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Abstract: In 2013, 60 scientists, representing a larger

group of 174 scientists from 26 nations, met in Halifax,

Nova Scotia to consider whether – using published

research – it was logical to anticipate that a mixture of

chemicals, each thought to be non-carcinogenic, might act

together in that mixture as a virtual carcinogen. The group

identified 89 such chemicals, each one affecting one or

more Hallmark(s) – collectively covering all Hallmarks of

Cancer – confirming the possibility that a chemicalmixture

could induce all the Hallmarks and function as a virtual

carcinogen, thereby supporting the concern that chemical

safety research that does not evaluate mixtures, is incom-

plete. Based on these observations, the Halifax Project

developed the Low-Dose Carcinogenesis Hypothesis which

posits “…that low-dose exposures to [mixtures of]

disruptive chemicals that are not individually carcinogenic

may be capable of instigating and/or enabling carcino-

genesis.” Although testing all possible combinations of

over 80,000 chemicals of commerce would be impractical,

prudence requires designing a methodology to test

whether low-dose chemical mixtures might be carcino-

genic. As an initial step toward testing this hypothesis, we

conducted a mini review of published empirical observa-

tions of biological exposures to chemical mixtures to

assess what empirical data exists on which to base future

research. We reviewed studies on chemical mixtures with

the criteria that the studies reported both different

concentrations of chemicals and mixtures composed of

different chemicals. We found a paucity of research on this

important question. The majority of studies reported hor-

mone related processes and used chemical concentrations

selected to facilitate studying how mixtures behave in ex-

periments that were often removed from clinical relevance,

i.e., chemicals were not studied at human-relevant con-

centrations. New research programs must be envisioned to

enable study of how mixtures of small doses of chemicals

affect human health, starting, when at all possible, from

non-malignant specimens when studies are done in vitro.

This research should use human relevant concentrations of

chemicals, expand research beyond the historic focus on

endocrine endpoints and endocrine related cancers, and

specifically seek effects that arise uniquely from exposure

to chemical mixtures at human-relevant concentrations.

Keywords: carcinogenesis; chemical mixtures; environ-

ment; Halifax project; low dose mixtures; xenoestrogens.

Introduction

In 2013, 60 scientists, representing a group of 174 scien-

tists recruited from 26 countries, met in Halifax, Nova

Scotia and reached the unanimous conclusion that there

is already sufficient published scientific evidence to state

that a mixture of chemicals thought to be benign, in

doses small enough to be considered safe, might work

together –as a mixture – to cause cancer, i.e., to be a

virtual carcinogen [1]. The results of the Halifax Project,

as the meeting has come to be called, built on concern

about mixtures that had been expressed previously [2, 3].

The contribution of the Halifax Project was to gather in

one place a group of scientists, each one of whom was an

expert in one ormore of the Hallmarks of Cancer. The goal

was for the group to share perspectives and collectively to

envision whether and how effects on individual Hall-

marks of Cancer might create cancer from the comple-

mentary effects of simultaneous exposure to separate

chemicals, none of which are considered carcinogenic

individually. In preparation for the conference,
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participants reviewed published literature to facilitate

designing a testable hypothesis concerning a possible

role of putatively safe chemicals – as mixtures – in

carcinogenesis. Key background concepts were that

chemicals accumulate in the body, environmental

chemicals may have adverse effects, and most previous

chemical safety research has evaluated individual

chemicals or limited mixtures of chemicals with like

structure or action. A review of the possible role of

environmental chemicals in carcinogenesis per se was

not part of the project, but it was noted that the epide-

miology of cancer and environmental chemicals con-

tinues to evolve. This is especially true for breast cancer

(Table 1 [5–43]) for which incidence increased signifi-

cantly over four decades [44] at the same time that inci-

dence decreased for other cancers such as colon, lung,

prostate, ovary, and cervix [44].

Two years prior to the conference, the non-profit or-

ganization, Getting to Know Cancer, sent emails to roughly

40,000 scientists describing the Project and inquiring

about interest in participation. From nearly 1,000 re-

spondents, 174 scientists from 26 nations were invited and

became part of one of 12 working groups (Table 2). One

group was assigned for each of the 10 Hallmarks of Cancer

[4], and an 11th group sought effects on the micro-

environment as a whole. A 12th group reviewed each

chemical that one of the other teams identified as disrup-

tive and enabling of a cancer hallmark or hallmarks to

determine whether or not that same chemical had ever

been reported to demonstrate any effects either favoring or

reducing carcinogenesis. Many of the scientists were

recruited for their expertise in cancer biology (with an

emphasis on the various Hallmarks of Cancer). Because

many of the chemicals previously associated with cancer

have endocrine effects, the project specifically recruited

environmental toxicologists familiar with endocrine

disruption to ensure that most teams had participants with

a good understanding of the mechanisms involved and

the effects that disruptive chemicals have on those

mechanisms.

