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A B S T R A C T

The publication of unfounded health claims on small molecules in peer-reviewed scientific literature is a problem
that requires attention. It undermines the evidence-based decision making processes of modern-day society,
weakens the credibility of the scientific enterprise, and diverts resources to futile research efforts. In the present
essay we discuss some human and scientific causes behind the issue. We propose a number of actions to be taken
up by scientists, referees and publishers. One particularly important factor is the issue of enigmatic compound
behavior in biological assays. We therefore also introduce the idea of biological filters, a pattern recognition
method to triage enigmatic compounds into valuable hits and false positives, based on the entirety of their
biological effects in cell-based systems.

1. Introduction

A cornerstone of scientific reporting is providing the necessary
empirical data that supports or allows to reject a claim or hypothesis.
Synthetic organic chemistry papers generally do well in this respect,
since validation of a hypothesis is largely inherent to the work, e.g. the
isolation and/or spectroscopic characterization of crucial chemical
species to substantiate a proposed reaction mechanism or structure.

Unfortunately, chemists sometimes appear to abandon this evi-
dence-based path of reasoning when it comes to making statements
about the utility of their compounds as physiologically active agents.
Too often, and also in reputable journals, one is confronted with
statements such as “the activity of [our compounds] in [any single in
vitro test] underlines their promising potential as therapeutics for [any
disease] or as agents for maintaining [any aspect of health and well-
being].” Such claims should be substantiated by at least a minimal data
set on activity validation, selectivity and physicochemical properties.

The publication of these unfounded health claims on small mole-
cules in peer-reviewed literature poses a hazard to the scientific en-
terprise, society and the economy. Literature containing such claims is
fueling large amounts of futile research that consume valuable re-
sources. It moreover poisons the development of bona fide health
products, as it constitutes prior art that may prevent patentability.
Finally, legislative bodies [1] and consumers [2] rely on science for an
evidence-based valuation of nutritional and physiological claims

regarding substances and health foods, and for the rejection of
quackery. In the following paragraphs we want to highlight some of the
human and scientific factors at the origin of the issue, and suggest re-
levant corrective and preventive actions.

2. Unfounded health claims: a multifactorial issue

A good share of unsubstantiated health claims seems to concentrate
on particular classes of compounds, which often have a highly enig-
matic biological activity profile. Many of these compounds have been
flagged and fall under the definition of invalid metabolic panacea
(IMPs) [3] or pan assay interference inhibitors (PAINS) [4]. Despite
numerous warnings in high-profile journals, new papers on such com-
pounds appear on a daily basis. Case in point, the problem of unfounded
health claims started to vex us while repeatedly encountering certain
polyphenols, e.g. epigallocatechin gallate 1, in different projects and
biological contexts (Chart 1) [5–7]. Other usual suspects are for ex-
ample curcumin 2 and many rhodanines 3 [8]. These molecules are
known covalent modifiers, membrane disruptors, and/or metal com-
plexers. They perturb normal protein function in nonspecific and non-
druglike ways. Polyphenols, curcumin and rhodanines, amongst other
enigmatic molecules, are moreover plagued by poor solubility and
bioavailability. This all has resulted in the publication of numerous
incorrect health claims by non-critical observers. The ready synthetic
accessibility of many of these compound families has moreover led to
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an overwhelming body of– in the vast majority of cases – futile struc-
ture-activity explorations and (pre)clinical work [9,10]. In spite of all
the warnings, why is a good percentage of the literature alerts in our
mail box still dealing with flagged molecules? Scientists are shaped by
their culture and society as much as any other human being, which may
bring about irrational expectations or beliefs in the virtues of certain
chemicals. Many of the literature compounds with an unsubstantiated
activity profile are indeed natural products which have been used in
traditional healing practices, or as herbs and spices, for over centuries.
It may be hard for researchers to maintain a critical distance to topics of
such intense culturally-driven interest. The magnitude of the impact of
this phenomenon in chemistry deserves further investigation [11–13].

Unfounded health claims are not limited to enigmatic compounds
alone. The present system of scientific recognition, in bolder terms the
maxim ‘publish or perish’, also is an important driver of precarious
activity claims [14]. If after a hard and lengthy study researchers have
to conclude that their new compounds or methodology lack sufficient
impact to be publishable on their own right, a rescue mechanism often –
and regrettably – kicks in where any hint of biological activity is used to
safeguard publication potential. It becomes especially dangerous when
chemists themselves – in search of rapid positive biological data – cross
into the area of biology and reproduce literature protocols of ‘simple’
experiments (e.g. antioxidant activity) with little or no context pro-
vided by specialists [15–18].

