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Abstract:

Background: Certain types of hair products are more commonly used by Black women.
Studies show hair products contain several endocrine disrupting chemicals that are
associated with adverse health outcomes. As chemical mixtures of endocrine disruptors,
hair products may be hormonally active, but this remains unclear.

Objective: To assess hormonal activity of commonly used Black hair products.
Methods: We identified 6 commonly used hair products (used by >10% of the
population) from the Greater New York Hair Products Study. We used reporter gene
assays (RGAs) incorporating natural steroid receptors to evaluate estrogenic,
androgenic, progestogenic, and glucocorticoid hormonal bioactivity employing an
extraction method using bond elution prior to RGA assessment at dilutions from 50-500.
Results: All products displayed hormonal activity, varying in the amount and effect.
Three samples showed estrogen agonist properties at levels from 12.5-20ng/g estradiol
equivalent concentrations (EEQ). All but one sample showed androgen antagonist
properties at levels from 20-25ng/g androgen equivalent concentrations (AEQ). Four
samples showed antagonistic and agonistic properties to progesterone and
glucocorticoid.

Significance: Hair products commonly used by Black women showed hormonal activity.
Given their frequent use, exposure to hormonally active products could have implications

for health outcomes and contribute to reproductive and metabolic health disparities.



Introduction

Recent studies highlight a pressing racial/ethnic disparity in hair and personal care
product use (1-3), with Black women generally using more hair oils, lotions, chemical relaxers,
leave-in conditioners, and placenta-containing products (4). Of importance, data suggest that
these products may contain hormonally active ingredients, such as endocrine disrupting
chemicals (EDCs), including lower molecular weight phthalates and parabens (4, 5).
Interestingly, nationally representative data from the United States shows that Black women
have among the highest concentrations of these personal care product chemicals compared to
other racial/ethnic groups(6, 7), with hair products potentially being an important source of
hormonally active chemical exposure(4). Chemicals contained in hair products have been linked
to hormonally mediated diseases that are more prevalent among Black women and girls,
including early puberty (8), preterm birth (9), obesity (10), and diabetes (11). As such,
determining whether ingredients in hair products could contribute to higher exposure to
hormonally active chemicals and related diseases among Black women is of key importance to
reducing these health disparities.

Understanding the drivers of hair product use as a link to higher hormonally active
chemical exposures and hormone-mediated disease risk provides critical insight into why these
disparities may exist. An important driver of hair product use among Black women is Eurocentric
beauty standards that have impacted social and economic position from post-slavery and
colonization to modern day (12). Specifically, straighter hair represented ideal beauty standards
and higher social status, requiring Black women to assimilate to white culture (13). A number of
Black pioneers developed hair maintenance systems that provided and maintained straighter
hair, including Anna Turbo Malone, Elroy J. Duncan, and Madame C.J. Walker. Beyond rinse-
out soaps to clean hair, these products included leave-in hair oils and stimulating lotions (13,
14). Today, Black hair care is a half-trillion dollar industry (12, 13), with Black women spending

more money on hair styling products than any other ethnic group (13, 15). That said, even



recent legislation in the United States has had to be enacted to ensure Black women can wear
their hair in ways that could allow for less chemical exposure (16). Of concern, the use of these
products may be placing Black women at increased exposure to toxic chemicals—including
EDCs—due to these underlying social and political factors that are systemic drivers of beauty
and economic status.

While some studies have documented individual chemicals and chemical classes
contained in hair products (5, 17), few have evaluated the impact of these products—as
chemical mixtures—on alterations to hormone systems (18). In a study by Myers et al., a
number of hair and skin care products were assessed for hormone activity (19). Of the eight
products assessed, only one product was a leave-in hair product, which showed estrogen
activity. With leave-in hair products being commonly used by Black women (1-3), evaluating
whether chemicals in these hair products could be agonist or antagonist of hormone receptors
linked to diseases is key. Many of the EDCs identified in hair products are thought to bind to
and alter hormone receptors including estrogen, progesterone, androgen, and glucocorticoid
receptors (20). Of note, these specific hormone receptors are involved in numerous biological
processes, which if altered, could contribute to the risk of diseases such as diabetes,
cardiovascular disease, as well as adverse reproductive health outcomes (3, 21-24). Thus, hair
product use could contribute to a mixture of chemical exposures that could perturb hormonal
processes and affect disease risk.

