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Abstract

Background: Technological advancements make lives safer and more convenient. Unfortunately, many of these
advances come with costs to susceptible individuals and public health, the environment, and other species and
ecosystems. Synthetic chemicals in consumer products represent a quintessential example of the complexity of both
the benefits and burdens of modern living. How we navigate this complexity is a matter of a society’s values and cor-

responding principles.

Objectives: We aimed to develop a series of ethical principles to guide decision-making within the landscape of
environmental health, and then apply these principles to a specific environmental chemical, oxybenzone. Oxyben-
zone is a widely used ultraviolet (UV) filter added to personal care products and other consumer goods to prevent

UV damage, but potentially poses harm to humans, wildlife, and ecosystems. It provides an excellent example of a
chemical that is widely used for the alleged purpose of protecting human health and product safety, but with costs to
human health and the environment that are often ignored by stakeholders.

Discussion: We propose six ethical principles to guide environmental health decision-making: principles of sustain-
ability, beneficence, non-maleficence, justice, community, and precautionary substitution. We apply these principles
to the case of oxybenzone to demonstrate the complex but imperative decision-making required if we are to address
the limits of the biosphere’s regenerative rates. We conclude that both ethical and practical considerations should

be included in decisions about the commercial, pervasive application of synthetic compounds and that the current
flawed practice of cost-benefit analysis be recognized for what it is: a technocratic approach to support corporate

interests.
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Introduction

Thousands of (mostly inadequately tested) synthetic
chemicals are currently on the market [1]. Some of these
compounds are intended to increase human safety, while
others enable medical interventions, and still others
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provide human conveniences. For better or worse, tech-
nological and chemical advances of the last century
have improved and eased individual and public well-
being. Yet, these advances do not come without a cost
to the environment, other species and, somewhat para-
doxically and with unintended consequences, to human
health. For example, phthalates added to flexible tubing
(an important feature of medical equipment) also inter-
fere with male reproduction [2]. The conflict between the
benefits of safety or convenience versus the unexpected
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cost to human health is, however, only one of the many
controversial facets of decision-making pertaining to
environmental chemicals. Environmental health deci-
sion-making also extends to the identification of eco-
nomically and environmentally sustainable solutions,
exercises precaution and prevents “plausible threats’,
avoids quick fixes involving regrettable substitutions,
addresses disproportionate impacts of environmental
burdens on communities, and considers individual rights
and obligations including the rights of individuals to
know (or not know) about their environmental exposures
[3]. Here, we propose six principles of environmental
health that can assist in environmental health decision-
making relative to environmental chemicals (Fig. 1).

Introduction to Oxybenzone

To illustrate the framework of the proposed principles,
we evaluated oxybenzone, a synthetic UV filter used in
sunscreens and other personal care products; it is also
added to many consumer products including cardboard
inks, plastic packaging, fabrics, and furniture finishes
to protect these commodities from UV-induced fad-
ing or damage [4] (Fig. 2). As a result of its popularity,
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oxybenzone is now among the most widespread environ-
mental pollutants routinely detected in fish and avian tis-
sues, plants and microorganisms [5-7]. Collectively, in
humans, all sources of exposure contribute to detectable
urinary concentrations in over 98% of the U.S. population
[8]; it has also been measured in blood, amniotic fluid,
cord blood, semen and breast milk [9, 10].

Recent randomized control trials revealed that oxy-
benzone reaches and exceeds the US FDA’s threshold
of concern (0.5ng/ml in blood) 2 hours after sunscreen
application; these concentrations remained above the
threshold for 23h in all participants, and for 3 weeks in
96% of participants [11, 12]. Based on these new findings,
the U.S. FDA recently requested additional safety studies
on oxybenzone and other sunscreen ingredients [13].

The effects of oxybenzone in vivo are broad: it is toxic
to cyanobacteria [14, 15], green algae [14, 16] and coral
[17]. In rodents, oxybenzone alters the development of
the mammary gland, alters the weight of the liver, kidney,
and reproductive organs, decreases the number of sper-
matocytes in males [18—21] and induces DNA damage in
the mammary epithelium [22]. In fish, oxybenzone inter-
feres with reproduction [23, 24].

Principle of
SUSTAINABILITY

S F 4K

Principle of Principle of

BENEFICENCE N-MALEFICENCE

. p

Princif’ples
o OB
Environmental
Health

Principle of Ethics Pringiplg of
COMMUNITY o JUSTICE

g -

® Principle of

PRECAUTIONARY
SUBSTITUTION &

Fig. 1 Six proposed principles of environmental health ethics. Ethical principles of sustainability, beneficence, non-maleficence, justice,
community, and precautionary substitution provide a framework that can be used to evaluate environmental chemicals. This framework allows for
decision-making about synthetic compounds beyond the traditional cost-benefit analysis
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There is also evidence that oxybenzone is an endo-
crine disrupting chemical. In vitro screening tests have
revealed that it is an estrogen receptor (ER) agonist and
antagonist [25-27] and that some oxybenzone metabo-
lites have greater estrogenic activity than the parent com-
pound [28, 29]. Oxybenzone is also an androgen receptor
(AR) antagonist [25, 26]. Consistent with AR antagonist
activity, oxybenzone induces shortened anogenital dis-
tance in rats [20] and mice [19] following perinatal expo-
sure (Fig. 2).

Principles

“It is essential my Son in order that you may go
through this Life with comfort to yourself and use-
fulness to your fellow creatures that you should form
and adopt certain principles for the Government
of your own conduct and temper—unless you have
such rules and principles there will be numberless
occasions on which you will have no guide for your
Government but your Passions...”

J. Q. Adams [30]

Although principles originate from virtues conceived by
the Ancient Greeks around fifth Century BCE if not ear-
lier, the modern method of principlism in human health

emerged during the late twentieth Century - initially as
a response to atrocities of the first half of the century
(e.g., human experimentation by the Nazi regime, the
Tuskegee syphilis study, and others), later as reflecting
emerging environmentalist movements [31]. In the field
of ethics, principlism is considered a practical framework
for “people making real-world decision[s]” [32]. Our
everyday personal, societal, and professional conduct is
guided by commonly accepted ethical principles: regard-
less of our religiosity, we shalt not murder or steal; dem-
ocratic societies are ruled by consensus of “the people”
rather than the will of an individual; and guilds and pro-
fessional organizations declare their ethics guidelines and
standards of practice.

Modern clinical medicine and related scientific disci-
plines have codified four guiding principles: non-malef-
icence (often translated as “do no harm”), beneficence,
justice, and respect for autonomy [33]. However, the
values and principles for public health or environmen-
tal health cannot be directly transferred from the field
of medicine owing to differences in the type of interven-
tions in public health vs. clinical practice (e.g., indirect
and preventive vs. direct and curative), type of profes-
sionals involved (e.g., a diverse group vs. specialized),
and the ultimate focus of interventions (e.g., to protect
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populations including unspecified individuals vs. a sin-
gle well-known patient) [34]. Unlike medical ethics, pub-
lic health ethics frameworks have not yet fixed upon a
set of universally accepted principles; however, several
foundational values, such as transparency, reduction of
inequities, and solidarity run through many proposed
frameworks. On the global end, a comprehensive docu-
ment of sixteen principles, the Earth Charter, lays an
ethical foundation for acting based on respect and jus-
tice, nonviolence and democracy, and ecological integrity
[35-37].

Environmental health ethics (not to be confused with
environmental ethics, which does not focus principally
on the health of people) represents an approach where
human health stands paramount in the context of and
connection with the environment, non-human species,
and possibly, future human generations. This may seem
to present a tension between eco-centric and anthropo-
centric approaches, but such dissention is anticipated
and welcomed because applied ethics arises from epis-
temic uncertainty and works to address tensions. In envi-
ronmental health ethics, an immediate focus on human
health is extended towards non-human species, ecosys-
tems and the biosphere, as well as the responsibilities of
the human species that rises from its rights. Scholars of
environmental health ethics have only begun discussing
the guiding principles of the field [38]. In this context, the
thousands of newly synthetized chemicals and the ubig-
uitous environmental pollution that is inevitably reaching
human tissues have provided challenges to ethical deci-
sion-making and ethical actions.

Principle of sustainability

This we know: the earth does not belong to man;
man belongs to the earth. All things are connected
like the blood that unites all Man did not weave the
web of life; he is merely a strand in it. What he does
to the web, he does to himself.

