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Summary Adaptive physiologic buffers enable organisms to respond to environmental variation with appropriate
plasticity. Modern humans have substantially remodeled their environment such that many interactions with the
environment have become relatively discontinuous functions compared to the past. Examples include sunlight,
temperature, and altitude. We propose that environmental discontinuity represents a Darwinian maladaptation and
may promote disease by inducing buffer dysfunctions. Skin pigmentation is an adaptive, dynamic buffer that
normalizes sunlight exposure to balance the potential harm of damaging rays with the importance of sunlight in
driving systemic biologic functions such as melatonin and vitamin D. Due to lifestyle characteristics such as
indoor–outdoor living, well-intended sun-avoidance campaigns, and inhomogeneous use of apparel and sunblock
techniques, modern humans increasingly experience sunlight variation as a discontinuous function. The resulting
skin pigmentation buffer dysfunction may promote diseases associated with over- or under-exposure to sunlight,
the most striking example being melanoma. In addition to promoting discontinuity of sunlight exposure, sun-
avoidance campaigns may undermine sun-dependent biologic pathways such as melatonin and vitamin D that
appear to protect against cancer. These issues may partly explain the rise in melanoma rates despite the
implementation of sun-avoidance campaigns. Also discussed is the potential role that discontinuous temperature
variation associated with modern lifestyles plays in diseases such as viral infection, heart failure, and acute
coronary syndromes. Acute discontinuous changes in pressure and oxygen levels related to air travel may
contribute to autonomic dysfunction, venous thromboembolism, and viral infections. Therapeutic implications are
discussed.
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Hypothesis

Adaptive physiologic buffers enable organisms to
respond to environmental variation with appropri-
ate plasticity. Modern humans have substantially
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remodeled their environment such that many inter-
actions with the environment have become rela-
tively discontinuous functions compared to the
past. Examples include sunlight, temperature,
and altitude. We propose that environmental dis-
continuity represents a Darwinian maladaptation
and may promote disease by inducing buffer
dysfunctions.
ved.
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Evidence

Discontinuous variation of sunlight exposure

Exposure to sunlight is generally considered to be a
causative agent in the development of cutaneous
malignancies [1]. This view has resulted in public
health campaigns promoting sun avoidance and
sunscreen use [2,3]. Despite implementation of
these campaigns, mortality from melanoma has tri-
pled in the last three decades [4,5], and cases of
pediatric melanoma have continued to rise [6].
Excessive sun exposure despite the public health
campaigns may play some role in this increase,
but the magnitude of the rise of skin cancer rates
has led scientists to seek additional perspectives.
Various hypotheses such as ozone depletion, earlier
detection, and carcinogenicity of sunscreen have
been promulgated to explain the apparent incon-
gruity between the behavioral change produced
by the public health campaigns and the increasing
incidence of skin cancers, but the topics remain
controversial [2–14]. Is it possible that declining
sun exposure levels and greater irregularity in the
patterns of sun exposure related to recent behav-
ioral modifications may contribute to the develop-
ment of skin cancer?

Skin pigmentation can be understood as an adap-
tive, dynamic buffer that normalizes sunlight expo-
sure experienced by the body to balance the
potential harm of damaging rays with the impor-
tance of sunlight in driving certain systemic path-
ways such as melatonin and vitamin D. The
buffering phenomenon is apparent to anyone who
has experienced tanning after a recent increase
in sunlight exposure or paling after a recent decline
in sunlight exposure. It is well known that extreme
circumstances can render this pigmentation buffer
dysfunctional: darker-skin populations who
migrated to less sun-exposed geographies have in-
creased incidence of rickets [15] while lighter-skin
populations who migrated to more sun-exposed
areas exhibit higher rates of skin cancer [16].
These extreme evolutionary dislocations notwith-
standing, skin pigmentation demonstrates tremen-
dous plasticity in response to changing light
patterns. However, successful skin pigmentation
buffering presumes variation in light exposure that
represents a relatively continuous function; most
species and pre-modern humans experienced sun-
light in this fashion during formative evolutionary
epochs. For modern humans, the light experience
has been altered and rendered far more episodic
by indoor–outdoor living, sun-avoidance cam-
paigns, and inhomogeneous use of apparel and sun-
block techniques. As a result, modern humans
increasingly experience sunlight variation as a dis-
continuous function. The resulting skin pigmenta-
tion buffer dysfunction may promote diseases
associated with over- or under-exposure to sun-
light. That vitamin D deficiency still occurs in many
populations [17] and hypovitaminosis has been
identified in many groups seemingly not at risk
[18,19] may exemplify the former. That melanoma
rates are still rising may exemplify the latter.
While sunlight avoidance may protect against can-
cer during its practice, it renders the skin more vul-
nerable to cancer during breakthrough periods of
sunlight exposure. Clothes and inhomogeneous
sun block application can add irregularity to sun
exposure and contribute to skin pigmentation buf-
fer dysfunction.

