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Food colors
• An expanding industry
• Supporting many industries
• Relatively limited numbers of substances
• Synthetic and natural



https://gd-innovations.com/our-product-category/digital-supply-chain/

Complex regulatory requirements



http://thearticlebay.com/en-gb/article/109-
overall-information-on-food-additives

About 400 accepted and tightly 
controlled food additives in Europe

Those permitted 
before 20 January 
2009 are going 
through a new risk 
assessment by EFSA 
by the end of 2020.

https://foodlawlatest.com/2015/03/30/guidance-
document-describing-the-food-categories-of-
regulation-ec-no-13332008-on-food-additives/

E102-143
= artificial

colors



Karmaus et al. (2016) 
8,659 food-relevant chemicals 
• 3,888 direct additives 
• 4,771 were food contact 

substances or pesticides
Neltner et al. (2013a) 
• Less than 38% of FDA-regulated 

additives have a published 
feeding study

• 21.6% direct additives have 
feeding studies necessary to 
estimate a safe level of exposure 
and 6.7% have reproductive or 
developmental toxicity data in 
FDA’s database



https://www.special-education-degree.net/food-dyes/

Public concerns
whether justified or not

Cancer
ADHD / autism
Asthma
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“You too can be a 
toxicologist in two easy 
lessons, 
each of ten years.”

Arnold F. Lehman, FDA



Traditional
Toxicology

• Find lowest dose 
with effect

• Divide by 100
= safe for humans

It usually works, 
but if we had 12 fingers,
we would be 44% more safe…



Toxicology
$4 billion per 
year in vivo

$20 million
per pesticide
$5m for REACH
HPV chemical

About 
5 years

20kg needed

$1 million for
a cancer study



It is easy to scare with 
the presence of chemicals



Chemophobia
Rollini et al., Chemophobia: A systematic review
Tetrahedron 113, 2022, 132758



Philippus Aureolus Theophrastus 
Bombastus von Hohenheim, also known 
as Paracelsus
“The father of toxicology” ~500years ago



Synthetic chemicals are not more toxic than natural ones
A plant extract can have 
thousands of substances



Genotoxic: sugar
Genotoxic: salt

Protected against 
dioxin in eggs

Same calculation
for alcohol:
One glass per
345 years

Protected 
against minute 
amounts of 
pesticides

23 of 32 
tested coffee 
ingredients 
carcinogenic

Natural 
pesticides 
10,000x more, 
35 of 63 
carcinogenic

Some toxicology challenges for food



Despite various 
carcinogens, coffee 
drinking is actually 
reducing liver cancer



Cancer Risk Factors

Lung cancer follows smoking
With 20 years delay



Coke had to change recipe after 140 years
Caramel dye carcinogenic in rats at dose eqivalent to 8,500 

tins per day bacause of Delaney clause

Cancer animal 
tests are:
• 57% repro-

ducible (n=121)
• 57% concordant

between rat and 
mice

• Increase from 
50 to 200 
animals would 
lead to 92% pos. 
chemicals

Broad cancer 
testing would be a 
disaster!



Probably few carcinogens, but 
especially in the US too few checked!
Problem: Comprehensive assessment $5-20 million per substance



https://blackoutvapors.com/colored-vape-smoke-as-an-art-
form-its-fascinating/

Concern – use of food additives for vaping

• 2014: 7,700 flavors 
(+200/month)

• 75% contain diacyl, 
known to produce 
“popcorn lung”

• 85% sold through web 
mainly out of China



Toward the end 
of the cancer bioassay

“Application of this integrative approach 
reduces the use of animals in accordance 
with the 3R (reduce/refine/replace) 
principles and shifts resources to focus on 
generating more scientific mechanism-
based carcinogenicity assessments, while 
continuing to promote safe and ethical 
development of new pharmaceuticals.” 



EU: Some enforcement is coming



Interspecies prediction of cancer                      

Concordance 57%  



18-24 months
$1 million
4-600 animals
53% positive

Estimate human 5-20% positive

Animal test 
Cancer

Rudén C. Regul. Toxicol Pharmacol 2001; 34: 3-16.