Before the meeting in Halifax, all the members of

each Hallmark group reviewed existing literature to

identify chemicals that met both screening criteria and

action criteria. Screening criteria meant the chemical was

in the environment and considered safe. Action criteria

meant that the chemical affected the group’s Hallmark in

a way that was similar to how that Hallmark functioned

or occurred in cancer. Effects were considered

when they occurred either: a. in an exposure range

measured in humans; b. at a dose lower than usual

testing; c. at a dose below the lowest observed effect for

carcinogenesis; or d. at animal blood or tissue levels

similar to those found in humans. Mutagens that had

broad or non-specific effects were excluded, because

they would be expected a priori to be carcinogens.

However, mutagens known to act consistently and pre-

cisely in a particular way (i.e., signature mutations), for

example, in certain types of adduct formation [45] were

acceptable for inclusion.

Carcinogenesis by addition of effects is conceptu-

ally the reverse of toxicology and/or cancer treatment

that typically work by disruption of ongoing processes,

e.g., genomic stability, endocrine homeostasis, etc.

where disruption at a single site may be sufficient to

derail the entire process. Carcinogenesis, in contrast,

requires the presence of the effects of multiple Hall-

marks, single effects of which may not be sufficient to

cause cancer. For example, multiple mutations – even

cancer associated mutations – may exist in a tissue and

not cause cancer, as shown by multiple mutations in

esophageal [46] or eyelid tissues [47] that are not ma-

lignant. This view of treatment versus carcinogenesis is

supported by Rothman’s metaphor of a causal pie [48] in

which each contributing cause that is necessary for a

cancer to exist is thought of as one piece of a pie. When

all pieces are present, cancer exists. However, if one

piece is removed, the pie fails because it is incomplete.

This is the basis for much of cancer treatment where

treatment of one or a few necessary causes is sufficient

to stop the cancer. In contrast, carcinogenesis requires

the accumulation of a number of complementary causes

to produce cancer. Moreover, it is likely that there may

be many possible causal pies for carcinogenesis

(i.e., each one involving different sets of complementary

causes, that are together capable of enabling carcino-

genesis) [49].

The chairpersons and representatives from each

working group attended the meeting in Halifax. Every

project group identified one or more chemical(s) that

met these screening and action criteria. In total, 89

chemicals were identified that adversely affected one or

more Hallmark(s). Fifty (59%) of these chemicals had

effects at low doses (It is likely others exist that were not

identified in the time allowed). Having found at least

one adversely acting chemical for each Hallmark, the

Project concluded there was a real possibility that a

mixture of selected chemicals could induce each and

every Hallmark, and thus a mixture of supposedly safe

chemicals might behave as a virtual carcinogen. The

Project did not prove that such a mixture exists, but it

found enough evidence to conclude that we cannot

ignore this possibility. A table of chemicals favoring
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Table : Examples of the evolving epidemiology of a sample of three environmental chemicals.

First author Year Setting Study results

Diethylstilbestrol (DES)

Clear Cell Carcinoma (CCC) of the Vagina

We found no studies refuting carcinogenic effect of DES on CCC of the Vagina

Studies showing carcinogenic effect of DES on CCC of the Vagina

Herbst []  Eight cases, each matched to four controls born within

four days in same hospitals

All CCC of the vagina occurred after in utero exposure

when mom took DES. Significantly more prior mis-

carriages and bleeding durng pregnancy in moms

prescribed DES

Hatch []  American cohort of DES daughters Increased CCC of the vagina, SIR ., in daughters

Verloop []  Netherlands cohort DES daughters Increased CCC of the vagina, SIR ., in daughters

Breast Cancer (BRCA)

Studies finding no carcinogenic effect of DES on breast cancer (BRCA)

Brian []  Mothers who took DES while pregnant  -  No increased risk of breast cancer in mothers

Hatch []  American cohort of DES daughters No increase in BRCA in daughters

Veerloop

[]

 Netherlands cohort DES daughters No increase in BRCA in daughters

Studies finding carcinogenic effect of DES on BRCA

Greenberg

[]