In addition to promoting discontinuity of sun-
light exposure, sun-avoidance campaigns may
undermine sun-dependent biologic pathways that
appear to protect against cancer. Indeed, sunlight
exposure appears to correlate with increased sur-
vival in various cancers [20–22] and ultraviolet
radiation appears to protect against the develop-
ment of certain cancers [23]. These counterintui-
tive observations have been attributed to the
sun-dependent synthesis of vitamin D [21–23],
which exhibits numerous immunologic properties
that protect against cancer [24–27]. Another sun-
dependent pathway that influences immunologic
functions related to cancer is melatonin. Exposure
of the eye and skin to sunlight regulates the con-
version of serotonin to melatonin [28], a hormone
which appears to protect against growth of mela-
nomas [29–33]. Melatonin has not been actively
pursued as a treatment for melanoma [34], perhaps
out of concern regarding the potentially biphasic
nature of melatonin’s effects [35]. The association
of levodopa with melanoma in Parkinson’s disease
has been a subject of debate for many years [36].
Levodopa remains contraindicated in patients with
a history of melanoma. Levodopa has long been
known to reduce serotonin [37], and more recent
studies have shown that it decreases melatonin
production by the pineal gland [38].

Discontinuous variation of temperature
exposure

Ambient temperature in nature can vary consider-
ably over circadian, seasonal, and multi-year cy-
cles in both predictable and unpredictable ways.
Some organisms including humans that rely on tem-
perature normalization to optimize biologic func-
tions have evolved thermal buffering mechanisms
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that enable them to survive under changing ther-
mal conditions. A circumstance perhaps unfore-
seen during the Darwinian selection of these
buffers, however, is the acute changes in tempera-
ture experienced by modern humans. Mechanical
thermal control systems and apparel designed to
normalize the human thermal experience also cre-
ate discontinuous temperature changes as individu-
als move in and out of temperature-controlled
environments.

As robust as the biologic thermal buffers may
be, they may behave dysfunctionally in contexts
associated with discontinuous temperature change
such as stepping out of a heated house into the cold
outdoors. The acute response to a drop in ambient
temperature is brown fat thermogenesis and shiv-
ering mediated by the sympathetic system [39].
The well-known association of acute coronary syn-
dromes in patients entering cold weather or cold
water may be partly mediated by an acute sympa-
thetic response, particularly if patients exhibit
underlying autonomic dysfunction [40]. The same
mechanism may underlie increased rates of acute
exacerbation of heart failure [40] during winter
months. Sympathetic bias also shifts T helper (Th)
immune bias to Th2, a state more favorable for vir-
al infection [40]. The phrase ‘‘catching a cold’’
suggests an association of viral infection with a
drop in temperature, and it is possible that the
acute sympathetic bias promoting Th2 immunity
can increase the vulnerability to viral proliferation.
While local cooling can stem inflammation, sys-
temic cooling may counterintuitively worsen the
inflammatory component of conditions often asso-
ciated with Th2 bias such urticaria and asthma
[41–43], though the bronchial response to cold-in-
duced sympathetic bias may also provide symptom-
atic relief in the latter case.
Discontinuous variation of altitude exposure

Altitude change can act as a stressor on numerous
physiologic systems, particular those that govern
oxygenation and pressure. During prehistoric evolu-
tion, changes in altitude likely occurred gradually
for non-avian species, enabling long-term physio-
logic adaptations such as hematopoiesis and carotid
body remodeling to compensate [44]. Mountain
climbers encamp for periods of time to allow
long-term physiologic adaptations to occur. Modern
aviation, however, can expose humans to rapid, rel-
atively discontinuous altitude changes. Buffer dys-
functions such as otodynia can ensue as various
physiologic responses fail to adequately accommo-
date. The acute hypobaric hypoxia associated with
high-altitude ascent [45] can activate the carotid
chemoreceptor reflex and promote sympathetic
bias. The sympathetic activation can be accentu-
ated by the psychological fear associated with flying
and compounded by dehydration and cooler tem-
peratures present at higher altitudes [46].