While few studies have evaluated hair products as mixtures, a number of studies have
evaluated the hormonal effects of individual chemicals present in hair products. For example,
previous work has identified Black hair products as containing phthalates, parabens,
alkylphenols, cyclosiloxanes, ethanolamines, and UV filters (5). Alkylphenols have estrogenic
properties, with the ability to alter reproductive parameters in rodents (25). Similarly,
cyclosiloxanes (26) and certain phenols, including certain parabens and UV filters (27-29) are

also estrogenic. Parabens have anti-androgenic properties (30) and can disrupt the



glucocorticoid receptor (31, 32), with implications for glucose and other metabolic pathways (33,
34). In addition, phthalates also have anti-androgenic properties and have been shown to be
peroxisome-proliferator alpha and gamma agonists (35-37), impacting lipid and glucose
metabolism. Together, these chemicals may operate in complex ways to perturb hormonal
pathways.

Understanding whether commonly used Black hair products, as chemical mixtures, could
bind to and alter hormone signaling will provide critical information to environmental exposure
and associated hormone mediated disease disparities. Thus, the objective of this study was to
evaluate the extent to which hair products, as EDC mixtures, could bind to and operate as
agonists or antagonists of four hormone receptors: estrogen, androgen, progesterone, and
glucocorticoid. We selected commonly used hair products based on data from the Greater New
York Hair Products Study, which were previously shown to contain EDCs and have been linked
to adverse health outcomes (2, 4). As previous studies found estrogenic chemicals (4, 5), and
estrogenic activity (19), we hypothesized that these products would be able to bind to the
estrogen receptor and act as agonists and included other hormone receptor analyses as

exploratory analyses.

Materials and Methods
Selection of hair products

Hair products were selected from the Greater New York Hair Products Study, a cross-
sectional study conducted in a population of 359 women from across the New York City
metropolitan area between 2004-2006 (2, 4). We used convenience sampling techniques,
identifying local churches, nail and hair salons, workplaces, restaurants/cafes, and laundromats
as recruitment locations (2, 4). Women had to be over 18 years old, speak English, and self-
identify as African-American (descendants of United States slaves), African-Caribbean (Black

and born in the Caribbean or their descendants), Hispanic, or non-Hispanic white.



For this study, women completed a detailed survey about their current and past hair
product use. The questionnaire was generated from detailed qualitative research data from two
focus groups to identify names and categories of hair products, along with information for how to
best ask and obtain information on hair product use, frequency, duration, and brand. Using
qualitative data that was transcribed and evaluated for themes, a quantitative questionnaire was
constructed and queried hair oil, lotion, leave-in conditioner, perm/relaxer, and other product
use. In addition to current and past use, data on frequency, duration, and product brand was
collected. To aid with recall of current and past use of products, a hair product label book was
constructed featuring images of over 150 different products brand names. Additional details on
the Greater New York Hair Products Study can be found elsewhere (2, 4).

Hair Product Selection

Among the products listed for current use, we identified 6 specific hair product brand
names that had >10% use in the study population and had frequent reported use (i.e. daily or
more than once per week) (4). The following products were purchased and sent for independent
laboratory testing for hormone receptor assays in 2012: Sample 1, hair lotion; Sample 2, leave-
in conditioner; Sample 3, leave-in conditioner; Sample 4, hair oil; Sample 5, root stimulator;
Sample 6, hair oil. Label information from the products did not indicate the addition of estrogen
or other hormones for most of the hair products. However, the label information did indicate the
presence of placenta in one hair oil brand (Sample 6).

Extraction of hair products

Briefly, one gram of each product was extracted in ethyl acetate and cleaned up via solid
phase extraction followed by evaporation and final suspension in 250 uL methanol. A more
detailed extraction protocol is outlined within supplementary materials for methods on extraction
of hair products.

Thiazolyl blue tetrazolium bromide (MTT) analysis



The Thiazolyl blue tetrazolium bromide (MTT) assay was used to control for cytotoxic
effects in parallel to RGA analysis of test samples by measuring cellular metabolic activity as an
indicator of cellular health. The detailed procedure can be found in supplementary materials for

MTT analysis.

Reporter Gene Assay cell lines

The four mammalian reporter gene assay cell lines which were used in this study were
previously established by Willemsen et al.(38). For the estrogen receptor assay, the estrogen
responsive MMV-Luc cell line was created from MCF-7 cells by transfection with the MAR-Vit-
Luc reporter plasmid, and is specific for estrogens and estrogenic compounds. The progestogen
responsive TM-Luc cell line was generated using T47D cells (which express high levels of
endogenous progestogen receptors) transfected with the MMTV-Luc plasmid, and is specific for
progestogens and progestogenic compounds. The TGRM-Luc and TARM-Luc cell lines were
co-transfected from the MMTV-Luc reporter plasmid and the RS-hGRa vector (codes for the
human GR), or the pSV-AR, vector (codes for the human AR) into T47D cells. TGRM-Luc and
TARM-Luc cell lines are specific for glucocorticoids and progestogens, and for androgens and
progestogens, respectively.