 Mothers who took DES while pregnant – Increased risk of breast cancer (RR .) in mothers who

had taken DES

Titus-Ernst-

off []

 Mothers who took DES while pregnant – Increased risk of breast cancer (RR .) in mothers who

had taken DES

Palmer []  American Cohort of DES daughters Increased risk of breast cancer (RR . ≥  years age)

in daughters exposed in utero

Hoover []  American Cohort of DES daughters Increased risk of breast cancer (HR . ≥  years age)

in daughters exposed in utero

Tournaire

[]

 French cohort of DES daughters Increased risk of breast cancer (SIR .) in daughters

exposed in utero

Troisi []  American Cohort of DES daughters Increased risk of breast cancer (SIR .) in daughters

exposed in utero

Dichlordiphenyltrichloroethane (DDT) and long-term or past exposure indicated by its Dichlordiphenyldichloroethylene metabolite (DDE)

Studes showing no carcingenic effects of DDT or DDE on BRCA

Kreiger []  Case-control at time of BRCA diagnosis through  using

prospective serum obtained s from Caucasian, Af-

rican American, and Asian women San Francisco Bay

Area

DDE levels not elevated in cases

van’t Veer

[]

 DDE levels in needle aspirates of fat from buttocks at time

of BRCA diagnosis versus controls

DDE in adipose tissue not increased in cases

Schecter

[]

 Hospital based case-control in Vietnam BRCA versus

benign breast disease

Levels DDT and DDE not increased in cases

Hunter []  Case-control from Nurses Health Study using blood sam-

ples obtained –

No association DDE levels with subsequent BRCA

Helzlouser

[]

 Serum obtained from two cohorts, the cohorts were

sampled five years apart for a heart study

No association of subsequent breast cancer with serum

DDE

Dorgan []  Case-control taken from Missouri Cancer Serum Bank

specimens drawn – with . years follow-up

No association of subsequent BRCA with either DDT or

its analogs

Wolff []  Cases of BRCA in African American, Asian, and Caucasian

compared to control of patients with benign breast dis-

ease or routine screening patients without disease

Higher DDT levels inminorities compared to Caucasians,

but DDT levels did not correlate with BRCA

Laden []  Case-control taken from Nurses Health Study; blood sam-

ples drawn– fromwomenwith no diagnosis of

cancer; BRCA diagnosis through 

No association of DDE with BRCA

Brody []  Estimate DDT exposure by dates and prevailing weather in

first  h after DDT vector spraying on Cape Cod

Breast cancer did not relate to presumed exposure to

DDT from spraying

Gatto []  Case-control African Americanwomen in Los Angels (drawn

from a larger study of five major city areas) diagnosed

with BRCA – versus controls from random

dialing

DDE higher in cases, but not after adjustment for serum

lipids
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Table : (continued)

First author Year Setting Study results

Itoh []  Japanese case-control at time of BRCA diagnosis No increaseBRCAwith DDT isomers or DDE; slighly lower

DDT and DDE levels for cases

White []  Adult recall of seeing a DDT fogger truck in neighborhood in

childhood growing up on Long Island

No relation of seeing a DDT fogger truck to later breast

cancer

Holmes

[]

 Blood andurine fromAlaskanNative Americanswith biopsy

diagnosing cancer versus controls with benign breast

disease on biopsy

No increase BRCA with DDE or DDT, and slightly lower

levels of both in cases versus controls

Studies with increased BRCA with DDT or DDE exposure

Hoyer []  Serum obtained from same cohort sampled sequentially at

two times,  years apart

Subjects with highest quartile for DDT in the average of

the two samples had . odds ratio for breast cancer.

DDT, but not DDE, declined in both groups over time.

Romieu

[]

 Cases diagnosed with BRCA in Mexico City –

versus random sample city population

DDE (but not DDT) higher in cases; OR . highest versus

lowest quintile [DDE higher in older women and lower

with longer lactation]

Charlier

[]

 Case-control in Belgium using blood samples obtained at

time of diagnosis versus controls having routine GYN

care

More DDT in cases, and OR . for DDT at “limit of

quantification”

Cohn [)  Case-control drawn from serum of mothers who had been

pregnant and donated maternal blood for Child Health

and Development Study, Oakland, CA  to  and

subsequently develop BRCA up to age  in .

OR . for BRCA for highest quartile DDT versus lowest

quartile for mothers who had been younger, i.e., <

years age, in  the year wide use of DDT began.-

There was no relation for women who had been older,

i.e.,  years or older, in .

