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SUMMARY

Environmental insults impair human health around the world. Contaminated air, water, soil, food, and occu-
pational and household settings expose humans of all ages to a plethora of chemicals and environmental
stressors. We propose eight hallmarks of environmental insults that jointly underpin the damaging impact
of environmental exposures during the lifespan. Specifically, they include oxidative stress and inflammation,
genomic alterations and mutations, epigenetic alterations, mitochondrial dysfunction, endocrine disruption,
altered intercellular communication, altered microbiome communities, and impaired nervous system func-
tion. They provide a framework to understand why complex mixtures of environmental exposures induce se-
vere health effects even at relatively modest concentrations.

INTRODUCTION

The proportion of older individuals is increasing worldwide.
Today one in eleven people in the world are over 65 years of
age (United Nations, 2019). The World Health Organization
(2005) has emphasized that aging is characterized by the accu-
mulation of modifiable risks for chronic disease. Environmental
exposures contribute significantly to these modifiable risk fac-
tors jointly with lifestyle-related risk factors such as unhealthy
diet, sedentary lifestyle, tobacco smoking, and alcohol drinking.
Recent burden of disease studies estimate that preventable
deaths due to environmental exposures range between 9 million
(Landrigan et al., 2018) and 12.6 million (Priss-Ustin et al.,
2016). These estimates quantify the health impacts from a num-
ber of environmental exposures including particulate matter air
pollution and ozone, water pollution, occupational exposures
to carcinogens and particulate matter, and contaminated soil
by heavy metals, chemicals, and lead. Ambient air pollution,
chemical pollution, and soil pollution are on the rise, with the
most marked increases in rapidly developing and industrializing
low and middle-income countries (Landrigan et al., 2018). Since
1950, more than 140,000 new chemicals and pesticides have
been synthesized, and often, their impact on health is largely un-
known. Environmental pollution as described above is typically
higher in urban than in rural areas. Moreover, urban areas may
expose their inhabitants to heat, noise, and light pollution (Nieu-
wenhuijsen, 2020).

Environmental exposures impact the human body
throughout life, from conception to old age. They govern gene
expression, train and shape the immune system, trigger many
physiological responses and, most importantly, determine

wellbeing and disease. Barrier organs, such as the lung, the
skin, or the gut, are directly impacted by environmental expo-
sures and have evolved over time to cope with potential insults.
Immune function in these barrier organs is, in many instances,
the first line of defense. The microbiome of the barrier organs
is considered an integral part of the barrier function, but can
also be impacted by exogenous influences. Our sensory sys-
tems receive environmental exposures and elicit neurological
responses to adapt to changing environmental conditions.
However, the environmental impacts are not limited to the im-
mediate and local responses. Chemicals and nanoparticles
can potentially impact organs without a direct barrier function.
In addition, local reactions may induce secondary, systemic re-
sponses, activate the immune system beyond the immediate
location of the insult, activate metabolic functions, and alter or-
gan-to-organ signaling and autonomic nervous system control.
Most of these responses are geared at maintaining the homeo-
stasis of cell and organ functions. Most environmental expo-
sures are toxic at low and high levels. However, some environ-
mental chemicals (e.g., essential trace elements) are toxic only
at high doses.

DEFINE THE HALLMARKS OF ENVIRONMENTAL
INSULTS

We propose eight hallmarks of environmental insults (Figure 1)
that describe the cellular and molecular processes involved in
essential cellular mechanisms and activities that are capable
of linking environmental exposures to chronic diseases such
as cancer; respiratory, cardiovascular, and metabolic dis-
eases; and diseases of the nervous system. Ideally, a
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Figure 1. Hallmarks of environmental in-
sults

The scheme enumerates the hallmarks of envi-
ronmental insults described in this review: oxida-
tive stress and inflammation, genomic alterations
and mutations, epigenetic alterations, mitochon-
drial dysfunction, endocrine disruption, altered
intercellular communication, altered microbiome
communities, and impaired nervous system
function.

signaling cascades that engage in meta-
bolic regulation and stress responses that
support cellular adaptation to changing
environments. To maintain these highly so-
phisticated regulatory pathways, cells
have developed enzyme systems to scav-
enge any excess ROS inside and outside
the cell. H,O, concentrations above
100 nM lead to unspecific oxidation of pro-
teins and altered response patterns and
cause reversible and irreversible damage
of biomolecules (Sies and Jones, 2020).
Many proteins are highly sensitive to
oxidation and transmit signals activating
defense mechanisms. Especially the
amino acid residues, cysteine, and methi-
onine of proteins are highly sensitive to
oxidation, and their regulation plays a key

hallmark shall fulfill the following criteria: (1) it should be
clearly altered in response to environmental exposures in hu-
man studies, (2) it should be experimentally verified that envi-
ronmental exposures have the capacity to alter these charac-
teristics, and (3) there should be evidence from human
studies that clearly link the alterations to environmentally
induced diseases.

In the following sections, we highlight the role of the eight hall-
marks, to provide a framework that addresses the complexity of
the issue and enables understanding of interactions of environ-
mental insults on a cellular and organ level.

Oxidative stress and inflammation
Reactive oxygen species (ROS) are part of the normal
aerobic life. They have a central role in redox signaling, and
at physiological levels, they are essential for maintain
cellular function (Sies and Jones, 2020). The ability to respond
to oxidative stress has been identified as a central determi-
nant of aging and longevity (Finkel and Holbrook, 2000)
and is implicated in many diseases in humans including
cancer, atherosclerosis, and related cardiovascular diseases,
respiratory diseases, and neurological diseases (Sies and
Jones, 2020).

At physiological levels, hydrogen peroxide (H,O,) and superox-
ide anion radicals are generated under the control of growth fac-
tors and more than 40 cytokines. Endogenous ROS activate
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role in aging (Stadtman et al., 2005).