The cell lines were routinely cultured in Dulbecco's modified Eagle medium (DMEM) and
10% fetal bovine serum, and grown in 75cm? tissue culture flasks (Nunc, Roskilde, Denmark) at
37°C with 5% CO2 and 95% humidity. As phenol red is estrogenic, the MMV-Luc cell line was
cultured in phenol red free cell culture medium. RGA analysis was carried out in media
containing DMEM supplemented with 10% hormone depleted serum described in

supplementary materials for methods on RGA cell lines.

Results

Thiazolyl blue tetrazolium bromide (MTT) analysis



Table 1 illustrates the cytotoxicity results for the six sample extracts at the
concentrations used in the four RGA cell lines. The hair lotion (sample 1) induced cytotoxicity on
the TM-Luc cells at 1/100 (15%) and 1/200 (10%) dilutions. One of the leave-in conditioners
(sample 2) showed dose-dependent cytotoxic effects on all four cell lines, but was most potent
in MMV-Luc cells, while the other leave-in conditioner (sample 3) induced cytotoxicity in all four
cell lines, but not monotonically. One of the hair oils (sample 4) showed cytotoxic effects in TM-
Luc, TARM-Luc and TGRM-Luc cells, but not MMV-Luc cells. While the other hair oil (sample
6), showed the most cytotoxicity in MMV-Luc cells, as well as inducing cytotoxicity in the other 3
cell lines. The root stimulator (sample 5) induced the most potent toxicity in TARM-Luc cells of

all six samples, but did not lead to cytotoxicity in either MMV-Luc or TM-Luc cell lines.

RGA results

The RGA assays tested the estrogenic, androgenic, progestogenic, and glucocorticoid
activity of extracted samples. Dose-response curves and ECsp values were calculated for the
relevant steroid hormone standards for each assay: 17B-estradiol (MMV-Luc), testosterone
(TARM-Luc), progesterone (TM-Luc), and hydrocortisone (TGRM-Luc) (Supplemental Table 1,
Supplemental Figure 1). Percent recoveries from the Bond Elut extractions for each RGA were
75-80% for estrogen, 75-80% for androgen, 60% for progestogen, and 100% for glucocorticoid
(Supplemental Table 2). Assay results are summarized by product in Table 2 and are described
in more detail below. We refer to hormonal activity as measured by luciferase activity induced in
the cell line.

The hair lotion, one of the leave-in conditioners (sample 3), and the root stimulator
presented agonist effects in the estrogen receptor assay. The hair lotion (sample 1) induced an
estrogenic agonist response equivalent to 17beta-estradiol at concentrations close to 12.5 — 20
ng/g of sample (Figure 1). One of the leave-in conditioners (sample 3) induced a partial agonist

effect in the estrogen assay, but showed a reduced response when combined with the positive



control 17beta-estradiol (Figure 1). The root stimulator (sample 5) induced agonist activity on its
own that was equivalent to 17beta-estradiol at a concentration close to 15 ng/g of sample, but
elicited a much higher response when spiked hormone was added (Figure 1), indicating a
synergistic response in the MMV-Luc cells. The other leave-in conditioner (sample 2) did not
induce any change in the estrogen assay (Figure 1). Both hair oils (samples 4 & 6), did not
induce estrogenic responses in the MMV-Luc cells, but appeared to be estrogen antagonists by
lowering the response of spiked samples (Figure 1).

The androgenic activity of samples was tested in the TARM-Luc cells. Both leave-in
conditioners and hair oils showed antagonist activity in the androgen assay, blocking the action
of free testosterone. Additionally, both leave-in conditioners and one of the hair oils (sample 6)
induced strong antagonist activity in the androgen assay (Figure 2). The other hair oil (sample
4) also showed an antagonist effect. Neither the hair lotion nor the root stimulator showed an
androgenic response (Figure 2).

Figure 3 presents results for progesterone assays. Both leave-in conditioners, the hair
lotion, and one of the hair oils (sample 4) induced antagonistic effects on the progesterone
assays. For example, a leave-in conditioner (sample 2) was able to block the action of
progesterone at concentrations of 75 ng/g of sample (Figure 3). In addition, this same leave-in
conditioner, as well as one of the hair oils (sample 4), showed partial agonist properties. An
example of this was seen for this hair oil, which was able to induce a progesterone agonist
response equivalent to progesterone at concentrations of 50 ng/g of sample (Figure 3).

In the glucocorticoid assay, both leave-in conditioners, as well as one hair oil (sample 4),
and the root stimulator induced antagonistic effects (Figure 4). Both leave-in conditioners
showed blocking action of free hydrocortisone at 2000-2500 ng/g of sample (Figure 4). One of
the hair oils (sample 4) showed an antagonistic effect by blocking the free hydrocortisone

response at 1500-2000 ng/g of sample (Figure 4). The root stimulator lowered the action of free



hydrocortisone at concentrations up to 500 ng/g of sample (Figure 4). Conversely, the other hair

oil (sample 6) and the hair lotion did not induce responses on the glucocorticoid assay.