Tang []  Case-control usingDDE in blood at time of diagnosis versus

controls.

Serum DDE higher in cases.

Cohn []  Case-control drawn from daughters of womenwho donated

maternal blood for Child Health and Development Study,

Oakland, CA –, with cases through age 

OR . for highest quartile in utero exposure to DDT of

daughters versus lowest exposure; also OR . for a

Her over expressing cancer

Wielsoe

[]

 Serum from Greenland Inuit BRCA cases recruited in two

separe groups, – and –, versus

controls

Total organochlorine pesticides (OCPs) and DDE higher

in cases (p < .); however, only trend for signifi-

cant OR for DDE (p = .) and not for DDT

(p = .). Overall, DDT and total OCPs lower in the

second time interval, i.e., –.

Chang []  DDT exposure estimated by residence in regions of Taiwan

sprayedwith DDT –, linking place of residence

forwomen > years old at spraying towomen < years old

at spraying

Women exposed to DDT spray before age  had

increased breast cancer by age – and the in-

crease was higher with exposure to more sprayings

Kaur []  Case-control comparison serum levels of DDT in India Serum DDT higher in cases

Phthalates and Dibutyl Phthalate (DBP)

Studies with mixed or no carcinogenic effects

Lopez-Car-

rillo []

 Case-control of urine phthalate levels at time of BRCA

diagnosis

All phthalates including DBP lower in cases than con-

trols, except MEHP higher in cases

Villeneuve

[]

 Case-control using estimated exposure to phthalates

through occupation for male breast cancer cases in

Europe; note that many controls had colon cancer that

was thought not to relate to chemical exposures

No association of male BRCAwith working in occupation

involving high phthalate exposure

Holmes

[]

 Case-control using blood and urine from Alaskan Native

American cases with biopsy showing BRCA versus con-

trols with benign breast disease on biopsy

MEHP higher in controls (OR . in multivariate

analysis)

Parada []  Spot urine from Long Island cases, but specimens were

collected up to months after diagnosis versus controls

No association of increased BRCA with any phthalate

and possible inverse relation to two phthalates

Studies supporting further assessment for possible carcinogenic effects of dibutyl phthalate

Carran []  Case-control of men exposed to DBP through clothing

application during military Service

DBP exposure linked to increased BRCA in daughters

and male genital defects in sons

Reeves []  Case-control study using urine samples within Women’s

Health Initiative

Overall no relation of phthalates to BRCA, except OR

. for highest versus lowest quartile DBP for diag-

nosis of BRCA within  years of the biomarker

measurement
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carcinogenesis for each Hallmark, along with extensive

references, was published in a special, open access

issue of Carcinogenesis [1]. Based on this information,

the Halifax Project proposed The Low-Dose Carcino-

genesis Hypothesis “…that low-dose exposures to

[mixtures of] disruptive chemicals that are not indi-

vidually carcinogenic may be capable of instigating

and/or enabling carcinogenesis.” All 174 scientists in

the 12 working groups signed on to this hypothesis [1].

After the publication of the results of the Halifax

Project, we considered how best to address the daunting

permutations necessary to assess even a sample of the

mixtures possible from the over 80,000 known common

chemicals of commerce [50]. We concluded that the first

step was to tabulate published empirical observations of

effects of chemicalmixtures in order to learn fromwhat has

been observed heretofore. The result of that mini-review is

the focus of this paper.

Previous mixtures research

The first step toward testing the low-dose mixtures hy-

pothesis proposed by the Halifax Project is to survey the

existing research with a focus on the effects of chemical

mixtures. PubMed was searched using combinations of

terms for endpoints, e.g., carcinogenesis, cancer, cell pro-

liferation, apoptosis, angiogenesis; models, e.g., cell lines

(including commonly used cell lines MCF7 and T47D by

name), cells (which identified additional studies with fresh

cells), zebra fish, mice, rats, etc.; and the agents we were

seeking, e.g., chemicals, chemicalmixtures, environmental

chemicals, as well as common groups of chemicals such as

parabens, phthalates, bisphenol-A, and endocrine dis-

ruptors. We are unaware of a previous attempt to tabulate

mixtures research in this way.

Abstracts were reviewed and publications of interest

were selected: 1 if they included observations of new ex-

periments as opposed to reviews or discussions of previous

work; 2 if the chemicals were tested as mixtures (papers

that compared results from several chemicals, but tested

them individually, rather than as mixtures, were not

included); 3. if a fixed-ratio mixture was tested at different

dilutions, it was included only if there was a comparison

group with individual chemicals, a different mix of chem-

icals, or different proportions. This was not a formal sys-

tematic review. However, additional references were

pursued using the above terms until it was realized that the

same references were coming up in different searches.

