarius provides
reference points for international trade, enforcement and
adoption remain voluntary, leading to wide variations in
national regulations (Luetzow, 2003; Paradise, 2011). These
inconsistencies create loopholes in global food supply chains,
allowing additives banned in one jurisdiction to circulate
freely in another. The lack of harmonized approaches to
combined exposure risk assessments further exacerbates
these discrepancies, leaving global consumers unevenly
protected (de Jong et al., 2022; Eskola et al., 2020).

Data Gaps and Transparency Issues

One of the most persistent regulatory challenges is the lack
of comprehensive toxicity data for many additives already in
circulation. Numerous substances were approved decades
ago under outdated scientific paradigms, and toxicity
data remain incomplete or inaccessible due to proprietary
claims by manufacturers (Neltner et al., 2013; Jovanovig,
2014). Transparency issues including limited disclosure of
exposure assessments and industry-submitted data hinder
independent verification and public accountability (Maffini
et al., 2013; Brock et al., 2003). Without robust data sharing
and transparency reforms, regulatory agencies remain
constrained in reassessing additive safety effectively.

In sum, regulatory and policy challenges surrounding
food additive safety highlight the urgent need for structural
reforms. Fragmented frameworks, limited consideration of
combined exposure, trade-related pressures, and scientific
politicization all weaken the ability of regulators to safeguard
public health. Harmonization of global standards, increased
transparency, and the adoption of modern mixture-based
risk assessments are crucial steps toward building a more
trustworthy system (Cattaneo et al., 2023; de Jong et al,,
2022). Without such reforms, food additive governance risks
remaining reactive and inconsistent, perpetuating both

public health vulnerabilities and regulatory credibility gaps.

SciENTIFIC CONTROVERSIES AND
CRITIQUES

The safety of food additives is a scientific and policy area of
controversy. Even decades of regulatory regulations have
not eliminated major differences over methodologies and
toxicological thresholds and the overall implications of risk
governance. Such controversies indicate the shortcoming
of both the existing risk assessment paradigms, flaws in the
toxicological testing and reflect the conflicts between science
and politics in risk regulation decision-making.

Acceptable Threshold Assumptions and
Acceptable Daily Intake (ADI)

Another of the most persistent controversies is based on the
notion of thresholds of toxic effects and the determination of
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Values of Acceptable Daily Intake (ADIs). Basing toxicological
risk assessments Traditional toxicological risk assessments
frequently presume a risk-free level under which no harmful
impact is present (Brock et al., 2003). Nevertheless, those
opposed note that it is inadequate to assume principles
of cumulative or synergistic effects, especially endocrine-
disrupting chemicals (Haighton et al., 2012). The knowledge
that accumulated through adverse outcome pathways
frameworks calls into question whether linear thresholds
provide a reliable means to guarantee safety in a multi-
chemical exposure (Vinken et al., 2020).

Data Missing and Limitations on Toxicological
Testing

A frequent criticism relates to the fact that toxicological
testing has been found wanting and large gaps in data
exist. Researchers have indicated that most of the chemicals
allowed in food have not been thoroughly tested in terms
of toxicity, chronic effects, reproductive toxicity, and
developmental impact (Neltner et al., 2013). One area of
concern noted by Jovanovic (2014) is that some of the
most common additives, like titanium dioxide, have no
adequate public health regulations, which poses a question
regarding how strong precautionary measures are currently
working out. Lack of long-term research leaves instances of
vulnerable groups of people especially children at risk due to
a disproportionate exposure (Constable et al., 2017).

Politicization of Science and Regulatory
Decision-Making

Another controversy lies in the tension between scientific
evidence and political or economic pressures in shaping food
safety governance. Scholars have argued that regulatory
processes often become politicized, with science being
selectively interpreted or downplayed to support policy
decisions (Millstone, 2009; Lin, 2013). This dynamic is
particularly evident in global trade disputes, where food
safety standards intersect with economic interests, leading to
contested definitions of “sound science” (Ewers, 2000). Such
politicization undermines public trust and calls into question
the independence of risk evaluation bodies.