Discussion

In this study of six leave-in hair products commonly used by Black women participating
in the Greater New York Hair Products Study (2, 4), we found that all products elicited hormonal
activity. In general, the type of hormone activity varied by product, with some displaying
agonistic properties and others displaying both partial agonistic and antagonistic properties
related to one or more of the hormone receptors. One of the leave-in conditioners (sample 3)
and one of the hair oils (sample 4), displayed hormonal activity on all 4 hormone assays,
potentially indicating that use of these products may be of particular concern in relation to
hormonally-mediated disease. The hair lotion and root stimulator both displayed estrogenic
activity, but did not show any androgenic activity, while all other samples acted as androgen
antagonists. These findings suggest that products commonly used by Black women may have
hormonal activity when each product is considered as a chemical mixture. To our knowledge
this is one of the first studies to evaluate the hormonal activity of multiple commonly used Black
leave-in hair products.

Few studies have assessed chemical content of Black hair products. One previous
study by Helm et al. using a greater number of hair products from the same study population
found that all of the hair products tested contained endocrine disrupting and asthma-associated
chemicals (5). Specifically, the study found that these commonly used hair products contained
45 EDCs, including cyclosiloxanes, parabens, fragrance marker diethyl phthalate (DEP), and
nonylphenols (5). In an earlier study in the same population, 50% of Black women reported
using products containing hormones or placenta compared to only 7% of white women based
on product label information (4). A separate study focusing more broadly on personal care

products, found that a number of products, including the only tested hair product, displayed



hormonal activity using a similar reporter gene assay model (19). Our study suggests the need
to further evaluate hormonal activity in personal care products, particularly those used by
individuals with higher use and a higher risk of many hormonally mediated adverse health
outcomes.

Studies show that hair products are very commonly used by Black women, with reported
usage of almost 100% for hair oils, >70% for hair lotions, and >50% for leave-in conditioners (2,
4). These products are often applied to the hair and scalp and not washed out for days or
weeks, allowing chemicals in the product to accumulate on the scalp and potentially enter the
body transdermally through porous scalp tissue (39). A recent study by Hsieh et al showed
greater chemical exposure for leave-in products (40), it is unclear whether the findings from this
work can extend to other Black hair care products. Helm et al. identified the presence of diethyl
phthalate and methyl and propyl parabens (5), which could suggest repeated and cumulative
exposures to these chemicals from hair product use. Worth noting, a biomonitoring study
comprised of a representative sample of U.S. women participating in NHANES found that non-
Hispanic Black women had significantly higher concentrations of methyl paraben, propyl
paraben, and mono-ethyl phthalate—a metabolite of di-ethyl phthalate—chemicals found in hair
products (4, 41).

Previous work has shown that mixtures of certain EDCs, such as phthalates, parabens,
as well as UV filters can have additive anti-androgenic properties (42) or additive estrogenic
properties (43). In the present study, we found that the root stimulator had additive agonist
properties with the estrogen receptor. We also found that all other products had anti-androgenic
properties. This is one of the first studies to look at progesterone and glucocorticoid properties
of multiple leave-in Black hair care products, where each was evaluated as a mixture.

In the present study, leave-in conditioners and one of the hair oils had the highest
degree of hormonal activity, with agonist properties for estrogen and progesterone and

antagonist properties for androgen, progesterone, and glucocorticoid receptors. These findings
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suggest that leave-in hair products could be particularly harmful. Indeed, a recent study found
that leave-in products were a source of higher mono-ethyl and mono-benzyl phthalate exposure
(40). As such, re-formulation could potentially provide an opportunity for these leave-in products
to become safer and reduce exposure to hormonally active chemicals and associated health
outcomes.

While few studies have assessed the chemical content and hormonal activity of hair
products for women in general and particularly for Black women, studies of hair product use
more broadly have shown associations with hormonally-mediated conditions. For example, a
previous study by our group involving the same study population found that hair oil use was
associated with 40% odds of earlier age at menarche (2). In that study, associations with earlier
age at menarche were stronger when hair oils were used for a longer duration of time. A
separate study conducted by McDonald et al. using the same study questionnaire found that
hair oil use was associated with a 2-fold increased odds of reaching menarche before age 11
(41). Products with estriol concentrations ranging from 9 to 24 mg/g are associated with
premature development of secondary sexual characteristics and pre-pubertal gynecomastia
(19). Furthermore, many of the chemicals found in these hair products(5) are linked to the
disparate conditions of diabetes and obesity (44, 45). As such, more work is needed to
determine whether exposure to hormonally-active hair products might contribute to these
persistent health disparities.