The author, date, model system, endpoints, chemicals

tested, exposure levels of chemicals, and a brief statement

of results were collected for 58 separate studies ([51–75],

[76–111]; Table 3). We did not tabulate the authors’ con-

clusions about whether the effects of mixtures were

partially additive, additive, or synergistic; but if the authors

reported antagonism between chemicals, that was noted.

Several observations become clear from this survey:

Table : (continued)

First author Year Setting Study results

Ahern []  BRCA incidence in relation to DBP and other phthalates in

prescripton medications prescribed and redeemed

repeatedly over-year period asmeasure ofmedication

use (phthalate content known from pill composition in

the Danish Medicines Agency)

Women with highest ingestion of DBP through pre-

scription medicines – over  years – had increased

BRCA, HR .. No relation to other phthalates

Enis []  Colon cancer incidence in relation to orthophthalates (DEP,

DBP) and other phthalates in prescription medications

prescribed and redeemed repeatedly over-year period

(phthalate content from pill composition in the Danish

Medicines Agency)

Decreased colon cancer with highest exposure to total

ortho phthalates (OR .) or DEP (OR .) but not

DBP. However, if omit cases who filled one or more

NSAID prescription, observed increased colon cancer

with highest ortho-phthalate exposure (OR .)

Table : The Working Groups of the Halifax Project, based on the

Hallmarks of Cancer [].

Original hallmarks of cancer

Cells sustaining proliferative signaling

Resisting cell death

Inducing angiogenesis

Enabling replicative immortality

Activating invasion and metastasis

Evading growth suppressors

Enabling characteristics hallmarks

Genome instability and mutation

Tumor-promoting inflammation

Emerging characteristics hallmarks

Deregulating cellular energetics

Avoid immune destruction

Groups unique to the Halifax project

Microenvironment as a whole

Review chemicals proposed by working groups to identify any with

previously known anti-cancer effects
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– Most mixtures behave differently from their individual

component chemicals. Mixture effects may be greater

than any component chemical but not fully additive,

be additive, exceed the sum of the parts (synergy), or

occasionally be antagonistic.

– Most mixture research has measured endocrinology

endpoints such as ER (or other receptor) levels, pro-

liferation that is ER driven (confirmed by blocking

with an anti-ER drug), and tumor formation and

genital malformation in animals. Relatively few

studies evaluated other endpoints such as tissue

interaction, gene mRNA levels, markers of gene

damage, cell migration, evasion of apoptosis or AR

stimulation, or protein levels. There have been a few

case-control human epidemiology studies focused on

total endocrine activity related to endpoints such as

breast cancer.

– Most studies evaluate mixtures of chemicals with

similar modes of action, similar structures, or similar

uses such as combined insecticides. This isn’t sur-

prising since in 1996 the FDA promoted study of

chemical mixtures with similar modes of action [112].

– Rather than human-relevant levels, most studies

selected doses to facilitate observing how components

of mixtures interact at different dose levels, typically

defined in proportion to maximum or minimum ef-

fects, with an interest in whether the mixtures

exhibited concentration addition, response addition,

etc. Few studies added or subtracted components to or

from a complex mixture.

– Unconfirmed results limit data usefulness. Over 100

chemicals have been tested, but with exception of

BPA, ethinylestradiol, some parabens, DDT (and its

metabolites), some insecticides and some phthalates,

most results are unconfirmed either in the same or

complementary models.

The way forward

Over the past several decades we have made great strides in

understanding the biology of cancer. TheHalifax Projectwas

the first attempt to use theHallmarks of Cancer framework as

a model to help us consider how different combinations or

mixtures of chemical effects might produce cancers. In that

effort, the Hallmarks of Cancer [4] were employed as a broad

overarching framework to create teams that reviewed key

molecular mechanisms and signaling pathways that are

disrupted in cancer. Those teams thenalso reviewedwhatwe

know about low dose environmental exposures to “non-

carcinogens” tobetter understandwhetheror not aggregated

mixture effects from seemingly benign exposures might be

capable of carcinogenesis.