Risk Communication and Public Perception

Successful risk communication is another bone of contention.
Safety information about food additives can also be different
among the public and scientific community because
consumers tend to distrust official bodies and believe in
the industry influence (Assmann, 2013). The issue is that
the uncertainty should be reported in a way that does
not diminish the trust in the food systems. According to
researchers, the improvement of communication processes
in the risk assessment procedures and acknowledging the
limits of the data provided are crucial steps to restoring belief
(Maffini etal.,, 2011; Neltner et al., 2011). Nevertheless, it is still
a question as to how a careful balance between technicality
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and understandable discussion should be found.

Precautionary Principle/Innovation

One area that has drawn immense debate, is the convergence
of the precautionary principle in the policy of food safety.
There has been a tendency in European regulatory regimes
to focus on precautionary maximization, resulting in greater
restrictions on additives than those used in the United States
(Luetzow, 2003). According to proponents, precaution is
useful in the presence of uncertainty especially to vulnerable
groups; which are children in this case (Trasande et al.,
2018). The critics argue, however, that an overdependence
on precaution is potentially harmful to food innovation,
technology development, and cross-border trade (Paradise,
2011). This conflict demonstrates greater difficulties in
resolving differences brought up by the need to maintain a
proper balance between consumer protection and economic
growth.

To review, the issues of the safety of food additives have
shown how difficult it is to balance scientific data, control
systems, and values of society. The most controversial
arguments involve threshold assumptions, test inadequacies,
politicising, communication tactics and the influence
of precaution in policymaking. The best response to
these criticisms is a combination of toxicological and
epidemiological data, increased transparency and creation of
international regulatory harmonisation. Finally, it is important
to resolve these controversies to formulate strong, science-
based and socially acceptable food safety regulations.

RECOMMENDATIONS FOR PoLICcY AND
PRACTICE

Regulatory oversight of food additives has been plagued
by scientific uncertainty, and by a diffuse and decentralized
system of governance, as well as a lack of ability to redress
the effects of combined chemical exposures. Throughout
several decades of regulatory activity, the evidence exists
of continued data gaps, cross-methodology discrepancy,
and insufficient focus on vulnerable groups (Maffini et al.,
2013; Neltner et al., 2013). Such weaknesses form the basis of
justified well-organized policy reform and evidence-based
practice in ensuring that food additives are considered in the
most comprehensive, transparent and in respect with the
imperative of good public health. The subsections below lay
out a series of institutionally organized recommendations to
improve risk assessment structures, regulatory practice, and
confidence among the general population.

Unification of risk assessment models

One initial area of policy change should be to devise a
set of standardized risk assessment schemes to evaluate
food additive risk, especially in the setting of combined
exposure. Differences in the current methodologies used
by different jurisdictions produce a variation in regulatory
results (Brock et al., 2003; EFSA ANS, 2012). A scientifically-
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consensus-based harmonized approach would promote
consistency in exposure modeling, dose-response analysis
and in the application of safety factors (Alger et al., 2013).
Guidance on multi-chemical assessment is underway by the
European Food Safety Authority (EFSA) without however
being implemented in a uniform way (Cattaneo et al., 2023).
Through harmonized assessment procedures, regulators
manage to close the gaps in methodologies as well as enable
international cooperation.

Priority to Vulnerable Populations

Such policy frameworks should explicitly give a higher
priority to children, pregnant women, and persons with
impaired health status because they are disproportionately
atrisk of additive exposure (Trasande et al., 2018; Constable et
al., 2017). As anillustration, endocrine-disrupting additives are
cumulative and, therefore, present a greater risk of impairing
developmental health as opposed to adults (Neltner et al.,
2013). Age-specific models of dietary exposure, early-life
toxicity hypothesis testing and scenario-based analysis
specific to sensitive populations should thus become part
of risk assessment (Jovanovic, 2014). Setting of child and life-
stage-specific safety margins and dedicated testing would
provide greater protection across population levels.