A related issue is insufficient insight into the multitude of aspects
that make up medicinal chemistry and preclinical compound develop-
ment [19]. Proper compound characterization and validation include
counter screens, physicochemical and pharmacokinetic profiling and a
view on selectivity, SAR and room for chemical optimization. Lack of
appreciation of these aspects leads to reports claiming, for example,
promising anticancer effects for a compound based on mere cytotoxicity
data in a cancer cell line, biological effects at physiologically irrelevant
concentrations at which compounds are invariably promiscuous, or
blind focus on only the most active compound in a screen.

Target validation constitutes an additional order of complexity that
is often underappreciated [20]. Too often compounds are attributed
health claims based on affinity for improperly validated targets. A
common issue is a lack of evidence that target engagement produces a
meaningful therapeutic effect. It is, for example, striking how popular
antioxidant activity still is in certain layers of the literature, while
clinical support for antioxidant intake beyond normal dietary habits as
preventative therapy is lacking, and may even be detrimental in some
settings [21–24].

3. Improving the state of the literature

Installing much-needed additional scientific rigor regarding health
claims will require considerable attention of all parties involved: re-
searchers, publishers and referees. Many unfounded claims can be
traced back to hiatuses in the training of chemists or lack of experience
in the field. Additional insight in the black art of medicinal chemistry

and superior appreciation of the philosophy of science and scientific
reporting are needed. Chemists must always seek aid from relevant
specialists to generate and interpret data on matters outside their area
of expertise. They should not give in to the pressure of publishing
premature or only positive results and must keep pushing for a greater
appreciation of quality rather than quantity from their host institutions,
granting bodies and the community as a whole [14].

Journals should implement stricter criteria for the acceptance of
biological activity data, just as they now nearly all do for confirmation
of purity and structure. The availability of orthogonal activity data
should be standard. Some journals have already adopted a rigorous
policy regarding the examination of actives against known classes of
problematic compounds, in particular for the classical PAINS [25]. Such
analyses should become universal. We also call for criteria regarding
the choice of wording when it comes to describing compounds (e.g.
bioactives, tools, hits, leads, active pharmaceutical ingredient versus
drug) and effects (e.g. biochemical, biological, functional, therapeutic
effects). Publishers should provide checklists of required data before
certain terms can be used. Multidisciplinary findings should only be
accepted when backed by a multidisciplinary authorship and after peer
review by a multidisciplinary panel of referees.

The above only addresses a number of human factors in the pro-
liferation of unfounded health claims. There is, however, also an urgent
need for better a fundamental understanding of the activity profile of
particular chemical families, which cannot be considered PAINS or
IMPs but have an apparent enigmatic behavior that leaves medicinal
chemists in doubt and discord [26,27]. Clearer insights would enable
the construction of better guidelines and tools to prevent scientists,
publishers and reviewers from getting lured into reporting unfounded
activity claims on false positives, and from rejecting ‘false false posi-
tives’.

Current filtering tools are mostly focused on eliminating such
compounds by use of chemical descriptors. However, these approaches
remain too much of a black box when used stand-alone. Apart from a
limited number of structural motifs such as quinones, most medicinal
chemists will agree that there is a long list of substructure alerts that are
not more effective than random chance in identifying a problematic
structure [28]. The relevance of structural flags is also context-depen-
dent. Many filters might for example not have let pass the peroxide
bridge in the artemisinins 4 (see Chart 2), the polyphenolic scaffold of
CDK9 kinase inhibitor flavopiridol 5 or the enone function in several
third-generation epidermal growth factor receptor tyrosine kinase in-
hibitors such as osimertinib 6 [29,30]. Also, certain toxic substructures
are tolerable in e.g. acute malignancies but not in a milder, chronic
setting. Others have adapted screening protocols, such as running bio-
chemical screens in the presence and absence of detergent to detect
irrelevant inhibition caused by compound aggregation [26]. Here too,
however, no definitive list of permanent aggregators could be compiled
for curating libraries or triaging HTS hits because aggregation phe-
nomena proved highly assay- and condition-dependent.