The idea of an accumulation of individual actions

producing carcinogenesis is supported by more recent

work by the International Agency for Research on Cancer

(IARC) on the Key Characteristics of Carcinogens that

categorized the observed effects of individual, single

chemicals that are known to be capable of producing

carcinogenesis [113]. Some of these Key Characteristics are

described using terms that explain general actions of the

chemical carcinogens themselves (e.g., act as an electro-

phile, be genotoxic, etc.) and some of these Key Charac-

teristics are described in reference to the effect these

chemicals have on cellular biology (e.g., alter DNA repair,

induce oxidative stress, induce chronic inflammation

etc.). These categorizations were drawn from studies of

chemicals classified by IARC as Group 1, carcinogenic to

humans [114]. A subsequent effort to align Key Char-

aceristics with Hallmarks of Cancer [115] noted that the

two are conceptually distinct such that Hallmarks

describe what biology exists in a cancer whereas Key

Characteristics describe the actions of carcinogens that

can cause those Hallmarks to be acquired. There is not a

one-to-one relationship of specific Hallmarks to specific

Characteristics. The sequence is that carcinogens are

“thought to act by inducing multiple Hallmarks in normal

cells” and all carcinogens induce one or more Hallmark(s)

of Cancer [115].

The theme that emerges from both the Hallmarks of

Cancer and Key Characteristic of Carcinogens is that an

accumulation of disruptive actions on relevant cellular

mechanisms, pathways, and systems can produce can-

cers. Conceptually speaking, this accumulation of ac-

tions could arise from mixture effects produced by

individual chemicals that are not carcinogens, from in-

dividual chemicals that are carcinogens, or some com-

bination thereof. A related question is whether the

actions must accumulate in a specific sequence. Deme-

triou et al. found the sequence of acquisition of genetic

changes in six cancers tended to begin with changes that

affected cell number (growth, evasion of apoptosis, etc.)

but the exact sequence can vary among those changes

[116]. This is slightly different from the concept of latency

proposed by Rothman inwhich the order of accumulating

pieces of the causal pie is not specified [48]. Ultimately,

however, the challenge of understanding how and in

what order these disruptive actions produce the steps

involved in carcinogenesis is a problem that remains

unresolved. To move the understanding of mixtures for-

ward we must address knowledge gaps concerning the

behavior of mixtures:
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Assess how all aspects of cell biology
respond to mixtures

Most research on mixtures of chemicals has studied how

added effects converge on one or a set of endpoints. This

concept must be reversed to look from a different

perspective at the breadth of cell systems or pathways a

mixture might affect. Research must screen all metabolic

signaling pathways in a cell or tissue in order to determine

whether mixtures trigger unique responses not seen in

response to any individual chemical.

Mixture research has already identified unique effects

not seen from the individual chemicals (Table 4) [61, 62, 65,

71, 72, 75, 93] These include unique up or down regulation

of genes, unique expression of proteins, neoplastic growth

in organs not affected by mixture components alone,

and –in proof-of-concept studies – unique gene expression

with different combinations of increasing riverine

contamination [117, 118].

Expand chemical mixture research beyond
reproduction and endocrinology

A century of work with hormonal processes – reinforced by

the clinical relevance of hormones and their receptors [119–

121] – has provided the framework for most mixture studies

to date. This perspective, however, is incomplete because

although targeting other Hallmarks is clinically useful,

e.g., reversal of immune suppression (pembrolizumab)

[122] and blocking second messengers (lapatinib) [123],

neovascularity (bevacizumab) [124], cell metabolism

(everolimus) [125], or cell proliferation (palbociclib) [126]

– little work has addressed how mixtures or even individ-

ual chemicals might directly cause or promote these same

Hallmarks. Many of these Hallmarks are downstream ef-

fects of hormone metabolic signaling pathways, but

knowledge that non-physiologic XEs can directly activate

estrogen pathways suggests the parallel possibility that

other chemicals might similarly activate Hallmarks at

points downstream from usual physiologic hormone re-

ceptor activation sites.

Empirical information concerning the effects on mul-

tiple Hallmarks would have immediate practical applica-

tion in design of computer models to predict effects of drug

and chemical mixtures. Computer models learn from large

datasets of empirical observations of representative in-

teractions [110, 127, 128]. When mixture research focuses

primarily on hormone related processes, computer models

built on that limited background will tend to identify

hormone related processes, with less ability to anticipate

non-hormone possibilities.

Information on broad-spectrum effects will also help

address two additional important questions: First, how do

chemicals such as DES and DBP cause cancer years after

they have been cleared from blood and urine and exposure

has ended? For example, DES is cleared from the body

[129] but it causes cancer years after exposure (Table 1).