Integrating Multi-Chemical Exposure in Risk
Models

Conventional regulatory frameworks typically assess
additives in isolation, disregarding the cumulative effects of
simultaneous exposure. This siloed approach underestimates
real-world risks, particularly given the complex chemical
mixtures in processed foods (de Jong et al., 2022; Eskola
et al., 2020). Advanced models incorporating cumulative
and synergistic effects, such as the adverse outcome
pathway framework (Vinken et al., 2020), are needed to
capture additive interactions. Furthermore, probabilistic
and exposome-based methods provide a more accurate
reflection of population-level risks (Cattaneo et al., 2023).
The roadmap for action proposed by EFSA (RACEMIC) offers

an emerging template for such multi-chemical assessments.

Enhancing Transparency and Data Accessibility

Poor transparency also presents a serious impediment to
food additive regulation, and little publicly available scientific
sources of toxicological information and heavy dependence
onindustry-funded studies are common (Neltner et al., 2013;
Maffini et al., 2013). Regulators are encouraged to require
open-access data sharing, peer-reviewed toxicity testing,
publicinvolvement during safety reviews. Regulations, which
enhance disclosure regulations, would assist in eradicating
lurking information gaps and reinstating confidence of the
population in food safety administration (Millstone, 2009).
It would also allow independent scientific challenge, which
would further instill accountability of the regulatory activities.
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Facilitating International Unification of
Standards

The food supply chain needs to be globalized and as such
calls more coordination between international and national
agencies. In the present scenario, inconsistent safety
standards are due to errors on the part of the U.S. Food
and Drug Administration (FDA), the EFSA, and the Codex
Alimentarius (Ewers, 2000; Luetzow, 2003). By conforming
national systems to the Codex standards, together with
criticisms concerning politicisation, (Lin, 2013; Millstone,
2009), trade would be achieved without undermining
consumer safety. Harmonization would not only decrease
regulatory fragmentation but will also lead to more trust
with internationally governed food.

Capacity Building to Assess the Risk with
Interdisciplinary Perspectives

Food additive safety necessitates the involvement of people
with cross-disciplinary skills, in the fields of toxicology,
epidemiology, exposure science, and regulatory policy
(Vinken et al., 2020; Brock et al., 2003). The policymakers
must invest in training programs, optimize interdisciplinary
working committees and encourage the practical integration
of advanced contemporary computational models of the
regulatory frameworks. The involvement of academia
and autonomous research-related organizations would
enhance the evidence and enhance innovation in assessment
techniques (Eskola et al., 2020).

Enhancing Community Action and Risk
Communications

Transparent, inclusive communication is also vital to
establishing trust in food safety governance, and one
that is dependent not only on scientific rigor but also
communication that is characterized by open, inclusive
communication (Assmann, 2013). The use of participatory
risk communication strategies by regulatory agencies,
(i.e. involving consumers, advocacy groups and industry
stakeholders in decision-making), should be embraced.
Transparency with respect to uncertainties, risk thresholds,
and measures to take precaution would promote legitimacy
and overcome the sense of political regulation being worked
out (Paradise, 2011). Such efforts could align governance
practices with broader public health objectives.

In sum, Reassessing food additive safety requires a
multi-pronged policy agenda that combines scientific
rigor with social accountability. Standardization of risk
frameworks, protection of vulnerable populations, and
integration of multi-chemical exposure models are critical
priorities (Cattaneo et al., 2023; de Jong et al., 2022). These
efforts must be complemented by transparency reforms,
global harmonization, capacity-building initiatives, and
improved risk communication (Neltner et al., 2013; Millstone,
2009). Taken together, these recommendations provide a
roadmap for evidence-based policy reform that strengthens
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public health protection while addressing the realities of a
globalized food system.