Sealth, Chief Seattle

Stewardship is broadly defined as a call to “take good
care of natural resources” and implies additional subsidi-
ary principles such as “protect species and biodiversity”
and “avoid destruction of habitats and ecosystems” (p.73
[31]). That humans are not external to ecosystems and
their biodiversity has been recognized by the global com-
munity [39, 40]. Nonetheless, responsible stewardship is
still on occasion seen as binary— one may protect either
nature or civilization - but like many issues presented as
an either/or choice, this dichotomy is false. In fact, econ-
omists have repeatedly demonstrated that “the viability of
business itself depends on the resources of healthy eco-
systems” [41].
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Acting as responsible stewards leads to a “practice of
sustainable uses of biological resources” [31]. The Prin-
ciple of Sustainability thus implies a balance of using
- but not overusing; harvesting - but not overharvest-
ing. Prior to the Anthropocene epoch, industrial chemi-
cals would not present a threat because their volumes
did not exceed the rate of individual and environmental
biotransformation [42]. In the case of oxybenzone, this
is no longer true. First synthesized in the mid-twentieth
century, oxybenzone quickly gained dominance among
sunscreen products and equally rapidly began polluting
coastal waters when washed off the skin of beachgoers.
The levels of oxybenzone measured in coastal waters
harboring coral reefs are no longer sufficiently diluted to
avoid harm to these species [17, 43]. The demand for sun-
burn-free midday beachgoing, combined with climatic
and oceanographic conditions produce the present situa-
tion in which oxybenzone threatens the survival of aque-
ous species and ecosystems [44]. Although the chemical
is readily metabolized in human tissues and 93% of the
compound is transformed in the marine environment
within 120days of its introduction, oxybenzone is rou-
tinely detected in nearly all human samples, in water and
soil, consistent with continuous pollution sources [45].

Although people have changed landscapes for the sake
of utility, beauty, or leisure for most of human history, for
millennia these changes played by nature’s rules simply
because the members of our species were “few, humble,
and weak” [46]. In recent history, however, technological
and chemical discoveries have led to advances in which
the rules of nature could be dismissed or ignored.
Humans devised methods to defeat infectious diseases,
to bypass infertility, and to stretch the limits of materi-
als on water-repellency, flammability, and flexibility. With
these changes, our civilization seemed invincible. Yet, in
spite of these advances we have reached several “walls”
where the limits of demography, physics and biology
matter again. No longer can the biosphere transform all
synthetic substances into harmless metabolites — there
are tens of thousands of newly synthesized chemical
compounds in the environment, many of them produced
in large volumes, some of them highly stable and persis-
tent in the environment [1]. After times when the ele-
ments have had extreme impacts on civilizations, and
times when civilization has had extreme impacts on the
environment, it becomes necessary to execute responsi-
ble and sustainable stewardship.

Implied in the Principle of Sustainability is the matter
of future generations. Given that coral reefs that form
over thousands of years have shrunk by 20 to 80% over
the past two generations, we are already past the turn-
ing point of our grandchildren experiencing the vast
reefs as we did [47]. Some have argued that obligations
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to hypothetical future individuals is a paradox: how can
“actions that make things worse for no one [in particular]
be wrong?” [48]. The “non-identity case” solution most
relevant to environmental health suggests replacing the
hypothetical person of the future with an entire com-
munity potentially harmed by today’s action because “we
have a moral duty to promote the overall well-being of
future generations, even if we do not have moral duties
to any particular future person” (p.74 [31]). The Principle
of Sustainability weighs the impact of today’s production
and use of anthropogenic chemicals along with the well-
being of current and future humans, non-human species
and the biosphere. Oxybenzone fails this test (Fig. 3).

Principle of beneficence

On one level, modern sunscreen isn’t so far from
smearing yourself with clays, minerals, or a mixture
of sand and oil like the ancient Egyptians or Greeks
did. But on another level, modern sunscreens are
some mind-bending magico-chemical spellwork.
Our species should be patting ourselves on the back
right now. But does our little magic trick actually

Page 5 of 12

work?
George Zaidan, [49]

In the clinical setting, the Principle of Beneficence can
be easily translated as actions that benefit the patient.
Experimentally, chemical sunscreens have been clearly
demonstrated to provide protection against UV-induced
damage, and on the level of populations they were
pledged to decrease skin cancer incidence [50, 51].
Therefore, the Principle of Beneficence raises a question:
do chemical sunscreens actually offer a means of skin
cancer prevention to at-risk populations?

The incidence of malignant keratinocyte carcino-
mas, i.e., squamous and basal skin cancers — previously
referred to as non-melanoma skin cancers [52] — has
increased by 14% between 2006 and 2012 with >3 mil-
lion U.S. residents affected in 2012 [53]. Melanoma cases
are reported to cancer registries thus their statistics
and trends are more precise: in 1975, the National Can-
cer Institute (NCI) recorded 7.9 cases of melanoma per
100,000 US residents; in 1995 the rate doubled to 16.5,
and the latest data from 2018 report 22.4 melanoma
cases per 100,000 residents [54].
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Fig. 3 Evaluating oxybenzone based on the proposed six principles. Oxybenzone as a UV- absorbing filter in sunscreens, products, and packaging
induces short- and long-term adverse effects on both humans and environment. Further, heavy coastal pollution stands as unequal and unjust.
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Although their convenience is rarely disputed, the
efficacy of sunscreens remains ambiguous. Whether
sunscreens modify the risk of sunburn, melanoma and
keratinocyte cancers have been studied predominantly
using human cohorts, and the body of evidence provides
a heterogenous and contradictory picture. In 2001, the
International Agency for Research on Cancer published
a review of case-control studies and concluded that the
evidence for sunscreen providing protection from mela-
noma and basal cell carcinoma was “inadequate” while
“limited” evidence for preventive effects was found for
cases of squamous cell carcinoma [55]. A meta-analysis
of 11 human cohorts found no effect of sunscreen use on
sunburn prevention [56]. On the other hand, a French
collaborative report concluded that “topical use of sun-
screens reduces the risk of sunburn in humans” yet “no
conclusion can be drawn about the cancer-preventive
activity of topical use of sunscreens” [57]. A more recent
meta-analysis included epidemiological studies beyond
case-control designs, and carefully assessed the quality of
evidence of sunscreen-melanoma associations; yet even
this review finds the evidence inconclusive [58]. What is
more, sunscreens seem to have no effect on melanoma
risk in dark-skinned populations [59].

Only one study to date shows a protective effect of
sunscreens (containing avobenzone and octinoxate) in
an Australian randomized controlled trial [60]. How-
ever, individuals assigned to the “control” group were not
restricted in their use of sunscreen, and the study was
burdened with a number of biases, including selection
and funding bias, and detected only half of the melanoma
cases that were expected given incidence of the disease in
the Australian population [61].

In spite of the paucity of efficacy evidence, humans
mass-produce and promote sunscreens, and encourage
an everyday, one-size-fits-all use. Since the early 1970s,
guidelines of the American Association for Dermatol-
ogy caution users to apply sunscreen on the “entire body
before [a person] dress[es] for the day” and repeat appli-
cations throughout the day [62]; the goal for children
and infants older than 6 months is “to protect all parts
of the skin exposed to the sun by using a variety of tech-
niques, including sunscreen” [63]. For many, everyday
use of broad-spectrum sunscreens has become a matter
of fact [64], but humans’ behavior sometimes works con-
tradictory to the best public-health intentions. For exam-
ple, there is evidence that application of sunscreen may
increase sun exposure and a false sense of sun safety [65]
by “extend[ing] the duration of intentional sun exposure,
such as sunbathing... increas[ing] the risk for cutaneous
melanoma” [57]. Lastly, sunscreen’s efficacy is subverted
if users apply “however much feels right” [49], i.e. less
than the recommended amount of 10z per application,
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or if a person fails to re-apply the product every 2 hours
[66].

The Principle of Beneficence calls for convincing evi-
dence and significant benefits to public health. The above
arguments undermine the alleged beneficence of sun-
screens, and oxybenzone specifically, in the prevention of
skin cancer (Fig. 3).

Principle of non-maleficence

“Animal studies have raised concerns about endo-
crine disruption and reproductive issues. But ani-
mals are not people, [Dr. Henry] Lim [a dermatolo-
gist] says. And despite decades of sunscreen use,
there has been no population-wide signal that rates
of infertility, birth defects or other health problems
are higher in people who use more sunscreen or in
places where people apply more of it” [67].