Furthermore, an oxidative stress induced,

pro-inflammatory phenotype progres-
sively increases with age in humans and underlies the risks of a
range of age-related chronic diseases (Salminen et al., 2012).
Environmental exposures deplete antioxidant defense
and induce inflammation and cell death
Many environmental exposures can induce oxidative stress re-
sulting in inflammation (Figure 2). One of the key transcription
factors responsible for mounting an antioxidant defense in
response to environmental exposures is the nuclear factor
erythroid 2-related factor 2 (NRF2). In the inactive state, NRF2
is bound to the Kelch-like ECH-associated protein 1 (KEAP1)
in the cytoplasm. KEAP1 harbors several cysteine residues
that can be oxidized by oxidative and electrophilic stressors re-
sulting in conformational changes (Yamamoto et al., 2018). As a
consequence of the oxidation of the residues, the stability of
NRF2 is increased, and the transition to the nucleus is enabled.
NRF2 binds to the antioxidants’ response element and thereby
is a transcription factor with a truly pleiotropic function (Rojo de
la Vega et al., 2018). Important target genes under NRF2 regu-
lation are part of the xenobiotic metabolism and excretion,
glutathione synthesis, antioxidant systems, iron regulation,
autophagy, proteasome activity, DNA repair, fatty acid oxida-
tion, and mitochondrial physiology (Rojo de la Vega et al.,
2018). Thereby, an effective defense against ROS induced by
heavy metals such as lead and arsenic, transition metals such
as copper and nickel, or detoxification of polycyclic aromatic
hydrocarbons (PAHs) such as benz(a)pyren, is mounted. It is
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Figure 2. Role of reactive oxygen species as agents for exhibiting environmental insults

Environmental exposures challenge the cells based on their reactive oxygen potential, their concentrations, and the duration of exposures. Whereas the cells are
able to tolerate certain exposures, others elicit adaptation or inflammatory responses. Overwhelming oxidative stress results in cell death and organ damage. The
activation of the NRF2 and NF-«kB pathways activated by particulate matter air pollution in lung epithelial cells (Mudway et al., 2020) are depicted as examples.

important to note that through NRF2 activation tumor-promot-
ing effects are also elicited (Rojo de la Vega et al., 2018). The
transcriptional nuclear factor kB (NF-kB) serves as a master
switch of inflammation in response to extensive oxidative stress
(Sies and Jones, 2020). Transcription of cytokines, chemokines,
antimicrobial peptides, and anti-apoptotic proteins is induced
(Mudway et al., 2020). Similarly, the NF-xB pathways play a ma-
jor role in activating and controlling the function of immune cells
essential for innate immune responses such as macrophages
(Dorrington and Fraser, 2019). Taken together, Figure 2 summa-
rizes the continuum from tolerance of ROS to cell death. Tox21,
a toxicology screening program that has tested biological re-
sponses to more than 9,000 chemicals, showed that numerous

organic chemicals, including phthalates, bisphenols, PAHs, and
flame retardants, alter molecular signaling pathways related to
inflammation and inflammation-related diseases (Kleinstreuer
et al., 2014). Continued and persistent environmental exposures
are considered to induce apoptosis and necroptosis (Ryter
et al., 2007). Fine particulate matter, which is a mixture of tran-
sition metals, PAHs, soot, and other oxygen radical-producing
substances (Ghio et al., 2012) contributes through these path-
ways to the loss of a functional lung epithelium and subsequent
chronic obstructive lung disease (Mudway et al., 2020). Simi-
larly, chemicals or nanoparticles reaching the blood stream
may enhance ROS-induced formation of atherosclerotic pla-
ques (Brook et al.,, 2010). Given that environmental
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contaminants are also capable of lipid peroxidation, the newly
discovered mechanism of cell death induction, called ferropto-
sis (Conrad and Pratt, 2019), may also add to cell death and or-
gan damage as a response to environmental insults.

In summary, ROS are generated by many environmental expo-
sures. They link them to diseases at the barrier organs and
mediate the systemic impacts of environmental exposures. As
part of physiological signaling cascades, intracellular and extra-
cellular ROS are tightly regulated. In response to environmental
exposures, a continuum is exhibited ranging from tolerance to-
ward ROS via inflammation to ROS-induced cell death and organ
damage.

Genomic alterations and mutations

Somatic mutations, defined as change in the DNA sequence of a
somatic cell after conception, accumulate with age. These muta-
tions are typically considered harmful, and their increased load is
seen as a deterioration of the genetic material linked to aging and
age-related diseases (Balmain, 2020). An example is the accu-
mulation of somatic mutations in hematopoietic stem cells con-
necting aging and inflammation to cardiovascular disease
(Jaiswal and Libby, 2020). Next-generation sequencing has
shown that the accumulation of age-related somatic mutations
is more prevalent in normal human tissues than previously
assumed. Normal cells in the esophageal epithelium already
carry several hundred mutations per cell in younger individuals,
and this number may rise to more than 2,000 mutations per cell
by 60 years of age (Martincorena et al., 2018). These somatic mu-
tations may persist and accumulate during our lifetime because a
full repair of DNA lesions may be an energetically unfavorable in-
vestment for human cells, which may hence tolerate the accumu-
lation of somatic mutations in aging tissues (Balmain, 2020).
Somatic mutations induced by environmental exposures
affect diseases beyond carcinogenesis

Mutagenesis studies have long identified a host of environ-
mental chemicals that are mutagens. Recently, an extensive
catalog of mutational signatures from pluripotent stem cells
exposed to 79 known or suspected environmental mutagens
identified a variety of DNA sequence alterations, including sig-
natures similar to those found in human tumors, double-substi-
tution signatures, and short insertion/deletion signatures (Kucab
et al., 2019). This study suggested that DNA damage induced
by environmental mutagens can be resolved by various repair
and/or replicative pathways, resulting in an assortment of signa-
tures even for a single chemical. However, the extent to which
environmental exposures contribute to generating mutations
through human aging, and whether such mutations mediate
the effects of environmental exposures among older individuals,
is only partially understood. Indeed, few studies have examined
the effects of environmental exposures in large-scale human
populations. Far fewer have examined them within large,
diverse populations with repeated measures of environmental
exposures and DNA sequencing over time. The growing avail-
ability of next-generation sequencing data in large-scale co-
horts provides untapped opportunities for characterizing so-
matic mutations in relation to environmental exposures and
their potential roles for disease development throughout the
lifespan.
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In summary, somatic mutations become more frequent with
age and deteriorations of the genetic material are associated
with a variety of diseases. Environmental exposures contribute
to this burden and support the link of environmental exposures
with aging and chronic disease development.