The present study provides biologic plausibility for how exposure to higher levels of hair
products might impact hormonally-mediated disease by perturbing normal hormone activity
through agonistic or antagonistic processes. For example, several of the hair products were
either estrogen agonist or antagonist based on an assay for 17-beta estradiol. There are three
physiologic forms of estrogen—estrone, estradiol, and estriol—each with different relative
potency, with estradiol being the most potent (46). Estrogen receptors (ER) are involved in

estrogen signaling pathways, both stimulatory and inhibitory, found in neuroendocrine, skeletal,
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adipogenesis, and cardiovascular systems. Receptor activity is dependent on the two types of
nuclear receptors, ERa and ERP (21). Furthermore, each tissue has a unique threshold at which
estrogen may mediate physiologic versus pathophysiologic processes (47). Because estrogen
is related to several crucial pathways in the body, disruption in signaling can increase the risk of
health conditions, such as breast and ovarian cancer (48, 49), as well as cardiovascular disease
(50). Likewise, androgen receptors mediate the activity of androgens such as testosterone and
dihydrotestosterone with biological actions that include development and maintenance of
reproductive, musculoskeletal, cardiovascular, and immune systems (22). Glucocorticoid
receptor (GR) activity is essential for regulating stress response. Glucocorticoid signaling affects
a variety of organs in the body with their anti-inflammatory, anti-proliferative, pro-apoptotic, and
anti-angiogenic properties (51). An imbalance in the regulation of GR activity in the heart may
result in cardiovascular disease and similarly, imbalance in the lungs may exacerbate
respiratory disease (3). Progesterone receptors (PR) with two common isoforms Pr-A and Pr-B,
act as sensors for growth factor-induced signaling and are involved in pro-proliferative signaling
in the breast and uterine quiescence during pregnancy (52). Along with estrogen receptors, PR
are crucial in the female reproductive system and disruption may lead to breast cancer, uterine
disease, and preterm labor (23, 24). Therefore, the present study’s findings may provide
evidence for a group of hormonally active consumer products marketed to Black women that
could potentially explain part of the increased risk of hormonally mediated diseases linked to
these specific hormones.

Related to disparate hormonally mediated health conditions, estrogen drives the
pubertal transition in humans and is involved in breast cancer and is comparatively a stronger
estrogen than estriol (53). Black girls reach menarche earlier (8) and Black women have a
higher mortality due to breast cancer, often due to a higher incidence of a subtype of the
disease that is less responsive to hormone therapy treatment (54). Considering data evaluating

hair products and these conditions, two studies found associations between hair products (e.g.
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hair dyes and relaxers) with an increased breast cancer risk (55, 56). In the present study, it is
worth noting that while three of the products showed estrogen agonist properties, one of these 3
along with two others showed estrogen antagonist properties. These antagonist properties
countered our original hypothesis, but could also have biological effects in women, including hot
flashes (57) and weight gain (58). Future work is needed to understand the full scope by which
these hormonally active consumer products might impact health and health disparities.

It is important to note that product regulation in the United States is less strict than in
other settings. For example, chemicals commonly used in personal care products in the United
States have been banned in the European Union (59). Some U.S. states, such as California,
require warning information on products containing certain hormone-altering chemicals,
including benzophenone, bisphenol A, and nonylphenol under Proposition 65 (5). However, due
to U.S. federal exemptions for the labeling of incidental chemicals, some of these chemicals of
concern do not appear on the product label, including fragrance ingredients such as phthalates
(5, 37). Yet, these chemicals separately—and potentially as a mixture—could have important
health implications, especially for populations that are more likely to frequently use these
products. Based on the present findings of hormonal activity of these hair products and previous
work showing that these chemicals are present in hair products, future work is needed to help
provide a better understanding of how these policies may impact the development of safer
products, with implications on EDC exposure reduction and potential decreases in EDC-
associated adverse health outcomes.