“Primum non nocere” (first, do no harm) obligates
health care professionals to abstain from inflicting harm
to a patient if s/he cannot benefit from the care provided.
The Principle of Non-maleficence builds on the argument
of beneficence, and asks “is it safe for me”?

Sunscreens are regulated by the FDA and tested for sun
protection efficacy. Yet, testing the 17 over-the-counter
UV filters for safety (e.g., hazard identification) was pre-
viously not seen as necessary; the sunscreen ingredients,
including oxybenzone, were considered by FDA to be
“generally recognized as safe and effective” because it was
assumed that their concentrations would not exceed a
threshold of 0.5ng/mL in systemic circulation after der-
mal application [13]. Now that this assumption has been
shown to be wrong [11, 12], the FDA has called for more
data and possibly stricter regulation [13].

Beyond concerns about exposure, research published
in peer-reviewed journals paints a more complex story of
possible health effects (e.g., hazards). An increasing num-
ber of epidemiological studies have evaluated the effects
of oxybenzone on human health outcomes. Although
many of these studies are limited by their design (e.g.,
cross-sectional studies), there is evidence that oxyben-
zone and its metabolites can affect human health, includ-
ing effects on reproduction (time to pregnancy, risk of
endometriosis, sperm quality, measures of infertility)
[68—71]; birth outcomes [72, 73]; neurobehavioral out-
comes in the offspring [74]; and health of other organs,
e.g., the thyroid gland [75, 76]. Furthermore, oxybenzone
was identified as an allergen in 1-3% of the population
[77] and while allergic reactions to sunscreens affect
only a small proportion of the population, oxybenzone
is a common photoallergic agent [78]. In addition to the
weight of epidemiological cues, as described in more
detail above, mammalian toxicological studies similarly
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point to oxybenzone’s effects on the structure and func-
tion of tissues including endocrine organs [79].

Regardless, some dermatologists continue to pro-
mote chemical sunscreens as the ultimate means of sun
safety and call for epidemiological studies to detect a
“population-wide signal” for an effect of sunscreen use
on human health before even entertaining the possibil-
ity that oxybenzone might cause harm. Unfortunately,
such “population-wide” evidence will be incredibly chal-
lenging to collect. Epidemiology studies that attempt
to examine such relationships often fail due to the eco-
logical fallacy (i.e., drawing conclusions about individu-
als based on evidence collected for a group, in this case,
concluding that oxybenzone is safe for individuals based
on a failure to obtain a “population-wide signal” of harm).
Furthermore, it is almost impossible to find a population
of individuals without exposure to oxybenzone to serve
as an “unexposed control group”; in 2011, the chemical
was detected in the urine of 98% of non-pregnant women
and 100% of pregnant women [80]. Even individuals that
report “never” using sunscreen have detectable levels in
their urine, indicating that exposures come from a wide
variety of sources [81]. Of course, if such a population-
wide signal of harm were identified, that would represent
a massive public health failure; the possibility of such
catastrophic outcomes creates an even stronger case for
precaution [82].

In spite of these limitations, an increasing number of
human studies suggest associations between oxybenzone
and harm. These studies examine exposures and health
outcomes at the level of individuals, finding “signals” of
harm that have unfortunately been dismissed by some in
the dermatology community because the studies do not
examine the population in entirety. These findings should
not be ignored in a quest for a “perfect” human cohort.
With the evidence that is currently available, the princi-
ple of “first do no harm” disqualifies oxybenzone due to
its maleficence (Fig. 3).

Principle of justice

Hawaii is definitely on the cutting edge by banning
these dangerous chemicals in sunscreens.
Hawaii State Senator Mike Gabbard

The Principle of Justice in environmental health
demands that individuals and communities share “justly
and equally both burdens and benefits” and that “socie-
ties follow fair procedures” in making and implementing
policy decisions concerning the environment [38]. In the
Rawlsian approach of justice — where justice is consist-
ent with fairness [83] — and in the extension of Rawls’s
principles to health care, unequal health burdens are
seen as unjust when social determinants of health such as
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education or job opportunities are also unjustly distrib-
uted [84].

There are many benefits of coral reefs to humans,
including tourist spending, food sources, coastal protec-
tion and populations that live near these locations can
enjoy them [85]. Yet those unique ecosystems are sub-
jected to unprecedented worldwide losses. Oxybenzone
is one of several contributors to coral bleaching, brought
to reefs indirectly from residential and municipal waste-
waters or washed off the skin of swimmers and beachgo-
ers. Beach tourism has become ever more popular; for
example, the annual number of visitors to the State of
Hawaii — whose islands are surrounded by coral reefs -
increased from 6.7 million to 10.4 million between 1999
and 2019 [86, 87]. Coastal pollution with oxybenzone
results in an unequal distribution of an environmental
burden. After Hawaiian residents realized the distribu-
tive injustice of this burden, they exercised their right to
procedural justice. In 2018 the State Senate voted to ban
sunscreen products containing oxybenzone and octinox-
ate from being distributed or sold in Hawaii, taking effect
in January 2021 [88].

The Hawaii case study provides an example of a spe-
cific population acting meaningfully against environmen-
tal pollution. Yet, a situation where governing legislators
rule confidently and effectively against a polluting agent
is an exception rather than a norm. Typical stories of
disproportionate pollution in communities commonly
end - if resolved at all — in cumbersome repressive legal
actions and public budgets paying for the consequences
of the pollution [89].

Ideally, distributional injustice is prevented. If it cannot
be prevented, the disadvantaged community should have
the means to decide on the burden experienced through
procedural justice or to be compensated for the unequal
and unjust distribution. Concerted efforts are needed to
reduce the unjust, distributional burden of pollution on
the global scale (Fig. 3).

Oxybenzone provides one additional angle to the
Principle of Justice: this chemical has been detected in
the bodies of individuals across the globe, regardless of
their personal decisions or reported use of chemical sun-
screens [81]. Above all, neonates are born having already
been exposed to chemical sunscreens [80]. Polluting our
descendants raises the question of intergenerational jus-
tice, a topic described above.

Principle of community

“The innocent greed of the affluent may easily be the
most threatening ecological time bomb.”
E. Kohak [46]
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The Principle of Autonomy — defined as “acting on the
basis of choices guided by values and principles that
one accepts as one’s own” [90] - is the paramount guid-
ing principle in medical practice and bioethical theory.
But public health practice typically applies a number of
restrictions on this fundamental principle because in
challenges posed by public health, the “interests of the
community” override individual choices if personal pref-
erences pose a risk to health or safety of the community
[91]. Examples of what we have dubbed the Principle of
Community, where the health of the community is seen
as a vital priority, include restrictions on smoking in pub-
lic or shared spaces due to the risks of secondhand smoke
[92], required vaccination for the sake of herd immunity
[93], or mask mandates in the case of a pandemic caused
by a respiratory virus. Environmental health practice
builds on similar premises of community kinship, where
the focus is on the interests of environment and human
health even when the benefits to the community conflict
with individual preferences. The concept of the ‘tragedy
of the commons’ relates to this point, because the ben-
efits received by the individual (or a specific industry) can
detract from the health of the whole [94].

To illustrate the environmental health conflict, Kohak
(p.9 [46]) uses the example of a retired clergyman whose
hobby is to fly surplus fighter jets, arguing that it is his
right to engage in the activity, even while he acknowl-
edges the detrimental environmental impact of fighter
jet engines. Kohak frames such reasoning as an “inno-
cent greed of the affluent” and asserts that similar forms
of argumentation are not uncommon in human-envi-
ronment conflicts [46]. The “innocent greed” argument
represents one of many hypothetical explanations for
individual choices to use sunscreens containing oxyben-
zone despite their adverse effects on the environment.
Users may think, “It is my right to use this sunscreen,
even if it contributes to environmental harm” For
those reasons, human-environment conflicts are often
addressed with regulatory action to restrict autonomous
decisions.

Although the “innocent greed” argument is certainly
important to consider, lack of awareness reflects another,
more likely, concern because the general public is not
typically expected to judge the risks associated with the
use of synthetic chemicals or exposure to environmen-
tal pollutants. Instead, experienced professionals — sci-
entists, public health professionals, and regulators — are
tasked with using expert judgement to tackle the complex
problems of environmental and human risk assessment.
In other words, regulatory agencies and their employ-
ees are tasked to prevent the necessity of the consumers’
dilemma.
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Unfortunately, autonomous choices cannot always be
respected when environmental health is at stake or when
the impacts of autonomous choice are potentially dis-
astrous [82]. Such choices should not even be expected
when addressing issues that are as complex and compli-
cated as the case of chemical safety evaluations. While
legislative regulations are not without risk (e.g., what has
been described as the “slippery slope of regulations [95]),
the case of oxybenzone shows that that under the Prin-
ciple of Community, some groups may need to override
autonomous (individual) decisions to ward off the mag-
nitude of environmental, societal and/or health costs that
are attributed to the collective impact of individual acts
(Fig. 3).

