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The sum total of life course exposures creates an exposome that has a signiﬁcant impact
on age-related health. Understanding the interplay between exposome factors and the
(epi) genome, offers pertinent insights into the ageing process and its relationship with
the accumulation of allostatic load. We propose to exploit this to develop a biomimetic
approach that will provide insight into how evolution through natural selection in other
species has solved many age related human health issues. In particular, we will emphasise the need to reconnect a more mechanistic approach to medical science with a
broader natural sciences approach, using biomimetics to mitigate the global burden of
age related ill health. In particular, we will discuss how such an approach indicates leverage of the activities of the Nrf 2 gene to enhance health span via reintroduction of the
classical ‘Food as Medicine’ concept, including modulation of the microbiome and the
creation of more salutogenic and biophilic environments. Additionally, we will discuss
how this approach integrates with novel and developing senotherapies.
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There has been a slow response to adapt to a tsunami of non-communicable disease in the ageing
global population. This ‘diseasome of ageing’ [1,2] reﬂects a range of ‘burden of lifestyle’ related conditions, such as cancer, chronic kidney disease, type-2 diabetes, arteriosclerosis, Alzheimer’s disease,
non-alcoholic steatohepatitis and osteoporosis. Pre-Covid, the economic burden on health care
systems was calculated at $47 trillion over the period 2010–2030 [3]. This ﬁgure is expected to grow
signiﬁcantly in the post-Covid decades and to disproportionately affect low- and middle-income countries and those at lower socio-economic position in high-income countries; hence earlier intervention
is critical.
In mammals, the diseasome of ageing is typiﬁed by a common underlying dysregulated ageing
process per se, accompanied by low-grade persistent inﬂammation, mitochondrial dysfunction, phosphate toxicity, systemic diminished Nrf2 expression and altered gut microbiome diversity [4]. In turn,
these are inﬂuenced by an interplay between the (epi)genome and individual components of the exposome, deﬁned as the sum of all environmental exposures across the life course [5]. This entails interplay between the (epi)genome and both biotic and abiotic factors, such as socio-economic position,
psychology, nutrition, lifestyle and geo-physical environment, all of which can accelerate ageing processes and engender early onset of age-related morbidities [6]. The mechanistic basis for this is not
well deﬁned, but does involve cortisol mediated stress responses, elevated inﬂammatory and oxidative
burden and altered mitochondrial biogenesis.
The importance of the exposome to age-related health can be gauged from the observation that
only three basic exposome factors, comprising air pollution, tobacco smoke and diet, account for
∼50% of global deaths [7]. This review will explore how the exposome interplays with the molecular
and cellular biology of ageing. Critically, it will emphasise and demonstrate how this requires a cross
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disciplinary approach to mitigate exposome stress and how features of the exposome can be modulated to
improve health span. As such, this will highlight a renaissance of a more holistic natural sciences approach,
using biomimetics to mitigate ill health, while underpinning it with solid mechanistic science.

The biology of ageing
The phenotype of ageing can be hallmarked with a series of features that are common across taxa [8], including
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, dysregulated nutrient-sensing,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion and altered intercellular communication.
In mammals, these are layered upon diminished expression of Nrf2, a chronic low level inﬂammatory burden
termed ‘inﬂammageing’, de-repression of genomic retrotransposons and altered composition of the gut microbiota [2,9,10].
The consequences of ageing result in a loss of physical and physiological capability over time. The rate of
loss varies between individuals, between tissues and organs with in the same individual and between different
stages of the life course. Ageing is subject to antagonistic pleiotropy [11] and as such its effects on physical and
physiological capability can be mitigated differentially. Whether these hallmarks of ageing function independently, cumulatively or synergistically with exposome factors, remains to be understood [12]. The hallmarks of
ageing are cellular and molecular features that reﬂect the burden of ‘wear and tear’ accumulated over time. As
such, they are a measure of allostatic (over)load at a cellular and molecular level and from this perspective of
systemic burden, a better handle on age-related physical and physiological capability might be gleaned, both in
the context of normative ageing and in disease. To do so, it is informative to explore individual aspects of the
exposome for their capacity to inﬂuence ageing and how these might be exploited to mitigate decline in health
span (i.e. years of healthy living).