Epigenetic alterations

Epigenetics studies heritable changes in gene expression that
occur without changes in DNA sequence. Epigenetics include
flexible genomic marks that regulate gene expression and can
change genome function under exogenous influence, but also
provide mechanisms that allow for stable propagation of gene
activity states from one generation of cells to the next. As
such, the human epigenome is inherently related to the program-
ming of cellular functions and of key regulators of biolog-
ical aging.

Environmental exposures induce age-related
epigenomic changes

Studies across species and cell types have consistently shown
age-associated changes of different layers of the human epige-
nome, including DNA methylation, histone modifications, and
chromatin remodeling. Functional studies in model organisms
demonstrated that these epigenomic changes impact both
healthy and pathological aging. Human epigenomic aging
studies, as well as investigations of the impact of the environ-
ment on the aging epigenome, have followed two interrelated
paths: the identification of epigenetic changes associated with
aging and the development of epigenomic biomarkers that
quantify aging. Significant chromatin structure changes occur
during aging and senescence, including loss of heterochromatin
regions, global histone loss, and chromatin spatial interaction
changes (Sun et al., 2018). These changes are associated with
age-related changes in histone modifications, including tissue-
dependent decreases of global H3K27me3 and H3K9me3 levels
and gains of H3K4me3 and H3K36me3. Histone acetylation at
multiple histone tail residues also decreases with age. DNA
methylation within genes shows both gains and losses in DNA
methylation, and those changes have often been associated
with loss of appropriate gene regulation. The result of epigenetic
changes during aging is altered local accessibility to the genetic
material, leading to aberrant gene expression, reactivation of
transposable elements, and genomic instability. Environmental
exposures have been repeatedly associated with changes in
DNA methylation that resemble epigenetic aging. For instance,
exposure to air pollution has been associated with methylation
loss in DNA methylation of repeated elements in multiple studies.
Epigenome-wide association studies have shown both in-
creases and decrease in DNA methylation associated with envi-
ronmental exposures, including air pollution, metals, and organic
chemicals. In vitro and animal experiments demonstrated that
several toxic metals induce changes in histone modifications,
including loss of acetylation and alteration of histone methylation
at several histone tail modifications (ljomone et al., 2020). The
mechanisms that induce these epigenomic changes have been
actively investigated across a variety of exposures. For instance,
arsenic is metabolized into a methylated form using the methyl
donor S-adenosyl methionine, a biotransformation reaction
that has been suggested to deplete the methyl donor pool and



Cell

cause the arsenic-induced hypomethylation demonstrated
in several in vitro studies (Ryu et al., 2015). However, this hypoth-
esis is not sufficient to account for the array of influences that
arsenic has on the epigenome (ljomone et al., 2020). Acute cad-
mium exposure has been shown to decrease DNA methylation
through noncompetitive inhibition of the activity of DNA methyl-
transferases (DNMTs). On the contrary, chronic cadmium expo-
sure may result in a global increase of DNA methylation due to
increased DNMT activity. Cadmium influences on the epige-
nome are also not limited to DNA methylation, because de-
creases in histone modifications such as H3K4me3,
H3K27me3, H3K9me3, and H3 phosphorylation have been
linked to this metal, possibly due to cadmium-induced inhibition
of histone-modifying enzymes (Ryu et al., 2015). Other metals
can alter the function of the ten-eleven translocation (TET) family
proteins, which are Fe(ll)- and 2-oxoglutarate-dependent dioxy-
genases that induce demethylation by catalyzing the oxidation of
5-methylcytosine. For instance, nickel binds to the Fe(ll)-
chelating motif of the TET proteins with an affinity of 7.5-fold
as high as Fe(ll) (Yin et al., 2017). Hence, nickel can displace
the cofactor Fe(ll) of TET dioxygenases and inhibit TET-mediated
oxidation of 5-methyl-cytosine. Cobalt, which also induces hy-
pomethylation in experimental conditions, has also been shown
to affect TET activity. Many epigenetic changes induced by envi-
ronmental exposures may be part of coordinated responses to
the exposures that are adaptive in nature. The epigenome is a
main mechanism through which our cells deploy an array of
adaptive responses to help our body to live in an ever-changing
environment, including responses to environmental pollution.
Finally, many epigenetic associations with environmental expo-
sures may be accounted for by changes in the cellular mix in a
given organ or tissue that are induced by the exposure, rather
than by actual changes in epigenetic markings within cells (Lap-
palainen and Greally, 2017). Arecent analysis of older individuals
in the Greater Boston area showed that the levels of different
ambient air pollutants, ambient temperature, and relative humid-
ity were associated with the proportions of subtypes of circu-
lating blood leukocytes (Gao et al., 2019).