This study has several limitations. First, we tested a small number of hair products
identified as being commonly used from a study conducted in 2004-2006. Hair products and
their formulations have changed over time. However, this previous study was the first to collect
information on Black hair care product use, including details on product brand, type, and
frequency of use (2, 4). Interestingly, more recent data still ranks some of these hair products

within the top 20 products more commonly used by this demographic (60). That said,
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differences in formulations may have occurred over time, which could impact the hormonal
activity of these products. Second, the hair products were quite toxic to the cell lines. However,
we were able to improve the assays by adding an additional pre-treatment step to reduce
contaminant toxicity. Third, this was an exposure assessment study to evaluate hormonal
activity of hair products as product-specific mixtures. We are uncertain as to what specific
ingredient may be driving the particular activity seen, as the product formulations may have
changed since our laboratory analysis was conducted. Future work will need to evaluate both
the individual components, as well as the mixture, to identify the most biologically active
ingredients, or combination of ingredients, to help identify safer replacements. Additionally, the
focus of this study was to evaluate hair products commonly used by Black women and not the
full breadth of personal care products. While women use multiple personal care products at any
given period, hair products are a particularly prevalent personal care product used by Black
women and have been understudied with respect to their content and biological activity. Finally,
while we measured different types of hair products, we only evaluated this in 6 different specific
brands of hair products. Thus, this study’s findings may not be generalizable to other brands of
hair products; instead, this should provide rationale for further study of hair and other products
that may be more commonly used by Black women and other groups with higher exposure
concentrations to personal care product chemicals.

Despite these limitations, our study has several notable strengths. First, this is one of the
first studies to evaluate the hormonal activity of commonly used leave-in Black hair products
assessed as mixtures. While data suggests that Black women may have higher body burdens of
certain EDCs (6, 7), as well as higher prevalence of health conditions linked to these chemicals,
few studies have looked at hair products to evaluate whether they could have biological activity.
Second, we measured different types of hair products, including hair oils, leave-in conditioners,
lotions, and root stimulators. While all hair products tested had hormonal activity, patterns

differed by product and type. Third, this study provides novel data on the biological plausibility
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for how chemicals found in hair products may act together to alter hormonally mediated
diseases, including those that are racially/ethnically disparate.
Conclusions

In the present study we found that commonly used hair products are hormonally active,
with impacts on the estrogen, androgen, progesterone, and glucocorticoid receptors, providing
critical information for understanding how leave-in hair products as a mixture could have a
biological effect and potentially affect hormonally mediated disease risk. Previous findings from
this same study population have shown that these products contain di-ethyl phthalate and
parabens, chemicals known to be hormonally active (5). Given that hormonal activity of
consumer products could contribute to disparities in related disease risk, re-formulation of these
products could aid in reducing the disparity in exposure and associated health outcomes in
Black women. Further work is needed to understand how these products may act as a source of
disparate environmental chemical exposures and the resulting implications for adverse health

outcomes in Black women.
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FIGURE AND TABLE LEGENDS

Figures:

Figure 1. Response of the A) sample 1 (hair lotion), 2 (leave-in conditioner), 3 (leave-in
conditioner), and B) sample 4 (hair oil), 5 (root stimulator), 6 (hair oil) as assessed by the
estrogen responsive MMV-Luc reporter gene cell line and compared with the negative control.
NC, negative control; PC, positive control (0.5 ng/mL E2); a, spiked with positive control before

extraction; b, spiked with positive control after extraction.

Figure 2. Response of the A) sample 1 (hair lotion), 2 (leave-in conditioner), 3 (leave-in
conditioner), and B) sample 4 (hair oil), 5 (root stimulator), 6 (hair oil) as assessed by the
androgen responsive TARM-Luc reporter gene cell line and compared with the negative control.
NC, negative control; PC, positive control (2.9 ng/mL testosterone); a, spiked with positive

control before extraction; b, spiked with positive control after extraction.

Figure 3. Response of the A) sample 1 (hair lotion), 2 (leave-in conditioner), 3 (leave-in
conditioner), and B) sample 4 (hair oil), 5 (root stimulator), 6 (hair oil) as assessed by the
androgen responsive TM-Luc reporter gene cell line and compared with the negative control.
NC, negative control; PC, positive control (5 ng/mL progesterone); a, spiked with positive control

before extraction; b, spiked with positive control after extraction.

Figure 4. Response of the A) sample 1 (hair lotion), 2 (leave-in conditioner), 3 (leave-in
conditioner), and B) sample 4 (hair oil), 5 (root stimulator), 6 (hair oil) as assessed by the
androgen responsive TM-Luc reporter gene cell line and compared with the negative control.
NC, negative control; PC, positive control (100 ng/mL cortisol); a, spiked with positive control

before extraction; b, spiked with positive control after extraction.



Tables:

Table 1. Bond Elut showing the percentage toxicity of six leave-in hair product sample
extracts at 4 different dilution levels: 50, 100, 200 and 500 checked on four cell lines by

MTT assay.

Table 2. Leave-in hair products agonist or antagonist activity based on 1-gram of product
presented as percent equivalent to the positive controls: 173-estradiol, testosterone,

progesterone, and hydrocortisone.