The principle of precautionary substitution

The term ‘precautionary principle’ can be traced
to the German word Vorsorgeprinzip. An alterna-
tive translation of this word might be the foresight
or ‘forecaring’ principle—emphasizing anticipatory,
forward-looking action rather than reactive imped-
ing of progress.

Tickner, Kriebel & Wright [96]

The Principle of Precautionary Substitution cautions
against replacement of harmful chemicals if such a
replacement introduces another equally or more harm-
ful chemical. In recent decades, a number of everyday or
industrial chemicals were disfavored and substituted with
different chemicals that were later found to be harmful.
For example, lead arsenate, an insecticide comprised of
two heavy metals, was used on deciduous trees (includ-
ing many apple orchards) [97] until it was replaced by
the infamous DDT. The impact of Rachel Carson’s Silent
Spring brought the use of DDT in U.S. agriculture to an
end and organophosphate pesticides quickly replaced
organochlorines. Yet, with time, many of these were also
found to be toxic and were later banned from residential
use (although malathion is still heavily used for mosquito
control and in agriculture) [98, 99]. Then came the neo-
nicotinoids, insecticides now described as “bee neuro-
toxins”; three of them are now “severely restricted” in the
EU and only three are permitted in Canada [100, 101].
The newest pest control inventions target genetic infor-
mation, e.g. RNAi (RNA intervention) pesticides, but
whether the “blissful enthusiasm that accompanies every
new advance in modern technology and medicine” [102]
will lead to a similar disillusionment with these technolo-
gies remains to be seen.

Precaution pertaining to oxybenzone requires us to
examine two opposing sides: the concern about not using
chemical sunscreens which is perceived as increasing
the risk of skin cancer [103], and concerns about using
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chemical sunscreens, which increases environmental
pollution and adverse health effects in human and non-
human species. Both these facets are rarely examined
together and often fail to address the relevant issues,
e.g., a frank accounting of the effectiveness of sunscreens
in skin cancer prevention, as well as the full magnitude
of understanding the many ways chemical sunscreens
impact life on the planet. The former issue was addressed
above in the Principle of Beneficence and we turn to the
latter in this section.

Extensive evidence collected in wildlife and from
experimental studies suggests that oxybenzone harms
a wide range of species including bacteria, algae, plants,
fish and mammals (Fig. 2). When the impact of oxyben-
zone on coral reefs galvanized concerns and induced a
negative public response, attention shifted towards UV
protecting alternatives. Novel technological-chemical
solutions (e.g., variants of chemical sunscreens including
mineral-based sunblock improved with nanotechnolo-
gies), and emerging chemical solutions (e.g., benzotria-
zoles, a newer family of UV stabilizing chemicals added
to consumer products) represent a marketing opportu-
nity, but they also raise red flags around human health
and sustainability. For example, titanium dioxide nano-
particles penetrate human skin in certain formulations
and emerging evidence points to their potential toxicity
[104, 105]. Similarly, UV-328, a benzotriazole UV stabi-
lizer added to many plastics is proposed to be added to
the Stockholm Convention’s list of persistent organic
pollutants [106] and other benzotriazoles such as HDBB
and UV-324 induce toxicity in aquatic species and act as
endocrine disruptors in both fish and mammals [107].

To address the issue of regrettable replacements, sev-
eral distinct actions have been proposed. First, it is pos-
sible to regulate chemicals by groups or classes. An
international effort on “Substances depleting the Ozone
Layer” — The Montreal Protocol — provides an example
of successful regulation of a chemical class based on the
type of harm inflicted by chemicals [108]. Alternatively,
chemicals could be classified and regulated based on their
intended purpose. The concept of “essential” vs. “non-
essential” use suggested for classification of per- and pol-
yfluoroalkyl substances (PFAS) would enable regulators
to identify and phase-out the most non-essential uses
[109]. Second, the price of a product producing unin-
tended harms could more fully reflect those detrimental
costs known as externalities. Economists specialized in
sustainability (i.e., the discipline of Ecological Econom-
ics) can apply various tools for internalizing costs asso-
ciated with disposal and pollution and can quantify the
benefits obtained by industries utilizing natural ecosys-
tems [110]. Accountability of the markets for using and
overusing natural resources differs from recent economic
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theories (and practice) but a society in which individuals
and public budgets cover health and societal costs asso-
ciated with profit-driven polluting producers is not sus-
tainable on the scale we have achieved today.

Conclusions
Environmental pollution with thousands of inadequately
tested synthetic chemicals is among the many urgent
threats that challenge human health and environmental
sustainability. While the Paris Agreement takes action
against greenhouse gas emissions, a similar international
vision on anthropogenic pollution has yet to be formed.
We have offered six principles that are relevant for
environmental health decision-making (Fig. 1); these
principles illustrate the complexity of the problem of
environmental chemical pollution and should be consid-
ered when searching for solutions. A reliance on prin-
ciples provides guidance to evaluate compounds that
present a patchwork of risks and benefits in both soci-
etal and scientific contexts. Thus, the case of oxybenzone
lends an excellent opportunity to apply these six princi-
ples of environmental health to a specific chemical that
is used in consumer products to meet a specific need
(protection from UV-induced damage), but with costs to
human and environmental health that have been largely
unexplored (Fig. 3). With the framework of principlism,
it becomes clear that even for a chemical with relatively
moderate stakes (compared to the wide spectrum of
highly persistent and highly accumulative compounds
that have been released to the environment), action is
required to address the limits of the biosphere’s regenera-
tive rates.

Acknowledgements

The authors gratefully acknowledge members of the Vandenberg lab for
helpful conversations on this topic. We also thank Dr. Dan Goldstein for
feedback on an early draft of this manuscript. This work was funded through
support from the National Institute of Environmental Health Sciences of the
National Institutes of Health (Award Number U01ES026140). The content of
this manuscript is solely the responsibility of the authors and does not neces-
sarily represent the official views of the National Institutes of Health or the
University of Massachusetts.

Authors’ contributions

LNV and KM conceptualized this project. KM wrote the first draft of the paper
and created the figures. LNV provided critical edits to the manuscript. LNV and
KM both agree to publish the paper.

Authors’ information

KM is a PhD Candidate at the University of Massachusetts Amherst. She works
in the laboratory of LNV in the School of Public Health & Health Sciences,
Department of Environmental Health Sciences. Both authors have been
working to study the effects of oxybenzone and other endocrine disrupting
chemicals on the health, function, and disease of the mammary gland.

Funding

The authors acknowledge support from the National Institute of Environ-
mental Health Sciences of the National Institutes of Health (Award Number
UO01ES026140). The content of this manuscript is solely the responsibility



Matouskova and Vandenberg Environmental Health (2022) 21:6

of the authors and does not necessarily represent the official views of the
National Institutes of Health or the University of Massachusetts.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

LNV has received travel reimbursement from Universities, Governments, NGOs
and Industry, to speak about endocrine-disrupting chemicals. Her EDC-related
work has been supported by US federal agencies, the University of Massa-
chusetts Amherst, and NGOs including the Cornell Douglas Foundation, JPB
Foundation and the Great Neck Breast Cancer Coalition. She is a paid scientific
advisor to SUDOC LLC. KM has no conflicts to disclose.

Received: 19 June 2021 Accepted: 10 November 2021
Published online: 08 January 2022

References

1. Wang ZY, Walker GW, Muir DCG, Nagatani-Yoshida K. Toward a global
understanding of chemical pollution: a first comprehensive analysis
of national and regional chemical inventories. Environ Sci Technol.
2020;54(5):2575-84. https://doi.org/10.1021/acs.est.9b06379.

2. Pallotti F, Pelloni M, Gianfrilli D, Lenzi A, Lombardo F, Paoli D. Mecha-
nisms of testicular disruption from exposure to Bisphenol a and Phta-
lates. J Clin Med. 2020,9(2) ARTN 471. https://doi.org/10.3390/jcm90
20471,

3. Soskolne CL. Ethical, social, and legal issues surrounding studies of
susceptible populations and individuals. Environ Health Perspect.
1997;105(Suppl 4):837-41. https://doi.org/10.1289/ehp.9710554837.