Studies of genetic changes after DES exposure are con-

tradictory [130–133], so the mechanism of how effects

persist after exposure is an open question. Second, why do

chemicals cause cancer only in a minority of exposed

persons? In an in vitro example using a DES congener, BPA

can induce proliferation that persists after it’s been

removed, but that’s a rare event [134] and the mechanism

is unclear. This latter observation segues into the broader

question of why some people get cancer from exposures,

and some do not, i.e., why cancer is a rare event even after

exposure to known carcinogens such as DDT, DES, and

possibly DBP (Table 1). Understanding a broader spectrum

of effects will also help clarify whether and, if so, why

Hallmarks must accrue in a specific sequence [116].

Finally, exposure to a legacy mixture of current chemicals

will persist indefinitely, and knowledge of mixture effects

on all key aspects of normal cell biology will facilitate

remediation.

Interpret effects of chemicals in context

The primary concern is how mixtures might affect

normal people, so effects must be interpreted in the

context of normal physiology. During the menstrual cy-

cle, for example, multiple spikes in leutinizing hormone

(LH) from the pituitary prompt multiple releases or spikes

of E2 from the ovaries [135]. In early childhood, these

paired LH then E2 spikes are rare, but they become more

common as a child grows and the more frequent hor-

mone spikes induce thelarche and menarche [136].

Additional hormone spikes in young children would

disrupt and/or move these processes to a younger age.

For example, the xenoestrogen (XE) BPA spikes after

ingestion and does not accumulate [137]. However, DES

– a BPA congener and a carcinogen – does not accu-

mulate either [129]. In theory, XE spikes of estrogenic

activity from BPA consumption by children would be of

concern because they add virtual, premature, abnormal

hormone spikes [137]. Research has related early the-

larche to BPA exposure in toddlers [138] and girls 4–8

years of age [139], although this has not been observed in

older girls at puberty [140] or in all studies [141].

Goodson et al.: Testing the low-dose mixtures hypothesis 347



Model tissues of interest

Cancer cell lines, e.g., MCF7 and T47D, are reliable models

for endpoints such as additive effects on the ER (Table 3),

but established cell lines can be misidentified or carry ar-

tifacts introduced over multiple passages [142, 143]. Their

greater limitation for studying carcinogenesis, however, is

that malignant cells are already malignant, they may not

react the same as benign cells even if the ER acts the same,

and it is conceptually challenging to claim a study has

evaluated the transition from benign to malignant cells

beginning from malignant cells. It is already known that

benign and malignant cells can react differently [98].

Studying cells from non-malignant tissues [53, 61, 71, 72,

84, 91, 93, 96, 104, 111] reduces uncertainty about clinical

relevance of results.

Study human-relevant concentrations

Most mixtures research selected doses to facilitate study

of how effects of components of the mixture add together,

and for convenience, starting doses are often too high to

be environmentally relevant. For example, sometimes the

ED50 (effective dose that produces 50 percent of the

maximal effect) is used as a reference point and compared

to higher or lower concentrations, even though all of the

studied exposures are above human relevant

ranges. Alternatively, researchers may create a mix of

chemicals –with concentrations similarly selected rela-

tive to maximum effects rather than human relevant ex-

posures –and study dilutions of one mix of chemicals,

combined in a fixed ratio, to avoid the permutations of

evaluating multiple chemicals in multiple combinations

of doses. This method clarifies how effects combine, e.g.,

synergistic, antagonistic, response addition, etc., but it

does not illuminate what happens when the ratios of the

chemicals vary [93, 117] or a chemical is added or

removed.

An alternative is to remove or add a chemical(s) in a

mix using concentrations that have been measured in

humans. For example, Charles and Darbre measured five

parabens in mastectomy specimens and found each par-

aben in its individual, human-measured concentration

elicited little response fromMCF7 cells. However, the same

chemicals combined as a reconstituted, human-measured

mixture elicited greater than additive cell proliferation

[80]. Similar human-relevant mixtures have been based on

measurements within the study or values published by

others [57, 71, 91, 102, 104, 105].

Plan for future epidemiology

For DES and DDT, groups and specimens, respectively,

organized at one point in time–without knowledge of their

eventual use – provided the basis for research decades

later. Similarly, we should anticipate that our children

will encounter challenges we have not imagined.

Contemporary collection of biological specimens will

enhance future research such as the recent collection of

blood andurine samples over three trimesters of pregnancy

that has already been a resource for study of mother and

child outcomes [144].