Figure 1: Estrogen responsive MMV-Luc reporter gene cell line activity for 6 Black hair care products
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Figure 2: Androgen responsive TARM-Luc reporter gene cell line activity for 6 Black hair care products
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Figure 3: Progesterone responsive TM-Luc reporter gene cell line activity for 6 Black hair care products
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Figure 4: Glucocorticoid responsive TGRM-Luc reporter gene cell line activity for 6 Black hair care products
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TABLES

Table 1. Bond Elut: % toxicity of the six product sample extracts at 50, 100, 200 and 500

dilutions as assessed on the four RGA cell lines by MTT assay.

Extract dilution® Extract dilution?®
Cell line Sample {1/50{1/100|1/200|1/500 Cell line Sample [{1/50{1/100|1/200|1/500
1 0 0 0 - 1 - 15 10 0
2 30 | 15 0 - 2 - 10 0 0
3 15 15 0 - 3 - 20 10 0
MMV-Luc 1 0 0 0 § TM-Luc 2 20 10 0 i
5 0 0 0 - 5 0 0 0 -
6 90 20 15 0 6 - 20 0 0
1 0 0 0 - 1 0 0 0 0
2 20 | 10 0 - 2 5 0 0 -
3 10 0 0 - 3 10 | 10 0 -
TARM-Luc 4 15 10 0 - TGRM-Luc a 30 15 0 -
5 40 | 10 0 0 5 5 0 0 -
6 30 | 10 0 0 6 30 | 15 5 0

2’ indicates did not check dilution due to lack of toxicity at previous dilution




Table 2. The agonistic, antagonistic, and partial agonist activities of 1g of product presented as hormonal equivalent concentrations

relative to their respective positive controls.

2000ng/g

RGA Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
(Hair lotion) (Leave-in (Leave-in (Hair oil) (Root (Hair oil)

conditioner) conditioner) stimulator)

Estrogen Agonist No response Partial agonist: | Antagonist Agonist Antagonist
with additive observed Agonist reducing EEQ 15ng/g EEQ — difficult to
response 5-7.5ng/g EEQ | by 22.5-25ng/g estimate due
12.5-20ng/g Antagonist to toxicity.
EEQ reducing EEQ reducing EEQ

by 20-25ng/g by 25ng/g (in
all dilutions)

Androgen No response Antagonist Antagonist Antagonist No response Antagonist
observed reducing TEQ reducing TEQ reducing TEQ observed reducing TEQ

by 145ng/g by 145ng/g by 131ng/g by 145ng/g

Progesterone Antagonist Partial agonist: | Antagonist Partial agonist: | No response No response
reducing PEQ Agonist reducing PEQ Agonist observed observed
by 75ng/g 250ng/g PEQ by 200ng/g 50ng/g PEQ

Antagonist Antagonist
reducing PEQ reducing PEQ
by 125ng/g by 175-225ng/g

Glucocorticoid | No response Antagonist Antagonist Antagonist Antagonist No response
observed reducing GEQ reducing GEQ reducing GEQ reducing GEQ observed

by 2500ng/g by 2000ng/g by 1500- by 500ng/g




Abbreviations: EEQ, Estrogen Equivalents of 17beta-estradiol; TEQ, Testosterone Equivalents of testosterone; PEQ, Progesterone
Equivalents of progesterone; GEQ, Glucocorticoid Equivalents of hydrocortisol



Supplemental Methods Materials:

Supplemental Figure 1. Dose response standard curve. MMV-Luc cell line treated with
increasing concentrations of 17beta-estradiol (n=7). Luciferase activity measured after 24h.
Supplemental Table 1: EC50 values for each reporter gene assay and standard hormone
used.

Supplemental Table 2: Analyte spiking concentrations and percent recovery rate for Bond
Elut extraction method

Methods for Extraction of hair products

Methods for Thiazolyl blue tetrazolium bromide (MTT) analysis

Methods for Reporter Gene Assay cell lines



SUPPLEMENTAL FIGURE

Supplemental Figure 1. Dose response standard curve. MMV-Luc cell line treated with
increasing concentrations of 17beta-estradiol (n=7). Luciferase activity measured after 24h
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SUPPLEMENTAL TABLES

Supplemental Table 1. ECs values for each Reporter Gene Assay and standard hormone
used.

Reporter Gene Assay Hormone ECso (ng/mL)
Estrogen 17beta-estradiol 0.01
Androgen Testosterone 0.16
Progesterone Progesterone 0.6
Glucocorticoid Hydrocortisone 53

Supplemental Table 2. Analyte spiking concentrations and % recovery rate for the Bond Elut
extraction method.