4. Agency TDEP In: Food Moka, editor. Survey and health assessment of
UV filters. Copenhagen: The Danish Environmental Protection Agency,
Ministry of Environment and Food; 2015. p. 288.

5. Balmer ME, Buser HR, Muller MD, Poiger T. Occurrence of some organic
UV filters in wastewater, in surface waters, and in fish from Swiss Lakes.
Environ Sci Technol. 2005;39(4):953-62. https://doi.org/10.1021/es040
055r.

6. Molins-Delgado D, Munoz R, Nogueira S, Alonso MB, Torres JP, Malm
O, et al. Occurrence of organic UV filters and metabolites in lebranche
mullet (Mugil liza) from Brazil. Sci Total Environ. 2018;618:451-9. https://
doi.org/10.1016/j.scitotenv.2017.11.033.

7. ZhangT, Sun H, Qin X, Wu Q, Zhang Y, Ma J, et al. Benzophenone-
type UV filters in urine and blood from children, adults, and pregnant
women in China: partitioning between blood and urine as well as
maternal and fetal cord blood. Sci Total Environ. 2013;461-462:49-55.
https://doi.org/10.1016/j.scitotenv.2013.04.074.

8. Han C, Lim YH, Hong YC. Ten-year trends in urinary concentrations of tri-
closan and benzophenone-3 in the general U.S. population from 2003
10 2012. Environ Pollut. 2016;208(Pt B):803-10. https://doi.org/10.1016/].
envpol.2015.11.002.

9. Buck Louis GM, Chen Z, Kim S, Sapra KJ, Bae J, Kannan K. Urinary con-
centrations of benzophenone-type ultraviolet light filters and semen
quality. Fertil Steril. 2015;104(4):989-96. https://doi.org/10.1016/j.fertn
stert.2015.07.1129.

10. Krause M, Frederiksen H, Sundberg K, Jorgensen FS, Jensen LN,
Norgaard P, et al. Presence of benzophenones commonly used as UV
filters and absorbers in paired maternal and fetal samples. Environ Int.
2018;110:51-60. https://doi.org/10.1016/j.envint.2017.10.005.

11. Matta MK, Florian J, Zusterzeel R, Pilli NR, Patel V, Volpe DA, et al. Effect
of sunscreen application on plasma concentration of sunscreen active

20.

22.

23.

24.

25.

26.

Page 10 of 12

ingredients: a randomized clinical trial. Jama. 2020;323(3):256-67.
https://doi.org/10.1001/jama.2019.20747.

Matta MK, Zusterzeel R, Pilli NR, Patel V, Volpe DA, Florian J, et al. Effect
of sunscreen application under maximal use conditions on plasma
concentration of sunscreen active ingredients a randomized clinical
trial. Jama. 2019;321(21):2082-91. https://doi.org/10.1001/jama.2019.
5586.

FDA US. In: Services DoHaH, editor. Sunscreen Drug Products For Over-
the-Counter Human Use: Proposed Rule. Washington, D.C: U.S. FDA,
Department of Health and Human Services; 2019. p. 6204-75. Report
Number: Docket No. FDA-1978-N-0018, URL: RIN 0910-AF43. https://
www.govinfo.gov/content/pkg/FR-2019-02-26/pdf/2019-03019.pdf.
Mao F, He Y, Kushmaro A, Gin KY. Effects of benzophenone-3 on the
green alga Chlamydomonas reinhardtii and the cyanobacterium
Microcystis aeruginosa. Aquat Toxicol. 2017;193:1-8. https://doi.org/10.
1016/j.aquatox.2017.09.029.

Zhong X, Downs CA, Che X, Zhang Z, Li Y, Liu B, et al. The toxicologi-

cal effects of oxybenzone, an active ingredient in suncream personal
care products, on prokaryotic alga Arthrospira sp. and eukaryotic alga
Chlorella sp. Aquat Toxicol. 2019;216:105295. https://doi.org/10.1016/].
aquatox.2019.105295.

Sieratowicz A, Kaiser D, Behr M, Oetken M, Oehlmann J. Acute and
chronic toxicity of four frequently used UV filter substances for
Desmodesmus subspicatus and Daphnia magna. J Environ Sci Health A
Tox Hazard Subst Environ Eng. 2011;46(12):1311-9. https://doi.org/10.
1080/10934529.2011.602936.

Downs CA, Kramarsky-Winter E, Segal R, Fauth J, Knutson S, Bronstein O,
et al. Toxicopathological effects of the sunscreen UV filter, Oxybenzone
(Benzophenone-3), on coral Planulae and cultured primary cells and its
environmental contamination in Hawaii and the U.S. Virgin Islands. Arch
Environ Contam Toxicol. 2016;70(2):265-88. https://doi.org/10.1007/
500244-015-0227-7.

LaPlante CD, Bansal R, Dunphy KA, Jerry DJ, Vandenberg LN. Oxyben-
zone alters mammary gland morphology in mice exposed during
pregnancy and lactation. J Endocr Soc. 2018;2(8):903-21. https://doi.
0rg/10.1210/j5.2018-00024.

Matouskova K, Jerry DJ, Vandenberg LN. Exposure to low doses of
oxybenzone during perinatal development alters mammary gland
morphology in male and female mice. Reprod Toxicol. 2019. https://doi.
0rg/10.1016/j.reprotox.2019.08.002.

Nakamura N, Inselman AL, White GA, Chang CW, Trbojevich RA, Sephr
E, et al. Effects of maternal and lactational exposure to 2-hydroxy-
4-methoxybenzone on development and reproductive organs in

male and female rat offspring. Birth Defects Res B Dev Reprod Toxicol.
2015;104(1):35-51. https://doi.org/10.1002/bdrb.21137.

Nakagawa Y, Suzuki T. Metabolism of 2-hydroxy-4-methoxybenzo-
phenone in isolated rat hepatocytes and xenoestrogenic effects of its
metabolites on MCF-7 human breast cancer cells. Chem Biol Interact.
2002;139(2):115-28. https://doi.org/10.1016/50009-2797(01)00293-9.
Majhi PD, Sharma A, Roberts AL, Daniele E, Majewski AR, Chuong LM,
et al. Effects of Benzophenone-3 and Propylparaben on estrogen
receptor-dependent R-loops and DNA damage in breast epithelial cells
and mice. Environ Health Perspect. 2020;128(1):17002. https://doi.org/
10.1289/ehp5221.

Coronado M, De Haro H, Deng X, Rempel MA, Lavado R, Schlenk D.
Estrogenic activity and reproductive effects of the UV-filter oxyben-
zone (2-hydroxy-4-methoxyphenyl-methanone) in fish. Aquat Toxicol.
2008;90(3):182-7. https://doi.org/10.1016/j.aquatox.2008.08.018.

Kim'S, Jung D, Kho'Y, Choi K. Effects of benzophenone-3 exposure on
endocrine disruption and reproduction of Japanese medaka (Oryzias
latipes)--a two generation exposure study. Aquat Toxicol. 2014;155:244—
52. https://doi.org/10.1016/j.aquatox.2014.07.004.

Balazs A, Krifaton C, Orosz |, Szoboszlay S, Kovacs R, Csenki Z, et al.
Hormonal activity, cytotoxicity and developmental toxicity of UV filters.
Ecotoxicol Environ Saf. 2016;131:45-53. https://doi.org/10.1016/j.
ecoenv.2016.04.037.