Allostatic measures of ageing
Allostatic load is a subclinical description of overall health, based on a range of measures across different biological systems. First described to account for the increased burden of biological ‘wear and tear’ arising from
differential activation of the Hypothalmic Pituitary Adrenal (HPA) axis in response to exposome stresses [13],
it has been adapted to describe how exposome factors predispose and contribute to loss of normative physiological function with age [14,15]. As such, allostatic (over)load has been ascribed as a systemic factor within the
diseasome of ageing [12]. In essence, it reﬂects the loss of adaptative homeostasis in the later stages of the life
course and with age-related disease. This concept can also be extrapolated to systemic ‘wear and tear’ at a cellular and molecular level and be used as an indicator of when and where normative physiological function can be
lost. For example, when applied to renal allografts it can be identiﬁed at a transcriptional level. Grafts exhibiting
a failure to work immediately after transplantation (i.e. delayed graft function (DGF)) fail to achieve transcriptional homeostasis in a key IFN gamma regulatory network as a result to transplantation stress upon meeting
the immune system of the recipient. Typically, these transcripts show a one order of magnitude greater change
in transcriptional amplitude when exposed to the recipient immune system and fail to start working. Grafts
showing immediate graft function, however, show reduced amplitude of transcriptional change and restore
transcriptional homeostasis more quickly. Notably, their respective gene promoters are hypomethylated in
organs showing DGF, indicating that their epigenetic regulation is dysregulated and that their responses to
exposome stressors, such as the recipient immune system, will be aberrant [15].

Methylation clocks
Epigenetic measures of allostatic (over)load can be found in a range of models that estimate biological age based
on DNA methylation markers [16,17]. These DNA methylation (DNAm clocks) show strong correlation between
DNAm levels and chronological age and can give a robust indication of the likelihood of mortality [18,19],
though they have an inherent degree of overﬁt. Second generation DNAm clocks, which include PhenoAge and
GrimAge [20,21] have been improved compared with the ﬁrst generation models, by using a composite estimate
of biological age based on a range of biochemical parameters as a target, not solely chronological age. While these
accurately demonstrate an acceleration in biological age in disease, they often fall short in estimating normative
physiological function (e.g. renal function) as a consequence of a lack of a ‘gold standard’ determination of what
actually constitutes normative ageing. Additionally, they fail to account for the inﬂuence of the microbiome,
microbial metabolites and nutrition among other exposome factors in the context of adaptive homeostasis at differing life course stages. They are, however, highly successful in demonstrating disconnection between
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chronological age and loss of physiological function in disease, and hence when excessive allostatic load has been
accumulated and interventions might be required to maintain or restore physiological homeostasis. It remains to
be determined how these clocks are mechanistically distinct from cellular ageing and how this is inﬂuenced by
cell type and life stage. Notably, DNAm clocks can be used to provide insight into exceptionally long lived mammalian species [22]. Coupling such insights with an understanding of species and organ speciﬁc metabolomics
should provide superior understanding of how differing exposomes affect longevity and health span [23,24].