IMPLICATIONS FOR INDUSTRY AND
PusLic HEALTH

The re-evaluation of the safety of food additives, especially
of combined chemical exposures, has sweeping implications
on the industry practice as well as health protection of the
population. Although regulatory systems have traditionally
focused on the risks associated with a single substance, new
research is showing that exposures in the real world tend to be
more complex, dealing with combinations of additive agents
that may have cumulative or synergistic effects (Cattaneo
et al.,, 2023; Eskola et al., 2020). Such levels of complexity
are taxing in terms of food manufacturers, policy makers,
and health care professionals whose coordinated efforts
are necessary to guarantee consumer safety, transparency,
and trust in the food supply (Maffini et al., 2013; Neltner et
al., 2013).

This is discussed in the subsections below regard-
ing the cross-cutting effects on the food industry,
consumer behavior, regulatory standards and their
overall effects on population health.

Impact on Food Manufacturing and
Reformulation

There is a mounting pressure on food manufacturers to
reformulate food in alignment with more stringent safety
evaluations and consumer-requesters of product blatancy.
A literature review indicates that dietary exposures to
emulsifiers, colorants, and preservatives need to be
re-designed to remain safe over the long term (Shah et al.,
2017). Reformulation is very expensive but can also present
innovation opportunities via utilization of natural alternatives
and/or cleaner labels (Maffini & Vogel, n.d.). Nonetheless,
the industry has expressed its use of self-determined safety
judgments that have brought about issues of conflict of
interest and inadequate testing toward the cumulative effects
(Neltner et al., 2011).

Alignment and compliance to Regulations and
Industry Regulations

Stakeholders within the industry will be forced to comply with
a dynamic rule base in multiple jurisdictions. As an example,
EFSA has made progress in providing recommendations
in the area of cumulative risk assessment whereas the U.S.
FDA still resorts to Generally Recognized as Safe (GRAS)
determinations to a vast extent (EFSA ANS, 2012; Alger
et al., 2013). The inconsistency poses a problem to the
multinational companies as they have to strike the scale
between compliance on both sides of the border (Luetzow,
2003). Having a harmonized global framework would help
in the reduction of costs of complying with it and increased
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accountability (Lin, 2013).

Consumer Trust and Market Dynamics

Consumer awareness of food safety and additive risks
is increasingly influencing purchasing decisions. Public
controversies surrounding titanium dioxide and acrylamide
highlight the erosion of trust when risk communication
is unclear or inconsistent (Jovanovi¢, 2014; Claeys et al.,
2016). Transparent labeling and proactive communication
strategies are essential to restore confidence (Assmann,
2013). Furthermore, consumer-driven market shifts toward
“additive-free” and “organic” products are reshaping industry
practices, forcing companies to reconsider additive use in

response to reputational risks (Millstone, 2009).
X-axis: Years (2010-2024)

« Y-axis: % Market Share of Additive-Free Products
Data points showing steady rise in EU, U.S., and
Asia-Pacific regions.

+ Clear upward trend demonstrating consumer-

driven reformulation pressure.

Public Health Risks and Vulnerable Populations

Evidence increasingly suggests that children and other
vulnerable groups are disproportionately affected by
additive exposure due to higher relative intake levels and
developmental sensitivity (Trasande et al., 2018; Constable
et al.,, 2017). Cumulative exposures from multiple additives
may contribute to long-term healthrisks, including endocrine
disruption and metabolic disorders (Eskola et al., 2020).
The lack of robust longitudinal studies hampers precise
quantification of these risks, underlining the need for
precautionary policy measures (Haighton et al., 2012).