Environmental exposures accelerate epigenetic aging
clocks

Robust patterns of age-related genome-wide DNA methylation
changes have been observed in blood and across many human
tissue types, and may underlie age-related changes to the tran-
scriptome (Nwanaji-Enwerem et al., 2018). Several groups have
leveraged these age-related changes in DNA methylation to
develop clocks trained to predict chronological age based on
DNA methylation data, including the widely used Horvath and
Hannum epigenetic age measures (Hannum et al., 2013; Hor-
vath, 2013). These DNA methylation clocks were built using ma-
chine learning techniques to select an ensemble of DNA methyl-
ation CpG sites that, together, can accurately estimate the
chronological age of the individual. Although these age-trained
clocks were not necessarily expected to reflect biological aging,
a series of studies have shown that the difference between DNA
methylation age and chronological age, often referred to as
“delta epigenetic age” or “age acceleration,” is associated
with shorter average life expectancy and increased risk of age-
related disease (Horvath and Raj, 2018; Marioni et al., 2015).

¢ CellP’ress

Environmental health studies have repeatedly indicated that
adverse environmental exposures hasten the epigenetic clocks
(Dhingra et al., 2018). For instance, individuals living in areas
with higher ambient fine particulate matter (PM,.s) exhibited
older DNA methylation age in at least two independent studies
(Nwanaji-Enwerem et al., 2016; Ward-Caviness et al., 2016).
Plasma levels of the pesticide biomarkers 2,2-bis (4-chloro-
phenyl)-1,1-dichloroethene (p,p’-DDE) and transnonachlor
(TNC) were associated in a recent study with older DNA methyl-
ation age (Lind et al., 2018).

In summary, epigenetics is a prime hallmark of environmental
insults, and persuasive evidence exists that environmental expo-
sures cause alterations in gene regulation via alteration in DNA
methylation and histone modifications and promote aging-
related epigenetic changes including the acceleration of epige-
netic clocks.

Mitochondrial dysfunction

Mitochondria are subcellular organelles that provide the large
majority of the energy required for cellular functions and play
an important role in the cellular response to environmental
stressors. They might act as a plausible mechanistic link, or
act as a biosensor, between environmental exposure and health
outcome.

Environmental exposures induce mitochondrial
dysfunction

Alterations in mitochondrial DNA (mtDNA) content (total amount
of mtDNA copies) is an established marker of mitochondrial
damage and function (Sahin et al., 2011) and has been identified
as an etiological determinant in a variety of human diseases. The
importance of placental mitochondrial function during in utero
life on fetal brain development with long-lasting consequences
on the IQ has recently been reported (Bijnens et al., 2019). Mito-
chondrial quality and activity decline as we age, and lower
mtDNA content of white blood cells has been shown in type-2
diabetes and breast cancer (Wallace, 2010).

The key role for mitochondria with respect to the toxicity of
environmental exposures is due to the central role that oxidative
stress plays in environmental toxicants. Exposure to air pollution,
such as particulate matter, benzene, PAHs, and toxic metals, is
involved in mitochondrial dysfunction in the blood (Breton et al.,
2019; Byun et al., 2013; Janssen et al., 2012). A molecular circuit
directly links telomere damage to compromised mitochondrial
biogenesis via the tumor suppressor gene TP53 (Sahin et al.,
2011). Growing evidence suggests mitochondrial epigenetics
as a novel mechanism to understand the pathophysiology of dis-
eases with a mitochondrial dysfunction involvement (Shaugh-
nessy et al., 2014).

Environmental exposures impact the mitochondrial-
telomere aging axis

The telomere-mitochondrial aging hypothesis builds on findings
of a direct link between mitochondria and telomeres (Sahin et al.,
2011). Telomeres are highly sensitive to ROS, and environmental
exposures such as air pollution have shown to increase levels of
ROS (Figure 2) that leads to shortened and potentially dysfunc-
tional telomeres. Telomere dysfunction in mice resulted in sup-
pression of peroxisome proliferator-activated receptor gamma
genes and consequently a decrease in mitochondrial biogenesis
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and function, subsequently leading to an impaired adenosine
three phosphate generation and increased ROS production.
Furthermore, DNA damage at telomeres activates several
signaling pathways and reduces Sirt7 gene expression. All these
markers of the core axis of aging are associated with long-term
exposure to air pollution, even at low concentrations (Pieters
et al., 2016). It is important to note that prenatal air pollution
exposure is one of the main predictors of telomere length at birth
(Martens et al., 2017).

In summary, mitochondrial dysfunction is involved in many
chronic diseases and aging. Environmental exposures have
been shown to induce alterations in mtDNA content, nucleus-
mitochondria crosstalk, and mitochondrial epigenetics. High-
lighted is recent evidence showing that environmental expo-
sures jointly affect the telomere-mitochondrial aging axis.

Endocrine disruption

The endocrine system controls a countless number of organism
functions through fine-tuned hormonal signals released by endo-
crine glands into the circulation. During normal aging, at least
three hormonal systems show decreasing circulating hormone
concentrations, including (1) the sex hormones estrogens (after
menopause) and androgens, (2) the adrenal hormones dehydro-
epiandrosterone and its sulfate, and (3) the growth hormone/in-
sulin-like growth factor | axis (Lamberts et al., 1997). Clinical
manifestation related to endocrine alterations also increases
during aging; for instance, the number of patients with impaired
glucose tolerance and type 2 diabetes mellitus increase expo-
nentially with age and age-related thyroid dysfunction is more
common in older individuals.

Endocrine disrupting chemicals

Endocrine disrupting chemicals (EDCs) are defined as “exoge-
nous chemicals, or mixture of chemicals, that can interfere
with any aspect of hormone action” (Zoeller et al., 2012). EDCs
are found in our environment, food, and consumer products
and can bind to the body’s endocrine receptors to activate or
block their actions or alter the synthesis, release, transport, or
metabolism of endogenous hormones (Baccarelli et al., 2000).
Although mapping EDCs may be challenging, it is estimated
that nearly 1,500 chemicals have endocrine effects today, and
this number grows as new EDCs are detected among the thou-
sands of chemicals entering the marketplace every year. EDCs
show plausible links with reproductive, neurodevelopmental,
metabolic effects, bone alterations, immune disorders, cancers,
and other conditions (World Health Organization, 2013). The best
characterized EDCs include bisphenols, phthalates, polybromi-
nated diphenyl ethers (PBDEs), per- and polyfluorinated chemi-
cals (PFAs), diethylstilbestrol (DES), dioxins, and other chlori-
nated hydrocarbons such as dichlorodiphenyltrichloroethane
(DDT) and polychlorinated biphenyls (PCBs).