Reward research that is not groundbreaking

The ease of interpreting endocrine-based endpoints is

rooted in a century of research. As we investigate new

Hallmarks and mixtures, priorities must shift to encourage

redundancy of studies across models and between labo-

ratories. Confirmation in different laboratories will estab-

lish the credibility that ER related effects have earned over

a century and promote the clarity that arises from an in-

clusive consensus based on evidence from many kinds of

endpoints.

Seek truth through an iterative process

A philosophical barrier threatens progress when science is

asked to choose between either 1. testing defined doses and

models without a way to prove that any single specific

model or group of models provides the definitive answer

for all humans, or 2. synthesizing conclusions based on a

range of sources of information and experiments. Single

large studies may not be as definitive as hoped, and evi-

dence synthesized from multiple perspectives may offer

compelling counterarguments [145, 146]. Differences of

opinion about how to assess resultsmust be acknowledged

between all parties, those who want one kind of data and

those who want another. Hopefully, they can arrive at an

agreement to proceed without requiring a decision to focus

on either single experiments at the expense of overview, or

overview at the expense of single experiments.

Go forward now

The research to test the Low-Dose Carcinogenesis Hypoth-

esis from the Halifax Project will be expensive, but the cost
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of ignoring these issues now may be much higher in the

future. Specifically, if the cost of preventing cancer is

avoidance of a chemical or a mixture of chemicals now, or

the cost of preventing cancer is some kind of remediation

after exposure but before the cancer develops, we believe

taking those steps preemptively will be less expensive than

the combined cost of treating the cancer and/or the cost of

lost opportunity, life, and income for the persons who

develop cancer as has been demonstrated for tobacco con-

trol [147]. Such prevention is of value to the general popu-

lation as demonstrated in a cross-national survey [148].
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Appendix

Table : Abbreviations for Tables  and .

ABBREVIATION MEANING

-OHP -hydroxypyrene

,,, TCB Tetrachlorobiphenylol

,, TCB Trichlorbiphenylol

-t-OP -tert-octylphenol

AAF Acetylaminofluorine

ACT Acetaminophen

AGD Anogenital distance

AhR Aryl hydrocarbon receptor

AHRR AhR receptor repressor

ALACH Alachlor

Aid Aldrin

ARNT AhR nuclear translocator

ARS Sodium arsenate

ATR Atrazine

BaP Benzo[a]pyrene

BBN N-butyl(N-hydroxybutyl)nitrosamine

BBP Butylbenzylphthalate

BDE  Brominated diphenyl ether 

Berga Bergamottin

BENZ Benzanthracene

BHP Benzylhydroxyparaben

BP Butylparaben

BP Benzophenone 

BPA Bisphenol-A

Table : (continued)

ABBREVIATION MEANING

BPAF Bisphenol-AF

BPC Bisphenol-C

BPS Bisphenol-S

BRCA Breast cancer

CaBK-Dk Calbindin-Dk

CBP Chlorobiphenylol

CFU Colony forming units

Chlor Chlordane

CHRY Chrysene

CLP Chlorpyriphos

COMT Catechol-o-methyltransferase

Cou Coumestrol

C× Connexin 

DAB Dimethylaminobenzene

DAI Daidzein

DBN Dibutylnitrosamine

DBP Dibutylphthalate

DCBP Dichlorobiphenylol

DCHP Dicyclohexyl phthalate

DDD Dichlorodiphenyldichlorethane

DDE Dicholorodiphenyldichloroethelene

DDT Dichlorodiphenyltrichloroethane

DEHP Diethylhexylphthalate

DEN Diethylnitrosamine

DEP Diethylphthalate

DES Diethylstilbestrol

DHBP Dihydroxybenzophenone

DHPN Dihydroxypropylnitrosamine

DHT Dihydrotestosterone

DiBP Diisobutylphthalate

Diel Dieldrin

DiHP Diisoheptylphthalate

DMD Mix of DEN, MNU, DHPN

DMN Dimethylnitroasmine

DPP Dipentylphthalate

El Estrone

E Estradiol

E Estriol

EE Ethinyl estradiol

EHEN Ethylhydroxyethylnitrosamine

End Endrin

endosul-a Endosulfan-alpha

endosul-b Endosulfan-beta

Entero Enterodiol

Enterol Enterolactone

EP Ethyl paraben

ER Estrogen receptor

ERE Estrogen response element

ESR Gene for ER-alpha

EV Estradio-valerate

FIN Funasteride

FLT Flutamide

Fluoroan Fluoranthene

Galax Galoxolide

GD Gestation day

Gen Genestein
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