Modulation of Nrf2 activity by the exposome
The inﬂammatory burden of ageing and the diminished capacity of Nrf2 within the diseasome of ageing, offers
an exciting route to tackling a wide range of age-related morbidities and is centred around nutrition, a proven
exposome factor inﬂuencing age-related health. The recent global burden of disease study [7] has shown that
poor dietary habits accounted for 22% of global deaths and were a stronger risk factor than other risks, including tobacco smoking.
The rationale for targeting Nrf2 to improve health span is based on the following. A common feature of animals
living under extreme environmental pressure is an enhanced capacity for Nrf2 expression, resulting from convergent evolution to cope with primordial atmospheric oxygen toxicity [2,25]. The Nrf2–Keap 1 system acts as a
molecular dimmer switch and regulates over >350 cytoprotective genes in numerous aquatic and terrestrial species,
to combat elevated levels of physiological oxidative stress associated with the extremes of their lifestyle and environmental niche, including heat stress and dehydration. Naked mole rats, for example, have proven of particular interest, as they defy Gompertzian law, being extremely long-lived (over >30 years lifespan vs. 2–3 years typical of other
rodents), have increased Nrf2 expression and are resistant to cardiovascular disease and cancer [2]. Similarly bats,
which live as much as four times longer than similar-sized animals [26,27], exploit Nrf2 to mitigate the effects of
the diseasome of ageing [22,28].
The Nrf2/Keap 1 signalling pathway enables an adaptive homeostatic response to both external exposome
stressors (e.g. temperature, oxygen levels, nutrition) and internal metabolic stressors (e.g. redox stress). The
mechanistic basis for the salutogenic effects of Nrf2 revolves around its ability to bind and activate the antioxidant response elements of a host of cytoprotective genes and to facilitate maintenance of proteostasis, mitigate
inﬂammatory burden and facilitate mitochondrial biogenesis (Figure 1). Upon exposure to a stressor, Keap1
which acts as a molecular rheostat for this signalling pathway, dissassociates from Nrf2 facilitating its nuclear
translocation and subsequent triggering of cytoprotective responses. Additionally, Nrf2 interplays with nuclear
factor (NF)-κB to modulate stress-related inﬂammation [2]. Consequently, the diminution of Nrf2 expression
with increasing chronological age in mammals and the associated inﬂammageing, reﬂects an increase in allostatic load [25] and an inability to restore physiological homeostasis appropriately [15]. In the context of normative ageing, this is exempliﬁed by renal allografts (as a source of healthy tissue) failing to work immediately
following transplant, due to an inability to restore transcriptional homeostasis and associated physiological
function as a consequence of elevated biological age [15].
The Nrf2–Keap 1 system is accessible and amenable to therapeutic intervention via a range of synthetic and
natural agents [29], including bioactive nutrients. In particular, phenolic acids acquired from dietary intake of
fruit and vegetables, are catabolised by gut microbes to generate alkyl-catechols, natural Nrf2 agonists.
Critically, these microbes are not well supported by the Western diet [30]. Some speciﬁc foods, such as fructose
that is ingested or endogenously produced, might have direct roles in ageing by both stimulating mitochondrial
oxidative stress [31] while inhibiting Nrf2 [32,33]. Indeed, animals lacking the ability to metabolise fructose via
the fructokinase pathway appear to be protected from aging-associated hypertension and kidney disease [34].
As a consequence, the Western diet that is rich in both calories and added sugars, results in a diminution of
physiological resilience with age. Novel preventive treatment strategies for human diseases of ageing may thus
re-utilise the classical Hippocratic concept of ‘food as medicine’ [35]. This also has relevance for protection
against exposome related conditions linked to heat stress and air pollution-mediated disease, as Nrf2 plays a
role in their mitigation via down-regulation of inﬂammatory pathways and particulate matter induced cardiovascular diseases and atherosclerosis [36]. Enhanced consumption of natural Nrf2 agonists, such as resveratrol,
ﬂavanoids, cinnamaldehyde, lycopene, curcumin, and sulforaphane, have already shown good effect in treating
a number of diseases of ageing. Notably, Fisetin and Quercetin have both been demonstrated to be natural
senolytics that improve both health span and lifespan in pre-clinical models [37].
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Figure 1. How changes in the exposome are mediated by the action of Nrf2.
Exposome stress, either external (e.g. environmental and psycho-social), or internal (e.g. redox imbalance, hypoxia, uraemic
toxins), results in disassociation of Keap1 from Nrf2. Nrf 2 then translocase to the nucleus, binds to the AREs of cytoprotective
genes and inhibits NFkB mediated inﬂammatory responses, enables maintenance of the Proteosome and enhances
mitochondrial activity. Consequently, these actions result in geroprotection through facilitation of adaptive homeostasis in the
face of the exposome stress.