Because of the critical role of endocrine signaling in reproduc-
tion and prenatal and postnatal development, a large amount of
research to date has focused on the reproductive and develop-
mental effects of EDCs. Nonetheless, EDCs, as well as other
environmental exposures including air pollution and metals,
have been linked with a variety of age-related outcomes that
may be mediated by accelerated endocrine aging, including
metabolic and cardiovascular disease, accelerated bone loss
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and osteoporosis, and accelerated cognitive aging and demen-
tia. However, evidence indicating that environmental exposures
affect endocrine pathways in older individuals, and that such
endocrine alterations mediate those health effects, is still limited.
One specific area of active EDC research has revolved around
their potential transgenerational and epigenetic effects. Some
chemicals, including EDCs such as pesticides and persistent
organic pollutants, have been reported to cause health-related
effects in the offspring of exposed animals, and those effects,
purportedly due to epigenetic inheritance, can propagate them-
selves across multiple generations among descendants not
directly exposed (Messerlian et al., 2017). If the initial animal ex-
periments supporting transgenerational inheritance of chemical
effects were to be confirmed in independent experimental
studies, as well as in human investigations, this knowledge
would open fundamental questions about the influences of
EDCs on human aging. Healthy and unhealthy aging hinges on
lifetime trajectories that can be accelerated or delayed by expo-
sures occurring as early as in utero and early postnatal life. How-
ever, this new type of inheritance would extend the susceptible
windows to previous generations, create a broader concept of
environmental responsibility, and open novel opportunities for
prevention with possible beneficial effects far beyond those
that typically projected today.

In summary, alterations of the endocrine system are pervasive,
and they are responsible for many physiological changes during
child development and normal aging and in chronic diseases.
Understanding the impact of especially the EDCs is a critical
area for future investigations of the impact of environmental ex-
posures on human health over the life course.

Altered intercellular communication

Aging is characterized by changes in intercellular communica-
tion that modify the varied set of the body’s coordinated func-
tions and responses (Lopez-Otin et al., 2013). In aging organ-
isms, the amount and type of secreted cellular factors undergo
extensive changes that affect the function of neighboring and
distant cells. Specifically, senescent cells have been shown to
communicate with neighboring cells via various means of inter-
cellular communication, a finding that has been conceptualized
as the senescence-associated secretory phenotype (SASP) (Fa-
fian-Labora and O’Loghlen, 2020). SASP encompasses multiple
families of soluble and insoluble factors that affect surrounding
cells by activating various cell-surface receptors and corre-
sponding signal transduction pathways. Classical SASP factors
include soluble signaling factors (interleukins, chemokines, and
growth factors), secreted proteases, and secreted insoluble pro-
teins/extracellular matrix components. Other emerging SASP
factors have been recently identified, including extracellular ves-
icles (EVs). EVs are nano-sized membrane-bound vesicles
released by human cells into the bloodstream that deliver mes-
sages between cells, in both healthy and pathological pro-
cesses, by transporting cargo from one tissue to another
throughout the body (Panagiotou et al., 2018). Messaging occurs
via the EV cargo, such as short noncoding RNAs (e.g., miRNAs),
proteins, and metabolites, which varies in response to internal
and external stimuli (including environmental pollutants) and
acts on distal cells. Particularly, EV-associated miRNAs are
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powerful regulators that can control gene expression in recipient
cells, thereby modifying the recipient cell’s biology.
Environmental exposures alter intracellular
communication

Increasing evidence shows that SASP signaling is affected by
environmental exposures. In addition to alterations of interleukin
and chemokine receptors (see “Oxidative stress and inflamma-
tion” section), several environmental exposures can impact the
levels and function of other classical SASP factors. For instance,
ozone has been shown to dysregulate epidermal growth factor
signaling in the lung and proteases, for instance metallopro-
teases in the lung and systemically (Feng et al., 2016).

Several studies showed that exposure to air pollution induces
the release of large quantities of EVs in the bloodstream that can
operate as novel proinflammatory modulators (Alkoussa et al.,
2020). For example, in a coordinated set of human and in vitro
studies, Bollati et al. (2015) identified miR-128 packaged in
EVs (EV-miR-128), a miRNA that can activate inflammatory path-
ways, as a primary response to acute air pollution exposure.
Additional research has demonstrated that EVs are also modi-
fied by other environmental exposures, including bisphenol A,
phthalates, and metals (Tumolo et al., 2020).

In summary, environmental exposures activate and/or disrupt
intercellular communications that are key to biological aging,
including the emerging EV-mediated signaling system.

Altered microbiome communities

The microbiome is an emerging key player in aging and
longevity. Not only does the human microbiome at multiple loca-
tions vary as we age, but microbiome research has also estab-
lished a causal relationship with host aging (Kim and Benayoun,
2020). Interventions that increase longevity in animal models
have been shown to have rejuvenating effects on the micro-
biome, and changes in microbiome composition have been
linked to increased predisposition to age-related diseases,
including obesity, cardiovascular disease, cancer, and neurode-
generation. The microbiome of the lung, the skin, and the gut has
been implicated to play a major role in environmentally deter-
mined diseases. The symbiosis between the microbiota and its
mammalian host encompasses multiple relationships, including
mutualistic, parasitic, and commensal (Belkaid and Hand,
2014). The capacity of a given microbe, including those
composing the microbiota, to trigger or promote disease is high-
ly contextual, and some microbes can shift from mutualist to
commensal to parasite according to the state of activation of
the host, co-infection, or localization (Chen et al., 2018).