How can filter methods then be improved to avoid ‘false false

Chart 1. Examples of enigmatic compounds and classes with problematic activity profiles, giving rise to unsubstantiated health claims.
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positives’? The most direct way of assessing bona fide activity of a
compound is by running a significant number of orthogonal assays
using different readouts and systems. This is impractical for most aca-
demic labs and too costly for large screening libraries, if enough or-
thogonal set-ups for assessing a particular phenomenon can be devel-
oped in the first place. Beall et al. have recently [4] called for a similar
but more collective effort concerning the screening of all relevant
PAINS structures against multiple targets in multiple assays. In essence,
however, use of the data coming forth from such exercises will still
require extrapolation to other assays and from biochemical set-ups to
cell-based systems or in vivo models.

4. Introducing a new concept: biology-based holistic filters

We call for the development of an additional, conceptually different
approach in which biological filters are used to triage compounds based
on the entirety of their biological effects in complex (i.e. cell-based)
systems rather than in isolated models. Such holistic filters will re-
cognize patterns of direct interaction targets and biological con-
sequences that are indicative of a particular problematic behavior
(Scheme 1). Pattern recognition can be developed for any undesired
profile, ranging from non-specific PAINS behaviors to true poly-
pharmacology or non-tolerable activities. The proposed approach re-
lates to the aforementioned strategies much like phenotypic screening
relates to target-based methods: compounds are evaluated in a cell-
based (or higher-complexity) model that simultaneously probes for a
multitude of biological and physicochemical effects in a model with
relevance to the in vivo setting, rather than in isolated biochemical
systems. Compared to chemical filters, which are in essence the out-
come of a structure-property/activity relationship, the suggested
biology-based filters are solely based on the observed properties/ac-
tivities themselves and thus eliminate the need for correlating biology
with chemistry.

To generate the necessary data for pattern recognition, we will
profile sets of compounds with undesirable behavior (e.g. sets of che-
lators, redox active compounds, membrane perturbers, frequent hitters,
hitters of hERG and other non-tolerable activities) and controls in re-
levant cell systems using a range of proteomics and transcriptomics
techniques. Bioinformatics tools will then be used to deduce signature

patterns for each set. Essential in these exercises will be the careful
compilation of a manageable range of cell systems that ensures a
comprehensive coverage of the relevant biological context that is to be
the domain of applicability of the filter (e.g. cancer, inflammation, etc.).
We are gathering preliminary data for a proof-of-concept of the pro-
posed biological filters, with current focus on secondary metabolites in
cancer. We hope to disclose our initial findings in the near future.

The suggested strategy is not without its challenges. Generating the
data necessary to develop the proposed filters is a considerable task, but
the same is true for structure-based approaches proposed by others.
Similar efforts have moreover been successful in other domains – such
as the Connectivity Map (CMap) of the NIH LINCS consortium [31] –
thus proving the feasibility of the concept. Data of the CMap might even
be suitable for the training or external validation of the recognition
maps of the biological filters. Cost and accessibility of RNA sequencing
and proteomics analyses may be regarded as an issue. However, other
approaches require extensive biochemical profiling in sporadically used
assays (e.g. individual aggregation, perturbation and binding assays).
Most universities and research institutions nowadays have access to
transcriptomics and proteomics core facilities which run the necessary
analyses on a routine basis. Prices for sequencing and MS-based pro-
teomics have also dropped sharply over the last years, which makes the
strategy economically competitive [32]. It is moreover reasonable to
expect that groups working on therapeutics for a particular disease area
will have access to an elementary panel of relevant cell systems for that
field of application.

5. Conclusions

Our proposed biology-based filters would enable an unbiased and
unambiguous recognition of ‘ugly’ parts of chemical space for a parti-
cular application context. Complementing this strategy with structure-
based triage would result in an even more powerful consensus-based
approach. In combination with the proposed actions to tackle the
human factors in the story, we hope to have provided a number of ef-
fective strategies to help clear the literature from poor ‘hit’ molecules
and unfounded activity claims, or at least to have stimulated the sci-
entific debate on the need to do so.

Chart 2. Bona fide inhibitors and drugs containing flagged substructures.

Scheme 1. Development and application of a biology-based holistic filter for a particular undesired profile of interest (e.g. membrane perturbation).
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