SuzukiT, Kitamura S, Khota R, Sugihara K, Fujimoto N, Ohta S. Estrogenic
and antiandrogenic activities of 17 benzophenone derivatives used as
UV stabilizers and sunscreens. Toxicol Appl Pharmacol. 2005;203(1):9-
17. https://doi.org/10.1016/j.taap.2004.07.005.


https://doi.org/10.1021/acs.est.9b06379
https://doi.org/10.3390/jcm9020471
https://doi.org/10.3390/jcm9020471
https://doi.org/10.1289/ehp.97105s4837
https://doi.org/10.1021/es040055r
https://doi.org/10.1021/es040055r
https://doi.org/10.1016/j.scitotenv.2017.11.033
https://doi.org/10.1016/j.scitotenv.2017.11.033
https://doi.org/10.1016/j.scitotenv.2013.04.074
https://doi.org/10.1016/j.envpol.2015.11.002
https://doi.org/10.1016/j.envpol.2015.11.002
https://doi.org/10.1016/j.fertnstert.2015.07.1129
https://doi.org/10.1016/j.fertnstert.2015.07.1129
https://doi.org/10.1016/j.envint.2017.10.005
https://doi.org/10.1001/jama.2019.20747
https://doi.org/10.1001/jama.2019.5586
https://doi.org/10.1001/jama.2019.5586
https://www.govinfo.gov/content/pkg/FR-2019-02-26/pdf/2019-03019.pdf
https://www.govinfo.gov/content/pkg/FR-2019-02-26/pdf/2019-03019.pdf
https://doi.org/10.1016/j.aquatox.2017.09.029
https://doi.org/10.1016/j.aquatox.2017.09.029
https://doi.org/10.1016/j.aquatox.2019.105295
https://doi.org/10.1016/j.aquatox.2019.105295
https://doi.org/10.1080/10934529.2011.602936
https://doi.org/10.1080/10934529.2011.602936
https://doi.org/10.1007/s00244-015-0227-7
https://doi.org/10.1007/s00244-015-0227-7
https://doi.org/10.1210/js.2018-00024
https://doi.org/10.1210/js.2018-00024
https://doi.org/10.1016/j.reprotox.2019.08.002
https://doi.org/10.1016/j.reprotox.2019.08.002
https://doi.org/10.1002/bdrb.21137
https://doi.org/10.1016/S0009-2797(01)00293-9
https://doi.org/10.1289/ehp5221
https://doi.org/10.1289/ehp5221
https://doi.org/10.1016/j.aquatox.2008.08.018
https://doi.org/10.1016/j.aquatox.2014.07.004
https://doi.org/10.1016/j.ecoenv.2016.04.037
https://doi.org/10.1016/j.ecoenv.2016.04.037
https://doi.org/10.1016/j.taap.2004.07.005

Matouskova and Vandenberg Environmental Health

27.

28.

29.

30.
31
32.
33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44,

45.

46.
47.
48.

49.

50.

(2022) 21:6

Kunz PY, Fent K. Estrogenic activity of UV filter mixtures. Toxicol Appl
Pharmacol. 2006;217(1):86-99. https://doi.org/10.1016/j.taap.2006.07.
014.

Watanabe Y, Kojima H, Takeuchi S, Uramaru N, Sanoh S, Sugihara K, et al.
Metabolism of UV-filter benzophenone-3 by rat and human liver micro-
somes and its effect on endocrine-disrupting activity. Toxicol Appl
Pharmacol. 2015;282(2):119-28. https://doi.org/10.1016/j.taap.2014.12.
002.

Morohoshi K, Yamamoto H, Kamata R, Shiraishi F, Koda T, Morita M.
Estrogenic activity of 37 components of commercial sunscreen lotions
evaluated by in vitro assays. Toxicol in Vitro. 2005;19(4):457-69. https://
doi.org/10.1016/j.tiv.2005.01.004.

From John Quincy Adams to George Washington Adams [database on
the Internet]. National Archives. 1811. Accessed.

Resnik DB. Environmental health ethics. New York: Cambridge Univer-
sity Press; 2012.

Hain R, Saad T. Foundations of practical ethics. Medicine.
2016;44(10):578-82. https://doi.org/10.1016/j.mpmed.2016.07.008.
Beauchamp TL, Childress JF. Principles of biomedical ethics. 8th ed. New
York: Oxford Univesity Press; 2019.

Lee LM. Public health ethics theory: review and path to convergence. J
Law Med Ethics. 2012;40(1):85-98. https://doi.org/10.1111/j.1748-720X.
2012.00648 x.

Schroder-Back P, Vincenten J. Ethical tools for decision-makers in
environment and health. In: Z&lzer F, Meskens G, (Eds). Environmental
Health Risks: Ethical Aspects (1st ed.) London: Routledge; 2019. p.
155-66. https://doi.org/10.4324/9781351273367.

Soskolne CL, Westra L, Kotzé LJ, Rees WE, Mackey B, Westra R. Sustaining
life on earth: environmental and human health through global govern-
ance. Lanham: Lexington Books; 2008.

Earth Charter. The earth charter. Retrieved 20 August 2021. available
from: https://earthcharter.org/wp-content/uploads/2020/03/echarter_
english.pdf?x64347.

Resnik DB. Environmental health ethics. Environmental health. Ethics.
2012:1-305. https://doi.org/10.1017/Cb09781139161848.

UN. Convention on biological diversity Rio de Janeiro. New York: United
Nations; 1992.

Whitmee S, Haines A, Beyrer C, Boltz F, Capon AG, de Souza Dias BF,

et al. Safeguarding human health in the Anthropocene epoch: report of
The Rockefeller Foundation-Lancet Commission on planetary health.
Lancet. 2015;386(10007):1973-2028.

Chouinard Y, Ellison J, Ridgeway R. The sustainable economy. Harv Bus
Rev. 2011;89(10):52-62.

Lewis SL, Maslin MA. Defining the anthropocene. Nature.
2015;519(7542):171-80. https://doi.org/10.1038/nature14258.
Mitchelmore CL, He K, Gonsior M, Hain E, Heyes A, Clark C, et al. Occur-
rence and distribution of UV-filters and other anthropogenic contami-
nants in coastal surface water, sediment, and coral tissue from Hawaii.
Sci Total Environ. 2019;670:398-410. https://doi.org/10.1016/].scitotenv.
2019.03.034.

Wijgerde T, van Ballegooijen M, Nijland R, van der Loos L, Kwadijk C,
Osinga R, et al. Adding insult to injury: Effects of chronic oxybenzone
exposure and elevated temperature on two reef -building corals. Sci
Total Environ. 2020;733. ARTN 139030. https://doi.org/10.1016/j.scito
tenv.2020.139030.

Wolfson SJ, Porter AW, Villani TS, Simon JE, Young LY. Pharmaceuticals
and personal care products can be transformed by anaerobic microbi-
omes in the environment and in waste-treatment processes. Environ
Toxicol Chem. 2019;38(7):1585-93. https://doi.org/10.1002/etc.4406.
Kohak EV. The Green halo. Peru: Carus Publishing Company; 2000.
Regan H. Great barrier reef suffers third mass bleaching event in five
years. Atlanta: CNN; 2020.

Roberts MA. The nonidentity problem and the two envelope problem:
when is one act better for a person than another? Int Libr Eth Law New.
2009;35:201-28. https://doi.org/10.1007/978-1-4020-5697-0_10.
Zaidan G. Wait, What's the Deal with sunscreen? Does it work or not?
Wired. 2020; https://www.wired.com/story/whats-deal-with-sunsc
reen-does-it-work-or-not/.

Lowe NJ. An overview of ultraviolet radiation, sunscreens, and photo-
induced dermatoses. Dermatol Clin. 2006,24(1):9. https://doi.org/10.
1016/j.det.2005.08.001.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 11 of 12

Urbach F, Forbes PD, Davies RE, Berger D. Cutaneous photobiology

- past, present and future. J Investig Dermatol. 1976;67(1):209-24.
https://doi.org/10.1111/1523-1747.ep12513042.

Karimkhani C, Boyers LN, Dellavalle RP, Weinstock MA. It's time for
"keratinocyte carcinoma" to replace the term "nonmelanoma skin can-
cer".J Am Acad Dermatol. 2015;72(1):186-7. https://doi.org/10.1016/j.
jaad.2014.09.036.

Rogers HW, Weinstock MA, Feldman SR, Coldiron BM. Incidence
estimate of nonmelanoma skin Cancer (keratinocyte carcinomas) in the
US. population, 2012. JAMA Dermatol. 2015;151(10):1081-6. https://doi.
0rg/10.1001/jamadermatol.2015.1187.

NCI. Cancer stat facts: melanoma of the skin. In: Surveillance, epidemiol-
ogy, and end results program. National Cancer Institute, Washington,
D.C. 2021. Accessed 15 Apr 2021.

IARC. Sunscreens UK, USA: WHO 2001 Contract No.: ISBN
978-92-832-3005-2.

Huncharek M, Kupelnick B. Use of topical sunscreens and the risk of
malignant melanoma: a meta-analysis of 9067 patients from 11 case-
control studies. Am J Public Health. 2002;92(7):1173-7. https://doi.org/
10.2105/Ajph.92.7.1173.