Data Gaps and the Need for Innovation in Risk
Assessment

Theidentification of significant data gaps in toxicity testing of
additives underscores the inadequacy of current evaluation
models (Neltner et al., 2013). Innovative methodologies, such
as Adverse Outcome Pathways (AOPs) and exposome-based
approaches, are critical for capturing cumulative and low-
dose effects (Vinken et al., 2020; de Jong et al., 2022). These
approaches demand greater collaboration between industry,
regulators, and academia to develop predictive, mechanistic,

and transparent tools for risk assessment

Opportunities for Cross-Sector Collaboration

Addressing the implications of combined exposure requires
collaborative governance involving regulators, industry
leaders, public health experts, and civil society. Ethical audits,
participatory risk assessments, and stronger international
partnerships can enhance transparency and legitimacy (Brock
et al., 2003; Paradise, 2011). By adopting proactive policies
and investing in
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safer alternatives, industries can position themselves as
leaders in food safety while contributing to public health
protection.

In sum, the implications of reassessing food additive
safety extend beyond regulatory compliance to reshape
manufacturing practices, consumer trust, and public health
outcomes. For industry, reformulation and innovation
present both challenges and opportunities, while for
public health, the stakes involve long-term protection of
vulnerable populations against cumulative risks. As emerging
methodologies and cross-sector collaborations gain traction,
the reassessment of additive safety offers a pathway toward
more sustainable, transparent, and health-centered food
systems (Cattaneo et al., 2023; Vinken et al., 2020).

CONCLUSION

The re-examination of food additive safety and especially
when related to multiple exposures points to the critical
need to include more comprehensive, scientifically-backed,
precautionary and regulating frameworks. The existing
systems work in isolation and tend to operate as if the
various additives are in isolation without considering the
effect of additions in the presence of multiple exposures
to different food types (Cattaneo et al., 2023; Eskola et al.,
2020). The consequence of such a methodological gap not
only has major implications to the area of public health but
it also relevance to how the food industry is to respond
to the changing environment of ever-varying regulatory
atmosphere, consumer demands as well as scientific
innovations (Maffini et al., 2013; Neltner et al., 2013).

The evidence points to the existence of disproportionate
risk to vulnerable populations, especially children, because
they have higher relative intakes and physiological
susceptibilities (Trasande et al., 2018; Constable et al., 2017).
Meanwhile, the examples of controversies that surround
substances like titanium dioxide or acrylamide demonstrate
the gaps in risk communication and the necessity of clarity in
the process of safety assessments (Jovanovic, 2014; Claeys et
al., 2016). Those characteristics compounded by the paucity
of data leading to low toxicity language testing, and the use
of self-regulatory apparatuses like GRAS in the U.S. continue
to erode trust in the current system of governance (Neltner
etal., 2011; Alger et al., 2013).

In an industry angle, the pressures built around product
reformulations, clean-label hunting, and novelty in line
with consumer requirements have emerged due to these
problems (Shah et al., 2017; Maffini & Vogel, n.d.). With
respect to regulators, modernization of approaches through
implementation of new tools like Adverse Outcome Pathways,
dietary exposome-based estimations, and cumulative risk
modeling to capture the actual situation of exposure (Vinken
et al., 2020; de Jong et al., 2022). The harmonization of FDA,
EFSA, and global organizations like Codex Alimentarius is
still essential in a bid to minimize the compliance costs thus
enhancing the global consumer protections (Luetzow, 2003;
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Lin, 2013).

Looking ahead, the re-evaluation of food additive safety
should not be confined to subsequent nuclear-goods-
to-wrongs administrative reforms, but should herald a
paradigm change to more connected, open and cross-sector
regulation. This will require cooperation among policy
writers, scientific experts, industry players, and civil societies
in co-designing standards to focus on not only safety but
also innovation as well (Brock et al., 2003; Paradise, 2011).
Protecting the world food system requires the integration of
precaution, scientific rigor, and engagement with the public
into regulatory processes to shift the food system toward
one that is safer, more trusted, and better aligned with the
long-term interests of the health of populations.

A recap is, re-evaluating the safety of food additives
with combined exposure in mind is not merely a technical
requirement; it is a matter of public health and one of ethical
duty. The way ahead must be harmonized by innovation
and transparency to make sure that food systems continue
to strengthen the industry but positively contribute to
consumer welfare in an ever more dynamic globalized
world(Millstone, 2009; Assmann, 2013).
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