29 trichloroethylene 
carcinogen risk 
assessments

4x “carcinogen”
19x “equivocal”
6x “non-carcinogen”



Testing multiple statistical hypotheses resulted in spurious associations: 
a study of astrological signs and health
PC Austin et al., J. Clin. Epid. 59, 964-969, 2006

In toxicology: 28d study è 40 endpoints,  cancer bioassay è 60 endpoints
two-generation study è 80 endpoints  





Autism & ADHD
• Developmental neurological problems
• Rising incidence
• Similar chemicals suspected



ADHD

Arnold et al., 
Neurotherapeutics 
2012, 9:599-609.

ADHD



The mistake of correlation ≠ causation is repeated 
in science and society again and again…

http://spnh.com.au/correlation-causation-and-context-in-the-
health-industry/
Wakefield et al. 1999. The Lancet 354:949-950.

MMR vaccination and autism



http://9gag.com/gag/a1YX5rw/the-real-cause-of-autism

We could show many spurious correlations as well….



Animal test:
$1.4 million

1,400 animals

200 chemicals tested:
No regulatory
consequence
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2005 2010 2015 2020

Test 
Readiness

DNT Reference 
Compounds

ISTNET Workshop 
Guidance Document

Expert Group on DNT

DNT from in vivo towards in vitro

STAR grant



Human cell and tissue culture

Primary cells of 
limited access, 
quality, and 
quantity
Tumor cell lines

Stem cells
&
Bioengineering

Microphysiological
Systems

Irreprodu-cell-bility

• Ca. 25% of cell lines misidentified
• 15-25% mycoplasma infected
• Genetic instability 
• Culture artifacts 



Lancaster et al., 2013

Brain Organoids

2016

Autism
COVID-19
Glioblastoma
….



Arch Toxicol 2021

DNT in human
brain organoids

Front Cell Neurosci 2020
Tox Appl Pharmacol 2018



6-in-1 BrainSphere assay 
to test Neurodevelopment

High content imaging
Toxicant/drug screening

CRISPR/CAS9

Mini- Brainbow
Neurons
Astrocytes
Oligodendrocytes

Reporter/
Fusion
proteins

Synapses
3D electrophys

Bal-Price et al., 2018a

Neuronal differentiation
Myelination

Neurite outgrowth
Synaptogenesis

Glia migration & Gliosis
Neural network (E-phys) 

Lena Smirnova



Oligodendrocytes (PLP-GFP)

Synapsis (Synaptophysin-BFP)

CRISPR/Cas9 Knock-Ins



Organoids enable Gene x Environment
CHD8 and chlorpyrifos functional synergy

Cotney et al. Nature Comm
2015

CHLORPYRIFOS

GxE

Functional and Molecular 
signatures

CHLORPYRIFOS-OXON

Lena Smirnova



Developmental 
Neurotoxicity of 
metal mixture

Lead

Arsenic

Cadmium

Chromium
Breanne Kincain
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Evolution of Cell Culture  -
high-tech & business opportunity

• Marx et al. 2016

Marx et al., Biology-inspired 
micro-physiological system 
approaches to solve the 
prediction dilemma of 
substance testing using 
animals. ALTEX 2016, 
33:272-321.

Marx et al., Biology-inspired 
microphysiological systems 
to advance medicines for 
patient benefit and animal 
welfare. ALTEX
2020, 37:365-
394 .

Science 16 Sep 2021



New Orleans 30 May-3 Jun ‘22
Hosts:  Suzie Fitzpatrick, FDA
Thomas Hartung, Hopkins
Don Ingber, Harvard

https://mpsworldsummit.com

52 organizations
34 Scientific Advisory Board
665 Registered (215 Online, 65 FDA)
26 Countries
142 speakers, 189 posters

$450k from NCATS
Forming the International MPS 
Society and Conference Series



2nd MPS World Summit: June 26-30th 2023

Lena 
Smirnova

Main Organizer

President
International
MPS Society



•Quality of cell 
model (GCCP)
•Quality of 

reporting (GIVReSt)
•Quality of results 

(validation)

ALTEX 2022, 39:30-70



Co-Chairs
Ana Navas-Acien, Weihsueh A. Chiu & 

Thomas Hartung

Call for a Human Exposome 
Project, in press



What is emerging that can help us?
Exposure science (high throughput and 

untargeted exposomics, remote 
sensing, citizen science …)

Technologies (~omics, high-throughput, MPS, A.I.)