AFSSE. Ultraviolet Radiation - Current Knowledge Relating to Exposure
and Health Risks. Maisons-Alfort: France, EU. 2005.

Rueegg CS, Stenehjem JS, Egger M, Ghiasvand R, Cho E, Lund E, et al.
Challenges in assessing the sunscreen-melanoma association. Int J
Cancer. 2019;144(11):2651-68. https://doi.org/10.1002/ijc.31997.
Adamson AS. Sunscreen wouldn't have saved Bob Marley from mela-
noma, and it won't help other dark-skinned people The Conversation
2019 https://theconversation.com/sunscreen-wouldnt-have-saved-
bob-marley-from-melanoma-and-it-wont-help-other-dark-skinn
ed-people-116979.

Green AC, Williams GM, Logan V, Strutton GM. Reduced melanoma
after regular sunscreen use: randomized trial follow-up. J Clin Oncol.
2011;29(3):257-63. https://doi.org/10.1200/Jc0.2010.28.7078.

NCCI. Cancer Incidence In: Cancer control continuum. Cancer Australia,
Australia 2019. Accessed 15 Apr 2021.

AADA. American Academy of Dermatology Association 2020; https://
www.aad.org/public/everyday-care/sun-protection/sunscreen-patie
nts/sunscreen-fags.

Paller AS, Hawk JL, Honig P, Giam YC, Hoath S, Mack MC, et al. New
insights about infant and toddler skin: implications for sun protection.
Pediatrics. 2011;128(1):92-102. https://doi.org/10.1542/peds.2010-1079.
Svarc F. A brief illustrated history on sunscreens and sun protection.
Pure Appl Chem. 2015;87(9-10):929-36. https://doi.org/10.1515/
pac-2015-0303.

Autier P, Boniol M, Dore JF. Sunscreen use and increased dura-

tion of intentional sun exposure: still a burning issue. Int J Cancer.
2007;121(1):1-5. https://doi.org/10.1002/ijc.22745.

Petersen B, Datta P, Philipsen PA, Wulf HC. Sunscreen use and failures-
-on site observations on a sun-holiday. Photochem Photobiol Sci.
2013;12(1):190-6. https://doi.org/10.1039/c2pp25127b.

Sohn E. Some studies raise concerns about sunscreen chemicals. But

if you dig deeper, evidence is still lacking, experts say. The Washington
Post 2019 May 16, 2020.

Arya S, Dwivedi AK, Alvarado L, Kupesic-Plavsic S. Exposure of U.S. pop-
ulation to endocrine disruptive chemicals (Parabens, Benzophenone-3,
Bisphenol-A and Triclosan) and their associations with female infertility.
Environ Pollut. 2020;265(Pt A):114763. https://doi.org/10.1016/j.envpol.
2020.114763.

Peinado FM, Ocon-Hernandez O, Iribarne-Duran LM, Vela-Soria F, Ubina
A, Padilla C, et al. Cosmetic and personal care product use, urinary levels
of parabens and benzophenones, and risk of endometriosis: results
from the EndEA study. Environ Res. 2020:110342. https://doi.org/10.
1016/j.envres.2020.110342.

Kunisue T, Chen Z, Buck Louis GM, Sundaram R, Hediger ML, Sun L,

et al. Urinary concentrations of benzophenone-type UV filters in US.
women and their association with endometriosis. Environ Sci Technol.
2012;46(8):4624-32. https://doi.org/10.1021/es204415a.

Rehfeld A, Dissing S, Skakkebaek N. Chemical UV filters mimic the effect
of progesterone on Ca2+ signaling in human sperm cells. Endocrinol-
ogy. 2016;157(11):4297-308.


https://doi.org/10.1016/j.taap.2006.07.014
https://doi.org/10.1016/j.taap.2006.07.014
https://doi.org/10.1016/j.taap.2014.12.002
https://doi.org/10.1016/j.taap.2014.12.002
https://doi.org/10.1016/j.tiv.2005.01.004
https://doi.org/10.1016/j.tiv.2005.01.004
https://doi.org/10.1016/j.mpmed.2016.07.008
https://doi.org/10.1111/j.1748-720X.2012.00648.x
https://doi.org/10.1111/j.1748-720X.2012.00648.x
https://doi.org/10.4324/9781351273367
https://earthcharter.org/wp-content/uploads/2020/03/echarter_english.pdf?x64347
https://earthcharter.org/wp-content/uploads/2020/03/echarter_english.pdf?x64347
https://doi.org/10.1017/Cbo9781139161848
https://doi.org/10.1038/nature14258
https://doi.org/10.1016/j.scitotenv.2019.03.034
https://doi.org/10.1016/j.scitotenv.2019.03.034
https://doi.org/10.1016/j.scitotenv.2020.139030
https://doi.org/10.1016/j.scitotenv.2020.139030
https://doi.org/10.1002/etc.4406
https://doi.org/10.1007/978-1-4020-5697-0_10
https://doi.org/https://www.wired.com/story/whats-deal-with-sunscreen-does-it-work-or-not/
https://doi.org/https://www.wired.com/story/whats-deal-with-sunscreen-does-it-work-or-not/
https://doi.org/10.1016/j.det.2005.08.001
https://doi.org/10.1016/j.det.2005.08.001
https://doi.org/10.1111/1523-1747.ep12513042
https://doi.org/10.1016/j.jaad.2014.09.036
https://doi.org/10.1016/j.jaad.2014.09.036
https://doi.org/10.1001/jamadermatol.2015.1187
https://doi.org/10.1001/jamadermatol.2015.1187
https://doi.org/10.2105/Ajph.92.7.1173
https://doi.org/10.2105/Ajph.92.7.1173
https://doi.org/10.1002/ijc.31997
https://theconversation.com/sunscreen-wouldnt-have-saved-bob-marley-from-melanoma-and-it-wont-help-other-dark-skinned-people-116979
https://theconversation.com/sunscreen-wouldnt-have-saved-bob-marley-from-melanoma-and-it-wont-help-other-dark-skinned-people-116979
https://theconversation.com/sunscreen-wouldnt-have-saved-bob-marley-from-melanoma-and-it-wont-help-other-dark-skinned-people-116979
https://doi.org/10.1200/Jco.2010.28.7078
https://www.aad.org/public/everyday-care/sun-protection/sunscreen-patients/sunscreen-faqs
https://www.aad.org/public/everyday-care/sun-protection/sunscreen-patients/sunscreen-faqs
https://www.aad.org/public/everyday-care/sun-protection/sunscreen-patients/sunscreen-faqs
https://doi.org/10.1542/peds.2010-1079
https://doi.org/10.1515/pac-2015-0303
https://doi.org/10.1515/pac-2015-0303
https://doi.org/10.1002/ijc.22745
https://doi.org/10.1039/c2pp25127b
https://doi.org/10.1016/j.envpol.2020.114763
https://doi.org/10.1016/j.envpol.2020.114763
https://doi.org/10.1016/j.envres.2020.110342
https://doi.org/10.1016/j.envres.2020.110342
https://doi.org/10.1021/es204415a

Matouskova and Vandenberg Environmental Health

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.
84.

85.
86.

87.
88.
89.
90.
91
92.
93.

94.

95.

(2022) 21:6

Philippat C, Mortamais M, Chevrier C, Petit C, Calafat AM, Ye X, et al.
Exposure to phthalates and phenols during pregnancy and offspring
size at birth. Environ Health Perspect. 2012;120(3):464-70. https://doi.
0rg/10.1289/ehp.1103634.

Tang R, Chen MJ, Ding GD, Chen XJ, Han XM, Zhou K; et al. Associations
of prenatal exposure to phenols with birth outcomes. Environ Pollut.
2013;178:115-20. https://doi.org/10.1016/j.envpol.2013.03.023.

Guo JQ, Wu CH, Zhang JM, Li WT, Lv SL, Lu DS, et al. Maternal and
childhood urinary phenol concentrations, neonatal thyroid function,
and behavioral problems at 10 years of age: The SMBCS study. Sci Total
Environ. 2020;743. ARTN 140678. https://doi.org/10.1016/j.scitotenv.
2020.140678.

Schmutzler C, Bacinski A, Gotthardt |, Huhne K, Ambrugger P, Klammer
H, et al. The ultraviolet filter benzophenone 2 interferes with the thyroid
hormone axis in rats and is a potent in vitro inhibitor of human recom-
binant thyroid peroxidase. Endocrinology. 2007;148(6):2835-44. https://
doi.org/10.1210/en.2006-1280.