Environmental exposures can protect against or
enhance allergies

The microbiome of the barrier organs, in particular, can be consid-
ered as linked to communities of bacteria, viruses, and other mi-
croorganisms from the environment. However, the conditions un-
der which environmental exposures contribute to disease
development are complex. For example, exposures to environ-
mental airborne biological and chemical agents have been demon-
strated to be highly variable in space and time (Jiang et al., 2018).
The microbiome at the barrier organs and the modulation of the im-
mune system has proven to be essential for understanding the
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environmental determinants of childhood asthma and allergies
and the interplay between environmental biological agents and
pollution (Figure 3). The presence of harmful factors, such as air
pollution and pathogenic bacteria, and a gut microbiome with
low diversity is associated with an increased risk of virus-induced
wheeze, asthma, and allergies (Smits et al., 2016). These harmful
factors are accompanied by increased inflammation, T cell activa-
tion and a reduced antimicrobial response. In contrast, microbial
exposure from traditional farm environments or worm infections
during an early-life window shows protective effects against
asthma and allergies. In these settings, increased antimicrobial re-
sponses and regulatory responses by the immune system via T-
regulatory cells or dendritic cells are observed (Nowarski et al.,
2017). This leads to a higher variability both in gut and lung micro-
biome. Immune modulating short chain fatty acids potentially fos-
ter the gut-lung-microbiome interactions.

Similarly, the skin microbiome has been recognized as an
essential component in maintaining the barrier function and modu-
lating immune responses (Belkaid and Segre, 2014; Chen et al.,
2018). Itis deregulated in skin diseases. Environmental exposures
such as ultraviolet radiation and allergens have been implicated to
alter the skin microbiota directly by activation of immune re-
sponses and indirectly by theirinduction of oxidative stress (Stefa-
novic et al., 2020; Suwanpradid et al., 2017).

The composition of the gut microbiome has been associated
with a large number of diseases, and research on their specific
role and the potential to treat diseases by modulating and
altering gut microbiota composition is still ongoing. Environ-
mental exposures (e.g., arsenic) have been put forward to not
only induce oxidative stress but to also have substantial impact
on the gut microbiome (Chi et al., 2018). Similarly, the protective
properties of the farm environments with respect to allergies may
be mediated in parts through the gut microbiota composition
(Smits et al., 2016).

Environmental exposures promote viral infections at
barrier organs

The interaction of the microbiome and the virome at barrier or-
gans is likely to play an important role for maintaining function
and abating disease development. Air pollution has been shown
experimentally to reactivate dormant herpes viruses (Sattler
et al., 2017). This evidence proposes a novel paradigm and im-
plies different mechanisms by which nanoparticles could induce
inflammatory responses independent of the classical acute
phase responses. One can rightly expect that this research will
be sparked by the ongoing COVID-19 pandemic (Barouki
etal., 2021). It has been hypothesized that, for example, ambient
air pollution promotes COVID-19 disease severity, which is sup-
ported by recent evidence that in intensive care patients hospi-
talized for various underlying pathologies, pre-admission air
pollution exposure prolongs the duration of artificial ventilation
(De Weerdt et al., 2020).

In summary, the microbiome of the barrier organs is essential
for their function, and its misbalance and reduced diversity plays
most likely an important role in chronic disease development.
Environmental insults induce these imbalances, but environ-
mental exposures have also been identified to protect against
allergies, to foster in particular microbiome diversity, and
contribute significantly to barrier organ functioning.
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Figure 3. Environmental insults and protec-
tive factors for the lung and the gut micro-

Urban environments
Air pollution
Metals

Traditional
Farm environments

biome

Complex urban and traditional farm environments
alter the microbiome variability and the immune
function at the barrier organs and have been
implicated to either promote or protect against
allergies.

been studied extensively and has been
linked to hearing loss, increases in blood
pressure, and onset and progression of
cardiovascular disease (Babisch, 2011;
Basner et al.,, 2014). Specifically, the
direct impact manifests itself through
interaction between the acoustic nerves
and the CNS. Indirect effects include
the cognitive perception of sound,
cortical activation, and emotional re-
sponses. Both direct and indirect effects
promote stress responses in various
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brain regions including the modulation
of the autonomous nervous system with
activation of the hypothalamus-pituitary-
adrenal axis and the sympathetic-adre-
nal-medulla axis (Munzel et al., 2017).
This physiological response to external
stimuli increases the heart rate and
the release of the stress hormones
cortisol, adrenalin, and noradrenalin.

Barrier organ microbiome
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Although these responses enable us to
react quickly to perceived dangers,
continuous upregulation is also linked
to oxidative stress and inflammatory
responses both locally at the site
of sound perception (Basner et al,
2014), systematically associating it to

cardiometabolic diseases (Mlnzel et al.,

Impaired nervous system function

The CNS jointly with the autonomous nervous system is respon-
sible for the functioning of nearly all physiological processes.
They play a major role in neurodevelopmental and neurodegen-
erative diseases but also impair cardiovascular, metabolic, and
lung diseases. The brain and other components of the nervous
system experience complex age-related changes. Those include
loss of brain volume, alterations in neurons and synapses, as well
as biochemical, oxidative, and inflammatory changes. The aging
nervous system shows less pronounced and slower autonomic
responses, lower cognitive functioning, and higher vulnerability
to degenerative and vascular disease.

Environmental exposures affect nervous system
functions

Environmental exposures such as noise, heat, and light directly
activate the nervous system via sensory organs. Noise has
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2017). Air pollution has been implied
to activate the autonomous nervous sys-
tem via irritant receptors in the lung
(Peters et al., 2006). The impact of particulate matter air pollu-
tion on the brain is further supported by the observation that
ambient traffic-derived nanoparticles reach the brain via the
olfactory nerve and via systemic translocation (Stone et al.,
2017) (Figure 4). Consequently, it is to be considered that noise
and air pollution exhibit biologically independent, but augment-
ing, environmental insults if these exposures co-occur in urban
environments (Munzel et al., 2017).