The gut microbiota
The dietary exposome also has a signiﬁcant impact on the maintenance of the diversity of the gut microbiome,
which cannot be underestimated with respect to health span. As the composition and individuality of the gut
microbiota changes with increasing chronological age [1] changes in the levels of microbial metabolites have
been proposed to affect both ‘inﬂammageing’ and health span [38–41]. Observations on the frail elderly have
indicated that dietary differences were associated with both diversity of the microbiota and inﬂammation [42].
In keeping with these observations, two microbial metabolites, namely trimethylamine N-oxide (TMAO) and
phenylacetylglutamine (PAG), have been reported to impact dramatically on the ‘diseaseome of ageing’ [43,44].
In particular, much interest has been generated by TMAO, as it is produced in the liver from trimethylamine
(TMA), following processing of dietary carnitine acquired from red meat, on a different branch of the same
biochemical pathway that produces the osmolyte and methyl donor betaine. This provides a further emerging
role for the microbiota in provision of a bridge between diet, the intermediate inﬂammatory phenotype (i.e.
inﬂammageing) and maintenance of the epigenetic landscape, where the capacity of the gut microbiota to generate betaine from nutritional sources provides a source of methyl donor groups that contribute to the maintenance of the methylome [45].
Differences in the diversity of the microbiota are also associated with biological age in man. Those at lower
SEP (socio-economic position) and at higher biological age exhibit a signiﬁcantly higher abundance of circulatory pathogenic bacteria, while those less biologically aged possess more circulatory salutogenic (i.e. health promoting) bacteria. Similarly and analogously, captive animals are known to display loss of microbial diversity
associated with poorer health, than their wild type counterparts [46–48]. Indeed their microbiomes have been
reported to ‘humanise’ [49].
The presence of salutogenic bacteria is consistent with a capacity to metabolise and produce Nrf2 agonists [50].
These differences are also reﬂected in betaine levels, which similarly display a difference with SEP, consistent with
reduced global DNA methylation levels in those at lower SEP. Potential confounding factors in unravelling how
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the human gut microbiota interplays with ageing are actually constitutes normative ageing and a normative microbiota and how these are inﬂuenced by other exposome factors. The inherent difﬁculties are exempliﬁed by the use
of a Mediterranean diet to improve health span. When applied to elderly subjects, it has been reported to increase
abundance of salutogenic bacteria and lower inﬂammatory burden [51]. While these ﬁndings seem intuitive and
biologically plausible, they must be tempered with an appreciation of antagonistic pleiotropy and the exposome.
Critically, when SEP is factored into the analysis of the use a Mediterranean diet, the apparent health beneﬁts are
explained away [52], implying that in this instance, nutrition is not the sole driver of age-related health and that
other exposome factors need to be explored. In this respect. Intriguingly, any mechanistic link between the microbiota and SEP might centre on vegetable intake. Those at higher SEP consume more ﬁbre and vegetables than
those at low SEP, potentially enhancing dietary provision of Nrf2 agonists. This should intuitively provide cytoprotection and promote better health span. Conversely, this protection is lost in the lower SEP group, with a lower
relative intake of fruit and vegetables, and with an increased prevalence of pathobionts that have the potential to
contribute to systemic age-related diseases.

Geo-physical and social environment
A conﬂuence of global stressors has emerged that is having a singular and immediate impact on both human
health and that of the natural world, with extreme sequelae expected over the remainder of the century. These
include climate change, loss of biodiversity, pollution, deforestation, industrial monocultural farming, a shortage of
portable water, a zoonotic pandemic layered upon an ongoing sixth mass extinction and a growing aged human
population [28]. The societal implications of climate change are enormous and include a growth in environmental
refugees, as habitat is lost. In 2017 alone, 155 billion hours of labour were estimated lost, mostly in the agricultural
sector, through heat exposure. Heat-triggered renal disease is already evident in several regions of the planet [53]
and water shortage has been linked to sex speciﬁc oxidative stress and accelerated ageing in animals [54]. Social
and geo-physical environments can be both salutogenic and pathogenic. Psychological stress imposed by a threatening social and geo-physical environment accelerates ageing processes and can lead to adiposity and associated
sequelae of poor health, especially in women [55]. Pertinent to this, women also seem to bear a disproportionate
effect of the stress of the current and past pandemics [56]. By 2050, 66% of the world’s population is expected to
be urban, which is likely to exacerbate the impact of the ‘diseasome of ageing’, as residents of urban areas appear
less resilient to exposure to physiological stress than rural dwellers. Reduced biodiversity in urban settings may lead
to loss of diversity in gut microbiota associated with an increase in prevalence of asthma, allergic and inﬂammatory
bowel diseases, diabetes and obesity [57,58]. It should also be noted that pharmaceutcals used regularly, such as
proton pump inhibitors [59] and non-steroidal anti-inﬂammatory drugs [60] may contribute to a decrease in
microbiome diversity.
Holistic approaches to health, including One Health, EcoHealth, and Planetary Health have been proposed as
a blueprint to address the growing global health crisis, focussed mainly on food safety and disease transmission
between humans and animals, not speciﬁcally burden of lifestyle-related diseases [61]. Consequently, the 2019
Nobel Symposium on Medical Biomimetics, provided a platform for the discussion of bio-inspirational medicine
(i.e. solutions to human health challenges derived from the natural world) to address this shortfall [1,25]. We
have recently proposed the concept of ‘Planetary health’[62] which, in addition to the original manifesto by
Horton et al. [6], incorporates a biomimetic approach to improve human health span. Here we discuss how this
may be achieved via direct modulation of human exposomes.