RGA % recovery | Hormone and spiking concentration used
Androgen 75-80 17beta-estradiol — 0.5 ng/mL (2nM)
Estrogen 75-80 Testosterone — 2.9 ng/mL (10nM)
Progesterone | ~ 60 Progesterone — 5 ng/mL (16nM)
Glucocorticoid | ~100 Hydrocortisone — 100 ng/mL (276 nM)




Extraction of hair products

One gram of each product was weighed in a glass tube to which ethyl acetate was
added at a ratio of 5ml to 1g product. Each sample was (un)spiked with 17beta-estradiol,
testosterone, progesterone, and hydrocortisol and thenvortexed and sonicated for 5-15 minutes.
After sonication, samples were diluted with n-hexane to a 25 mL volume. Bond Elut columns
were used for extraction and were pre-conditioned with 3 mL of methanol, 3 mL n-hexane, and
3mL ethyl-acetate. The sample was then added into the column and followed by washing with 4
mL of n-hexane: ethyl acetate (4:1, v:v) and eluted by 6 mL of methanol. Eluent was evaporated

under a nitrogen stream at 40°C and re-suspended in 250 yL methanol.
Thiazolyl blue tetrazolium bromide (MTT) analysis

Cells were seeded as for the RGAs in clear, flat-bottomed 96-well plates and incubated
for 24 hours. The extracted test compounds at a final MeOH concentration of 0.5% and solvent
control (0.5% v:v MeOH in media) were added to the cells and incubated for 48 hours. The
supernatant was discarded and cells washed once with 200 pL PBS. Then, 50 pL of thiazolyl blue
tetrazolium bromide (MTT) solution (2 mg/mL stock in PBS, diluted 1:6 in media) was added to
each well and incubated for 3 hours at 37 °C. In this assay, viable cells convert the soluble yellow
MTT into insoluble purple formazan by the action of mitochondrial succinate dehydrogenase. The
supernatant was removed and 200 uL of dimethyl sulfoxide (DMSQO) was added to each well to
dissolve the formazan crystals. The plate was incubated at 37 °C for 10 minutes with agitation.
Optical density (OD) was measured using a Sunrise spectrophotometer (TECAN, Switzerland) at
570 nm with a reference filter at 630 nm. All samples were assessed in triplicate wells and in three
independent exposures. Viability was calculated as the percentage absorbance of the sample

when compared with the absorbance of the solvent control.

Reporter Gene Assay cell lines



Cells were seeded at a concentration of 4 x 10° cells/mL in 100 yL media into white
walled 96 well plates with clear flat bottoms (Greiner Bio-One, Germany). The cells were
incubated for 24h prior to being exposed to the samples. The samples were diluted in assay
media to a final 1/500 dilution from the original extract while maintaining MeOH concentration
below 0.5%. The cells were exposed to samples for 24h (MMV-Luc cell line) or 48h (for all other
cell lines). The supernatant was discarded and the cells washed twice with phosphate buffered
saline (PBS) prior to lysis with 20 pL cell culture lysis buffer (Promega, Southampton, UK).
Finally, 100 pL luciferase (Promega, Southampton, UK) was injected into each well and
luciferase activity measured using the Mithras Multimode Reader (Berthold, Other, Germany).
All experiments were performed in triplicate. To determine activity, the response of the cell lines
to the product samples was measured as relative luciferase response units and compared to the
extracted solvent control (0.5% methanol in media) which was used as a negative control for

sample analysis.

For the agonist test, the standard curves used for each cell line were: 0.0014-2.7 ng/mL
E2 (MMV-Luc), 0.03-28.8 ng/mL testosterone (TARM-Luc), 0.5-314.5 ng/mL progesterone (TM-
Luc) and 4.5-181.2 ng/mL hydrocortisol (TGRM-Luc). Antagonist tests were carried out by
incubating the test compounds with the relevant positive control. The hormone spiking
concentrations used in the experiment were as follows: 0.5 ng/mL E2 (MMV-Luc), 2.9 ng/mL
testosterone (TARM-Luc), 5 ng/mL progesterone (TM-Luc) and 100 ng/mL hydrocortisol

(TGRM-Luc).

For RGAs, dose-response curves were fitted with SlideWrite Plus V6 software using the
sigmoidal dose-response curve equation, Y=Bottom + (Top-Bottom)/(1+10(Log EC50-X)), here
X is the logarithm of concentration, Y the response, and Bottom and Top are fixed to 0% and
100% respectively of the maximum response of the standard used in each test. Fold induction

was measured by calculating the ratio of a response when compared with the negative control



(n-fold). The concentration that produced a 50% increase in maximal response (ECso) was used
as a measurement of the assays sensitivity. All values shown are expressed as mean +

standard deviation (SD).

Extraction recoveries were calculated based on standard curve equations, where the X
value was calculated for a given Y value, response achieved from the assay. Calculated in this
way concentration was divided by the value of spiking concentration before extraction and

multiplied by 100 to achieve a % extraction recovery.
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