Sympathetic activity promotes coagulation and
shifts Th balance to Th2 inflammation, a physio-
logic convergence that likely served a useful pur-
pose when trauma was a significant driver of
natural selection [47]. Thus, acute high-altitude as-
cent may pose an increased risk of diseases associ-
ated with the ‘trauma triad’ of sympathetic bias,
Th2 bias, and coagulation [47]. Acute altitude as-
cent has been linked to headache, pulmonary ede-
ma, insomnia, anorexia, and nausea [48,49]. While
the pathophysiologic basis of these associations is
considered unknown [48], we propose that these
consequences of acute altitude sickness are medi-
ated by at least one part of the ‘trauma triad’. Per-
haps the increased risk of venous thrombosis
associated with aviation is partly related to the
inappropriate activation of the ‘trauma triad’,
independent of stasis. Also, the anecdotal in-
creased risk of acquiring viral respiratory infection
during aviation may be partly related to a Th2 im-
mune shift, which reduces Th1-mediated viral
surveillance.
Implications

As modern humans continue to remodel their envi-
ronment, the perceived dynamic range of many
environmental variables such as sunlight, tempera-
ture, stress, diet, and visual focal length has con-
siderably narrowed [50]. In this paper, we suggest
that even when perceived environmental variation
does occur today, it often occurs as a discontinuous
stressor that renders the corresponding compensa-
tory buffer inadequate. We explored three exem-
plary cases, but the framework may extend more
generally. For instance, whereas pre-modern spe-
cies moved along continuous electromagnetic gra-
dients, modern humans are exposed to acute,
relatively discontinuous variations in electromag-
netic fields associated with long-distance travel,
high-altitude ascent, magnetic resonance scans,
and exposure to power lines and microelectronic
devices. Similarly, modern lifestyles have created
a more discontinuous pattern of exposure to
humidity. Modern environmental discontinuities
represent potential Darwinian dislocations for
which there has been little prior selection pres-
sure, and to what extent they contribute to the
pathogenesis of diseases is not fully known.
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Multiple sclerosis is an example of a condition that
appears to be sensitive to more than one of these
variables. Geographic latitude, weather, and pat-
terns of light exposure have been associated with
multiple sclerosis in various epidemiologic studies
[51–54]. Ironically, fundamental platforms for re-
search including animal- and cell-based model sys-
tems, which represent critical tools for studying
human diseases, may themselves be distorted by
exposure to environmental discontinuities such as
unnatural light patterns.

The impact of modern environmental disconti-
nuities on biologic systems may extend beyond
the induction of buffer dysfunctions. Organisms
ranging from prokaryotes to birds interpret envi-
ronmental flux including tide, day-length variation,
sun location, temperature, electromagnetic fields,
and chemical gradients to make important life-his-
tory decisions such as timing of development,
reproduction, migration, offspring sex ratios, feed-
ing patterns, body phenotype, and lifespan [55]. In
some cases, the patterns of environmental varia-
tion can serve as external clocks to organize molec-
ular, cellular, and systemic functions. Even the
predictable temporal pattern of radiation emitted
from periodic solar flares can be viewed as a sys-
temic clock governing the pace of mutagenesis,
speciation, and evolution. It is possible that
introducing discontinuities to natural patterns of
environmental information may account for yet-
unrecognized changes occurring at all levels of
the ecosystem.

It is noteworthy that many modern therapeutic
paradigms involve the controlled disruption of envi-
ronmental variations. Cooling and heating therapies
are already applied successfully in a wide variety of
clinical scenarios. Radiation is used to preferen-
tially kill fast-dividing cells. Hyperbaric chambers
and magnetic stimulation are being tested in vari-
ous indications. External light therapy is currently
used for mood disorders, psoriasis, insomnia, and
other circadian clock dysfunctions. The success of
light therapy in particular is in keeping with the
increasing awareness that cells communicate with
each other by producing and sensing light [56] and
leave open the possibility that internal cellular pro-
cesses such as nerve conduction may involve a com-
ponent of optical communication. Emergence of
implantable light-emitting devices, similar to the
implantable heating, cooling, and energy technolo-
gies that have already been developed, for disease
modulation is anticipated. In the future, we also
envision a new paradigm for the prevention and
treatment of diseases that involve the controlled
restoration, rather than disruption, of environmen-
tal continuity.
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