Biomimetics
As part of an initiative to identify naturally occurring solutions to human health problems, a biomimetic
approach seeks to identify these in the wild. This has a distinct advantage over conventional lab-based animal
models, in that the latter are typically metabolically morbid, they don’t recapitulate human disease states fully
and their microbiomes are often ‘humanised’. The geo-physical and social exposomes are also unnatural [49].
Notably, in hibernating animals, such as bears, biomimetics offers pertinent insight into regulation of metabolism, fat mass and insulin resistance, which appear to be governed by changes in the microbiome, driven by
consumption of plant polyphenols [40,63]. This has ramiﬁcations for human health, given a global trend
towards a more carnivorous diet, which predisposes to renal dysfunction and cancer in obligate carnivores,
such as felids, and which has already been associated with similar diseases in humans at low SEP [64–66].
Additionally, to reduce inﬂammatory burden, maintain organ function and enable epigenomic regulation of
the metabolic changes required for emergence from hibernation, a metabolic switch is used to drive production
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of the methyl-donor betaine instead of TMAO in hibernation [63]. Tellingly, this switch is not found in captive
bears. Such changes may be transmissible via faecal xenotransplantation, with the metabolic and physical
changes observed in the bear being imparted to mice [67]. As such, these insights have highlighted novel
targets for therapeutic intervention in cardio-reno disease in man and other mammals. More biomimetic
insights have been described in depth elsewhere [40], though of particular pertinence to the diseasome of
ageing and climate change, has been the growing use of sodium-glucose co-transporter 2 (SGLT2) sodiumglucose co-transporter 2 (SGLT2) inhibitors. These mimic the metabolic patterns observed during aestivation
in a diverse range of animals, including crocodiles, tortoises and hedgehogs, that adopt this process to conserve
metabolic functions during periods of environmental stress [68]. Clinically, SGLT2-inhibitors induce a biomimesis, improving cardiac and renal function as a consequence.

How might exposome based solutions tackle the diseasome
of ageing?
Figure 2 depicts how differing levels of the exposome might be exploited to enable interventions to improve
health span. Biomimetics offers clear insight into how the exposome can be modiﬁed to improve health span
in man. This concept has been in widespread use in engineering for some time but has only been sparingly
adopted by biomedical science. Critical insights into its application in clinical and veterinary medicine have
been described comprehensively and elsewhere [40]. Below, however, we discuss how speciﬁc exposome factors
can be modiﬁed inspired by biomimetics. Design of urban environments to be more salutogenic, may be one
aspect of the exposome that can be modiﬁed to help [69]. Salutogenic effects can be driven by biophilia, i.e. an
innate tendency to connect with natural environments, features of which have been evolutionary beneﬁt. This
has been incorporated in the concept of biophilic building design but might be enhanced by a biomimetic
approach to improve the health of human populations subject to the effects of climate change [70]. For
example, the Sahara Forest Project mimics the Namibian desert beetle’s ability to ability to self-regulate its
body temperature and collect water from the air, for a building that aims to rely on solar energy alone to
operate as a zero-waste system. The Eastgate Centre in Zimbabwe, is also pertinent, employing the physics of
air circulation and temperature control in termite mounds, which resembles that of an organ in physiology, to

Figure 2. Manipulating the exposome to improve health-span.
A schematic representation of the exposome, deﬁning differing levels of interaction with the (epi)genome. Potential
interventions to mitigate the effects of cumulative allostatic and subsequent ill health are indicated beside the respective
exposome levels, from the macro-geophysical environmental level to the micro-tissue and cellular physiology level. Potential
outcomes are listed on the right hand side of the respective levels.
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make it more eco-friendly, and suitable to a wide variety of climates. All these initiatives are expected to reduce
exposome stress on their inhabitants and thus improve health span.
Additionally, coupling biomimetic design with medical innovation may have a number of direct beneﬁts.
Firstly, the incorporation of edible forest gardens instead of ubiquitous lawns into modern design of habitation
offers the opportunity to grow sources of natural Nrf2 agonists and mitigate loss of diversity in gut microbiota
associated with life in urban environments. Secondly, it would create a more diverse environment for local
wildlife. Furthermore, it would create a salutogenic environment that mitigates the loss of physiological resilience associated with exposome stress [55,71] and improve health span as a consequence.
Additionally, the creation of vertical forest gardens to combat air pollution is a notable exemplar of biomimetic
design. For example, the Bosco Verticale in Milan, which consists of two residential tower blocks with foliage cover
equivalent to 10 000 square metres of forest. Such urban greenness has well stablished salutogenic effects on diabetes, hypertension and cardiovascular diseases (CVD) in urban environments [72–74]. A meta-analysis of studies
comparing urban green spaces for prevention of NCD within the diseasome of ageing, (via mitigating air and
noise pollution, reducing psycho-social stress and supporting physical activity) identiﬁed an inverse association
between greenness and all-cause mortality. This is a clear indication that interventions designed to manipulate the
exposome to enhance exposure to green spaces, should be public health strategy [75]. The links between deforestation, changes in soil microbiome, plant growth and nutritional content of and the long term effects on the human
microbiome and health outcomes need further studies [76]. These approaches are in keeping with UN Ecosystem
Restoration project (2021–2030), which aims to conserve, restore and grow 1 trillion trees by 2030. This is particular pertinent to low- and middle-income countries where 4.2 million death were attribute to air pollution in 2016
alone. The use the Cotoneaster franchetii, which is 20% more effective at soaking up urban pollution compared
with other shrubs [77] is highly pertinent in this respect.