Kim S, Kim S, Won S, Choi K. Considering common sources of exposure
in association studies - urinary benzophenone-3 and DEHP metabolites
are associated with altered thyroid hormone balance in the NHANES
2007-2008. Environ Int. 2017;107:25-32. https://doi.org/10.1016/j.
envint.2017.06.013.

Heurung AR, Raju SI, Warshaw EM. Adverse reactions to sunscreen
agents: epidemiology, responsible irritants and allergens, clinical char-
acteristics, and management. Dermatitis. 2014;25(6):289-326. https://
doi.org/10.1097/Der.0000000000000079.

Subiabre-Ferrer D, Esteve-Martinez A, Blasco-Encinas R, Sierra-Talaman-
tes C, Pérez-Ferriols A, Zaragoza-Ninet V. European photopatch test
baseline series: a 3-year experience. Contact Dermatitis. 2019;80(1):5-8.
Ghazipura M, McGowan R, Arslan A, Hossain T. Exposure to benzophe-
none-3 and reproductive toxicity: a systematic review of human and
animal studies. Reprod Toxicol. 2017;73:175-83. https://doi.org/10.
1016/j.reprotox.2017.08.015.

Woodruff TJ, Zota AR, Schwartz JM. Environmental chemicals in preg-
nant women in the United States: NHANES 2003-2004. Environ Health
Perspect. 2011;119(6):878-85. https://doi.org/10.1289/ehp.1002727.
Zamoiski RD, Cahoon EK, Freedman DM, Linet MS. Self-reported sun-
screen use and urinary benzophenone-3 concentrations in the United
States: NHANES 2003-2006 and 2009-2012. Environ Res. 2015;142:563~
7. https://doi.org/10.1016/j.envres.2015.08.006.

Soskolne CL. On the even greater need for precaution under global
change. Int J Occup Med Environ Health. 2004;17(1):69-76.

Rawls J. A theory of Justice. Cambridge: The Belknap Press of the Har-
vard University Press; 1971.

Daniels N. Just health: meeting health needs fairly. New York: Cam-
bridge University Press; 2008.

UNEP. People and Reefs Nairobi, Kenya: UNEP. 2004.

HTA. 2019 Annual visitor research report Honolulu. Hawai'i, USA: Hawai'i
Tourism Authority; 2019.

DBEDT. 1999 Annual Visitors Research Report. Honolulu, Hawaii Depart-
ment of Business, Economic Development and Tourism2000 Contract
No. G155.A1.H25. 1999.

Senate T. S.B.No 2571. In: Legislature TST-N, editor. State of Hawaii. 2018.
EPA. EPA Annual Environmental Justice Progress Report FY 2020. Wash-
ington, D.C.: US. EPA2021 Contract No.: 230R20002.

Jameton A, Frumkin H. Environmental health ethics. Environ Health
From Glob Local. 2010;2:195-226.

Holland S. Public health ethics. Cambridge: Wiley; 2015.

Jarvie JA, Malone RE. Children’s secondhand smoke exposure in

private homes and cars: an ethical analysis. Am J Public Health.
2008;98(12):2140-5. https://doi.org/10.2105/Ajph.2007.130856.

Jea L. Vaccination policy and ethical challenges posed by herd immu-
nity, Suboptimal Uptake and Subgroup Targeting Public Health Ethics.
2011;4(3):280-91. https://doi.org/10.1093/phe/phr032.

Dasgupta PS, Ehrlich PR. Pervasive externalities at the population,
consumption, and environment nexus. Science. 2013;340(6130):324-8.
https://doi.org/10.1126/science.1224664.

Resnik D. Trans fat bans and human freedom. Am J Bioeth.
2010;10(3):27-32. https://doi.org/10.1080/15265160903585636.

96.

97.

98.

99.

100.
101.

102.

104.

105.

107.

108.

Page 12 of 12

Tickner JA, Kriebel D, Wright S. A compass for health: rethinking
precaution and its role in science and public health. Int J Epidemiol.
2003;32(4):489-92.

EPA. Historic Arsenical Pesticide Research. In: Health DDoE, editor. .
Denver: Environmental Protection Divison; 2004. p. 86.

Blus LJ. Organochlorine pesticides In: Hofffman DJ, Rattner BA, Burton
G.A, Jr, Cairns, J. Jr, editor. Handbook of toxicology Boca Raton, CRS
Press 2003.

Harnly M, McLaughlin R, Bradman A, Anderson M, Gunier R. Correlat-
ing agricultural use of organophosphates with outdoor air concen-
trations: a particular concern for children. Environ Health Perspect.
2005;113(9):1184-9. https://doi.org/10.1289/ehp.7493.

EC. Commission implementing regulation (EU) No 485/2013. 2018.
PMRA. In: Agency HCsPMR, editor. Update on the Neonicotinoid pesti-
cides; 2020.

Colborn T. Foreword. In: Bryson C, editor. The fluoride deception. New
York: Seven Stories Press; 2004.

Diffey B. New sunscreens and the precautionary principle. JAMA Der-
matol. 2016;152(5):511-2. https://doi.org/10.1001/jamadermatol.2015.
6069.

Musial J, Krakowiak R, Mlynarczyk DT, Goslinski T, Stanisz BJ. Titanium
dioxide nanoparticles in food and personal care products-what do we
know about their safety? Nanomaterials-Basel. 2020;10(6) ARTN 1110.
https://doi.org/10.3390/nano10061110.

Li'Y, Cummins E. A semi-quantitative risk ranking of potential human
exposure to engineered nanoparticles (ENPs) in Europe. Sci Total Envi-
ron. 2021,778:146232. https://doi.org/10.1016/].scitotenv.2021.146232.
UNEP. Stockholm Convention on Persistent Organic Polutants (POPs).
Geneva, Switzerland the United Nations Environment Programme 2020
September 2020 Contract No.: 2013769 (E).

IPEN. Plastics, EDCs & Health Endocrine Society & Internation Pollutants
Elimination Network (IPEN)2020.

Velders GIM, Andersen SO, Daniel JS, Fahey DW, McFarland M. The
importance of the Montreal protocol in protecting climate. PNAS.
2007;104(12):4814-9. https://doi.org/10.1073/pnas.0610328104.
Cousins IT, Goldenman G, Herzke D, Lohmann R, Miller M, Ng CA, et al.
The concept of essential use for determining when uses of PFASs can
be phased out. Environ Sci Process Impacts. 2019;21(11):1803-15.
https://doi.org/10.1039/c9em00163h.

Dasgupta P. The economics of biodiversity: the Dasgupta review. Lon-
don: MH Treasury; 2021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC



https://doi.org/10.1289/ehp.1103634
https://doi.org/10.1289/ehp.1103634
https://doi.org/10.1016/j.envpol.2013.03.023
https://doi.org/10.1016/j.scitotenv.2020.140678
https://doi.org/10.1016/j.scitotenv.2020.140678
https://doi.org/10.1210/en.2006-1280
https://doi.org/10.1210/en.2006-1280
https://doi.org/10.1016/j.envint.2017.06.013
https://doi.org/10.1016/j.envint.2017.06.013
https://doi.org/10.1097/Der.0000000000000079
https://doi.org/10.1097/Der.0000000000000079
https://doi.org/10.1016/j.reprotox.2017.08.015
https://doi.org/10.1016/j.reprotox.2017.08.015
https://doi.org/10.1289/ehp.1002727
https://doi.org/10.1016/j.envres.2015.08.006
https://doi.org/10.2105/Ajph.2007.130856
https://doi.org/10.1093/phe/phr032
https://doi.org/10.1126/science.1224664
https://doi.org/10.1080/15265160903585636
https://doi.org/10.1289/ehp.7493
https://doi.org/10.1001/jamadermatol.2015.6069
https://doi.org/10.1001/jamadermatol.2015.6069
https://doi.org/10.3390/nano10061110
https://doi.org/10.1016/j.scitotenv.2021.146232
https://doi.org/10.1073/pnas.0610328104
https://doi.org/10.1039/c9em00163h

	Towards a paradigm shift in environmental health decision-making: a case study of oxybenzone
	Abstract 
	Background: 
	Objectives: 
	Discussion: 

	Introduction
	Introduction to Oxybenzone
	Principles
	Principle of sustainability
	Principle of beneficence
	Principle of non-maleficence
	Principle of justice
	Principle of community
	The principle of precautionary substitution

	Conclusions
	Acknowledgements
	References