The CNS controls the core body temperature and responds
to outer temperatures on the skin sensing cold and warmth
and the visceral fat sensing warmth (Madden and Morrison,
2019). Environmental heat exposures due to excessive exercise
on hot days, heat waves, and urban heat islands can result in
heat exhaustion and heat stroke (Schneider et al., 2017). Heat
exposure becomes more and more relevant as climate change
progresses (see Box 1).
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Figure 4. lllustration of organ-specific impacts based on the hallmarks of environmental insults
These pathophysiological changes summarize examples of how environmental exposures impact organs locally as well as exhibit their insults systemically.

Light at night has been linked to cardiometabolic diseases,
cancer, and mental health (Lunn et al., 2017). Light disruption
and circadian disruption have been studied extensively in exper-
imental and occupational settings that led to an in-depth under-
standing of the regulation of circadian rhythms. At the eye level,
photosensitive retinal ganglion cells in the inner layer of the retina
control biological rhythms by light, the sleep-wake cycle, alert-
ness, and pupillary constriction. These are sensitive to the blue
band (400-500 nm) of the light spectrum, whose role is funda-
mental in circadian system function and the entrainment of the
internal clock. Light emitting diodes (LEDs) are thought to disrupt
the circadian rhythm and exhibit downstream dysregulation of
cortisol and melatonin concentrations and impair sleep (Touitou
and Point, 2020). It is to be expected that personal blue light ex-
posures will further increase with digitalization. Therefore, circa-
dian rhythm disruption due to a combination of personal and
environmental light pollution is of concern.

The brain is particularly vulnerable to neurotoxic chemicals
throughout the life course that impair development and program-
ming of the brain, hinder functional maturation, and trigger adult
neurological diseases and neurodegeneration (Grandjean and
Landrigan, 2014). Industrial pollutants induce a substantial
health burden via reduced intelligence quotient points, altered
behavior, and induction of neurodegenerative diseases later in
life. For at least eleven chemicals (lead, methylmercury, poly-
chlorinated biphenyls, arsenic, toluene, manganese, fluoride,
chlorpyrifos, dichlorodiphenyltrichloroethane, tetrachloroethy-
lene, and the polybrominated diphenyl ethers), neurotoxicity is

clearly documented (Grandjean and Landrigan, 2014). Methyl-
mercury, for example, exhibits neural stem cell toxicity in vitro
and induces altered gene expression through epigenetic
changes (ljomone et al., 2020). Furthermore, endogenous
H>O,-levels control neuronal stem cell growth and regeneration
(Sies and Jones, 2020), which provides evidence that ROS-
generating chemicals may interfere with brain function during
child development as well as in old age.

Beneficial effects of nature exposure

In contrast to environmental insults, exposure to nature has been
reported to have beneficial impacts on mental health (Bratman
et al., 2019; van den Bosch and Meyer-Lindenberg, 2019). Spe-
cifically, urban green exposure resulted in reduced lateral pre-
frontal activation (Tost et al., 2019) and increased the cingulate
cortex activity, a brain area that may be less developed in citi-
zens of urban areas (van den Bosch and Meyer-Lindenberg,
2019). These observations provide a direct link between the
sensory reception of urban green and health. Less consistent as-
sociations were observed for indirect, mechanistically more
questionable links (e.g., cardiovascular diseases or mortality)
(Nieuwenhuijsen, 2018).

In summary, sensory organs are key recipients of environ-
mental cues and insults. Noise, heat, and artificial light can
modulate and impair the autonomous nervous system, induce
stress responses, and a number of downstream responses spe-
cific to activated nervous system functions and control mecha-
nisms. Brain development and neurodegenerative diseases are
substantially impacted by neurotoxic chemicals.
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Box 1. Ambient particulate matter air pollution and climate change in light of the hallmarks of environmental insults

AIR POLLUTION

Clean air is a basic requirement of human health and well-being, but unfortunately, air pollution is still an important contributor to morbidity and mor-
tality (Peters et al., 2019). Exposure to fine particles (particulate matter smaller than 2.5 um in aerodynamic diameter [PM, s]) alone is responsible for
~4 million deaths world-wide (Cohen et al., 2017). After smoking, air pollution is therefore one of the most important risk factors, in the same order of
magnitude as overweight or lack of physical activity. Experimental studies have demonstrated that ultrafine particles smaller than 100 nm can trans-
locate from the lung into the systemic circulation and reach other organs including the brain and the placenta (Stone et al., 2017).

Ambient air pollution has been linked to all hallmarks of environmental insults as highlighted throughout the review, namely,
oxidative stress and inflammation (Mudway et al., 2020), mitochondrial dysfunction (Breton et al., 2019), genomic alterations
(Yauk et al., 2008), epigenetic alterations (Neven et al., 2018; Ward-Caviness et al., 2016), endocrine disruption (Janssen et al.,
2017), altered intercellular communication (Bollati et al., 2015), altered gut microbiome (Mutlu et al., 2018), and impaired autono-
mous nervous system function (Peters et al., 2006). There is ample evidence that air pollution is affecting all organs highlighted in
Figure 4 (Thurston et al., 2017). Importantly, air pollution impairs all these hallmarks at low concentrations (e.g., well below the cur-
rent European standards of 25 ug/m3 PM, s annually).