Evidence Integration (Evidence-based Tox, IATA, Green Tox 
Investigative Tox, Mechanistic Validation, Probabilistic
Risk Assessment, Systems Toxicology, virtual
experiments…)



A.I. = Making big sense of

https://theamericangenius.com/editori
als/big-data-is-watching-you-some-
will-panic-others-will-rejoice/

Power of computers 
doubles every 2a

Power of AI doubles every 
3 months over last 10a

84% of all data produced 
last 6a

Natural language 
processing



Big data & A.I.

Internet
data

Legacy
data

Databases
High-content imaging

~omics 
technologies

Robotized 
testing

Sensors

LiteratureNovel tools 
Big Data for A.I.



https://sfmagazine.com/technotes/february-2019-wipo-u-s-and-
china-lead-the-world-in-ai-innovation/

9 most common toxicity tests
190,000 chemical’s hazard 
cross-validation:

87% correct

Tom Luechtefeld



Ongoing RASAR developments
79% (n=131) and 80% (n=375) accuracy in predicting 
HUMAN skin sensitization (Golden et al., ALTEX, 2020)

https://www.dreamstime.com/photos-images/
sky-limit.html

Accepted for Australian Industrial 
Chemical Legislation 2020

79% (n=131) and 80% (n=375) accuracy in predicting 
HUMAN skin sensitization (Golden et al., ALTEX, 2020)

38,250 predictions for 4,729 food-relevant substances
83% accurate (n=139) (Fu et al., 2022)

https://www.dreamstime.com/photos-images/


1215 of 4729 chemicals 
had use categories 

Substantial number 
of hazards



Small subset compared to 
literature findings:

83% correct



Ongoing RASAR developments
79% (n=131) and 80% (n=375) accuracy in predicting 
HUMAN skin sensitization (Golden et al., ALTEX, 2020)

https://www.dreamstime.com/photos-images/
sky-limit.html

Accepted for Australian Industrial 
Chemical Legislation 2020

79% (n=131) and 80% (n=375) accuracy in predicting 
HUMAN skin sensitization (Golden et al., ALTEX, 2020)

38,250 predictions for 4,729 food-relevant substances
83% accurate (n=139) (Fu et al., 2022)

79% (n=131) and 80% (n=375) accuracy in predicting 
HUMAN skin sensitization (Golden et al., ALTEX, 2020)

38,250 predictions for 4,729 food-relevant substances
83% accurate (n=139) (Fu et al., 2022)

Preliminary (Luechtefeld et al., in preparation):
Reproductive Tox 82% accurate (n=1152)
Carcinogenicity 75% accurate (n=950)
Androgen effect 98% accurate (n=8492)
Estrogen transactivation 80% accurate (n=1660)

79% (n=131) and 80% (n=375) accuracy in predicting 
HUMAN skin sensitization (Golden et al., ALTEX, 2020)

38,250 predictions for 4,729 food-relevant substances
83% accurate (n=139) (Fu et al., 2022)

Preliminary (Luechtefeld et al., in preparation):
Reproductive Tox 82% accurate (n=1152)
Carcinogenicity 75% accurate (n=950)
Androgen effect 98% accurate (n=8492)
Estrogen transactivation 80% accurate (n=1660)

EU ONTOX project ($20 million, 2021-2026) to expand 
to liver, kidney and developing brain

https://www.dreamstime.com/photos-images/


https://www.loopclosed.com.au/program_services/data_inte
gration_and_analysis.html

http://phd.dia.uniroma3.it/multi-source-
data-integration-with-humans-in-the-loop/

The challenge

Similar for
- Systematic reviews
-Risk assessments
- Integrated Testing Strategies



In vivitrosi

Aka Integrated 
Testing Strategies, 
IATA, Defined 
Approaches…

Arch Toxicol 2022



CAAT as ‘lubricant’ in these interactions



Almost 16,000 active learners

8500+ enrolled learners 7000+ enrolled learners

Massive Open Online 
Courses platform

Since 2018 Since 2019



The difficulty lies not in the new ideas, 

but in escaping from the old ones. 

JM Keynes 
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