Future perspectives
Modulation of the exposome is both viable and effective at improving human health. Individual, cumulative
and synergistic strategies operating at all exposome levels offer ‘low hanging’ and often cost effective means of
both improving health in the general population and tackling the diseasome of ageing. In essence, these might
reduce the gap between health span and lifespan, by increasing years of healthy living. Putting a ﬁxed number
of extra years of health these might achieve is extremely challenging, but in the setting of deprivation an extra
10 years does not seem improbable. It is worth emphasising however, that they are unlikely to increase overall
maximum human longevity, simply health span.
To improve health span, incorporation of dietary supplementation seems a straightforward way of enabling
agonism of Nrf2 and potentially providing a natural means of low level senolysis (e.g. by ﬁsetin or quercetin
supplementation in the diet). This, however, also needs to be tempered by the fact that de novo mutation in
NEFL2, the gene encoding Nrf2, affecting it regulation by Keap 1, leads to an early onset multisystem disorder
and redox imbalance [78]. Nrf2 accumualtion is also a feature of drug resistant cancer cells, which exhibit
similar mutations. Deﬁning a regulated ‘sweet spot’ for Nrf2 is thus desirable.
Synergistic with this approach is modiﬁcation of the microbiome to enhance the presence of salutogenic bacteria, or restore a normative microbiota in the context of disease. Such a strategy may include use of live
biotherpeutics, or dietary modiﬁcation. It is already in practice, and has recently shown promise in treating
kidney disease, through dietary modiﬁcation to support growth of short chain fatty acid producing salutogenic
bacteria in dialysis patients, thus reducing inﬂammatory burden, reducing gut leak and increasing physiological
resilence [79].
Modulation of the microbiome might also provide a means to combat antibiotic resistance clinically, through
the use of commensal microbes to combat antibiotic resistant pathogens in hospitals, or to prime an immune
system to ﬁght cancer [80]. Additionally, this approach may be transposed to food production, where salutogenic bacteria might be used as a probiotic, to prevent infections and improve yield in livestock.
Recently, the identiﬁcation of microbes in ruminants to digest plastic, has provided a dramatic counterpoint
and novel avenue for making the anthropogenic biosphere more sustainable and less environmentally toxic [81],
which bodes well for the future.
The use of biological biomimetics, for example, might also offer us a greater alignment with our natural
exposome. Biomimetic inspired medicines, for instance, might also provide both direct and particularly indirect
beneﬁts, such as a reduction in the use of modern synthetic medicines. These are typically derived via a
pharmaceutical/drug discovery model, which is costly and incorporates pre-clinical testing in a range of

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).

2895

Biochemical Journal (2021) 478 2889–2898
https://doi.org/10.1042/BCJ20200958

inadequate and metabolically morbid animal models, from which ﬁndings often do not translate to man. As
synthetic medicines ﬁnd their way into the watercourse, they can have calamitous effects on both human and
marine health. Secondly, they have indeterminate effects on the microbiome (‘drug-bug effects’), with inadvertent long-term health consequences. Thirdly, they may have effects on the natural selective pressures for diseases
of ageing. While modern medicine allows individuals who previously would not have survived and reproduced
to do so, natural selection continues to impact human health, now shaped by our ability to adapt. Over hundreds of millions of years successful species have evolved adaptations as their worlds changed. If we are to
survive, we must too. For the ﬁrst time during evolution one species — Homo sapiens — can determine the
fate of the whole biosphere (Martin Rees).
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