CLIMATE CHANGE

Global warming and higher weather variability will substantially increase heat-related mortality in most regions of the world (Gasparrini et al., 2015).
Exposures to extreme temperatures, including both acute heat and cold exposures, have been associated with increased cerebrovascular, cardio-
vascular, and respiratory morbidity and mortality rates (Watts et al., 2019). The underlying mechanisms for adverse health effects include enhanced
sympathetic reactivity followed by activation of the sympathetic nervous system, renin-angiotensin system, as well as dehydration and a systemic
inflammatory response (Liu et al., 2015). At extreme warm temperatures, hemoconcentration, hyperviscosity, systemic inflammation, consumptive
coagulation, and microvascular thrombosis are observed (Schneider et al., 2017). Recent evidence also suggests that in utero, exposures to both
cold and heat are associated with adverse birth outcomes, such as preterm birth (Cox et al., 2016). Generally, newborns, infants, aging individuals,
and those with underlying cardiovascular or neurological diseases, as well as mental impairments, are among the most vulnerable. Evidence of im-
pacts of environment temperature on global DNA methylation in old age (Bind et al., 2014) and newborns (Abraham et al., 2018) was observed. Telo-
mere length was found to be shorted by high ambient temperature during gestation (Martens et al., 2019). Taken together, this suggests that ambient

temperatures impair health through the hallmarks of environmental insults to a far greater extent than currently known.

DISCUSSION

This article proposes eight hallmarks of environmental insults. It
is important to note that due to the vast dimensional space of the
chemical and physical properties of environmental exposures,
this review can by no means be complete. However, it is the
ambition of the review to create a framework that allows us to
delineate why complex mixtures of environmental exposures
are capable of inducing severe health effects even at relatively
modest concentrations from a toxicological standpoint, espe-
cially environmental exposures that are able to impair multiple
of these essential hallmarks on a cellular level lead to local and
systemic organ damage and induce chronic diseases at the bar-
rier organs as well as cardiovascular or neurological diseases or
cancer.

Traditionally, environmental insults are characterized in toxi-
cological frameworks. Mechanisms of toxicity for single chemi-
cals or chemical classes have been established, and theirimpact
is mainly exhibited through few defined pathways. However,
most of the time, the challenge is to understand the impacts of
complex mixtures that impose the insults through a variety of
mechanisms related to their chemical and physical properties
and through multiple impacts on cellular and organ levels
(Figure 4). Air pollution is a prominent example, as highlighted
in Box 1. To result in notable burden of disease, a number of
essential cell and organ functions need to be impaired. Indeed,
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for these complex mixtures, the relative risk may even be higher
at low concentrations than at high concentrations due to the fact
that, in relatively clean environments, the negative impacts on
the hallmarks of environmental insults are not downregulated
through feedback mechanisms. To match the complexity of
the environment and to make full use of the sweep of biomedical
technology that is available today, the idea of the exposome
research to complement the genome research has been put for-
ward. These approaches will, in particular, generate tools, data,
and knowledge to better capture and analyze the complexity of
environmental exposures, to characterize their relationship to
the internal exposome, to link them to pathophysiological re-
sponses, and to quantify their impact on chronic and infectious
disease burden (Vermeulen et al., 2020).

The hallmarks of environmental insults have relevant overlaps
with the hallmarks of aging (Lopez-Otin et al., 2013). This
stresses the interlinkages between processes of aging and the
external environmental drivers of health and disease. We
consider it important to emphasize the role of underpinning
cellular mechanisms that impair health from conception to old
age. We bring forward important novel aspects by highlighting
the impact of environmental insults on oxidative stress and
inflammation, endocrine disruption, microbiome communities,
and nervous system function. There are certain areas that have
emerged when considering aging (Lopez-Otin et al., 2013) but
have not been prominently featured here. These include, for
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example, the area of insults of environmental exposures on stem
cells, which have been mentioned briefly as part of the section on
mutagenesis, intracellular communication, and nervous system
function. It is very likely that environmental exposures contribute
to impairment of protein translation, post-translational protein
modification, and also protein folding. However, research in
these areas considering environmental exposures are currently
just emerging (Calderon-Garciduenas et al., 2019).

Environmental exposures are highly variable in time and space,
which increases the challenge of delineating their impact on the
cellular, organ, and organism level. Environmental exposures
may trigger or contribute significantly to the development of man-
ifest chronic diseases. For a trigger, an immediate response dis-
turbs homeostasis in a hallmark in vulnerable individuals. Envi-
ronmental insults that persist over longer time periods and have
multiple impacts may induce diseases chronically, and their
impact may be, in part, reversible if exposures cease. However,
some environmental exposures may also induce long-lasting
epigenetic modifications with transgenerational impacts that
would even persist after the exposures are eliminated.

CONCLUSIONS

Environmental insults are omnipresent and highly complex.
Nevertheless, they impair essential cellular functions thereby
leading to a plethora of diseases. Eight hallmarks of environ-
mental insults underpin most, if not all, observed associations be-
tween environmental exposures and disease. Specifically, they
comprise oxidative stress and inflammation, genomic alterations
and mutations, epigenetic alterations, mitochondrial dysfunc-
tion, endocrine disruption, altered intercellular communication,
altered microbiome communities, and impaired nervous system
function. Taken together, they provide a framework for under-
standing how environmental insults, even at relatively low con-
centrations, can lead from health to manifest chronic diseases.
The hallmarks shall also aid to jointly assess the intersection of
environmental exposures and life style-related behaviors (e.g.,
physical activity, exposure to urban green, and air pollution).

These hallmarks call for novel experimental research to
expand our knowledge of disease mechanisms going beyond
genetics. Integrated approaches combining observational and
experimental research seem to be mandated for further refining
the concept put forward here. Advances in biomedical technol-
ogies and data science will allow us to delineate the complex
interplay of environmental insults down to the single-cell level.
There is an important potential to leverage the understanding
of linkages between environmental insults and health for propos-
ing individualized prevention and treatment strategies. However,
the most important environmental challenges of today and
tomorrow (e.g., air pollution and climate change) can only be
partially addressed or abated on the individual level. Strong
local, national, and inter-governmental policies are needed to
ensure healthy environments for healthy citizens.
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