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Hair dye products now represent one of the most rapidly growing beauty and personal care industries as both
men and women commonly change hair color to enhance youth and beauty and to follow fashion trends.
Irrespective of economic and education status, people dye their hair to emphasize the importance given to
appearance. Despite adverse reactions, many people continue dyeing mainly for cosmetic purposes. This paper
provides a comprehensive review on various aspects of hair dying products, especially with respect to the
hair-coloring process, classification, chemical ingredients, possible human health impacts, and regulations.
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Hair dye Permanent hair dye, which is the most commonly used product type, is formed by an oxidative process involving
Toxicants arylamines to bring about concerns with long-term exposure. Hence, significant efforts have been put to
Health effects understand the possible side effects of such exposure including cancer risk. However, hair dyes and their

Regulation guidelines ingredients are mainly identified to have moderate to low acute toxicity such as the cause of allergic contact
dermatitis. Although some hair dye components are reported to be carcinogenic in animals, such evidence is
not consistent enough in the case of human studies. Consequently, further research is desirable to critically
address the significance of this issue, especially with respect to the safety of hair dye ingredients.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction rapidly growing industry of over $7 billion (The Economist, 2015).

Hair dyeing involves treatment of the hair with various natural and/or

Hair is an indicator of attractiveness, femininity, masculinity, health,
and beauty. As society focuses more and more on youthfulness and
beauty, hair dyeing has become popular among both men and women
pursuing such value or fashion trends. Globally, hair colorants are a
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artificial chemical compounds mainly for cosmetic purposes (e.g., to
cover gray hair, to change to a color regarded as more fashionable or
desirable at a given time, etc.).

The association between hair dye application and the development
of cancer has been a topic of debate over the past several decades.
Hair dyes come in two forms: (i) oxidative (permanent) and (ii) non-
oxidative (semi-permanent and temporary) (USFDA, 2014). Permanent
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dyes consist of primary intermediates (e.g., p-phenylenediamines
(PPDs) and p-aminophenols) and couplers (e.g., m-aminophenols and
m-hydroxyphenols) in the presence of peroxide (USFDA, 2014). Non-
oxidative hair dyes include colored compounds that stain hair directly.
Some of the chemicals used in hair dye products are reported to be car-
cinogenic in animals (Bolt and Golka, 2007). Likewise, the International
Agency for Research on Cancer (IARC) reported that some of the
chemicals in hair dye are probably carcinogenic to those who are ex-
posed to them occupationally (e.g., hairdressers and barbers). However,
hair dye products have not yet been classified as carcinogenic for per-
sonal users (IARC, 2010).

Given the widespread use of hair dye products around the globe, sci-
entists have tried to determine the association between hair coloring
products with health risk. In this review article, we provide a critical as-
sessment of this issue by exploring the impact of hair dye on human
health. This effort will help to gain better knowledge regarding contra-
dictory or controversial myths about the use of hair dye and its possible
cancer risk. To this end, the available data for meta-analytic studies for
bladder, hematological, breast, skin, ovarian, and cervical malignancies
have been evaluated on a parallel basis. Based on this review, we aim
to provide up-to-date knowledge on the use of hair dye products and
their possible impact on human health.

2. Types of hair dye

Graying of the scalp hair is an inevitable physiologic process with
human aging. The cause of this process has been ascribed to the loss of
pigment-forming melanocytes from the hair follicles, which reflects a
loss of the melanocyte stem cell population in aging hair follicles (Kim
et al., 2012). Coloring agents can be used to remove natural color and/
or add new color. The three most common classifications of artificial
hair color are permanent, semi-permanent, and temporary (USFDA,
2014).

Hair is made up of the root and shaft. The shaft has three layers; the
cuticle consisting of tightly packed colorless cells, the cortex containing
natural color pigments that determine color, and the medulla as a hol-
low core. The larger molecules of temporary hair dyes are unable to
penetrate into the cortex; on the other hand, the smaller molecules of
semi-permanent hair dyes easily penetrate into the cortex but diffuse
out easily in subsequent washes (Madnani and Khan, 2013). In the
case of permanent hair dye, the smaller dye precursors penetrate into
the cortex and undergo oxidation to form large colored molecules that
tend to remain within the cortex with the least possibility of diffusion
(Lewis et al., 2013). Permanent hair dyes are not easily removable by
shampooing. In contrast, temporary dyes are easily washed out in one
shampoo rinse, while semi-permanent dyes are removed in 4 to 12
shampoos (USFDA, 2014). Temporary and semi-permanent products
are direct dyes relying on van der Waals forces for adhesion; hence,
they do not require chemical reactions to impart color (USFDA, 2013).
Permanent dyes are actually colorless precursors and contain hydrogen
peroxide (as oxidizing agents) and ammonia (as alkaline) (NCI, 2014).

(a) Temporary dye

(b) Semi-permanent dye

The depth of penetration between different types of hair dye is shown
in Fig. 1.

The combination of oxidizing and alkaline agents causes swelling of
the hair cuticle. Swelling facilitates diffusion of the colorless precursor
into the hair cortex, which bleaches the natural melanin pigment. Even-
tually, oxidation of the colorless precursor proceeds into large colored
molecules to be trapped inside the hair cortex (USFDA, 2013). However,
the hair shaft can sustain oxidative damage with permanent hair dye
use. The damage is accentuated with the use of dark-colored dyes
(e.g., black and dark-brown) because darker shades need higher con-
centrations of precursors (Bonefeld et al., 2010). The destructive nature
of permanent hair dyes, especially dark-colored dyes, is reflected in the
epidemiological evidence, demonstrating its potential association to
human malignancy.

On the other hand, semi-permanent hair color contains an alkaline
agent other than ammonia (e.g., ethanolamine and sodium carbonate)
with a reduced level of hydrogen peroxide (relative to permanent hair
color) (NCI, 2014). The alkaline agents employed in semi-permanent
colors are less effective in removing the natural pigment of hair than
ammonia; hence, semi-permanent colors cause less damage than the
permanent counterpart. Semi-permanent hair color only partially pene-
trates the hair shaft and thus is washed out after shampooing several
times (Madnani and Khan, 2013). Semi-permanents lack or contain
very low levels of developer, peroxide, or ammonia; therefore, they
should be less harmful to damaged or fragile hair. Temporary hair
color is available in various forms including rinses, shampoos, gels,
sprays, and foams, and it is commonly used to color hair for special oc-
casions (e.g., costume parties or Halloween). The pigment molecules in
temporary hair color are large, do not penetrate the cuticle layer, and
are easily removed with a single shampooing (USFDA, 2013). Tempo-
rary hair color can nonetheless persist on hair that is excessively dry
or damaged in a way that allows migration of the pigment to the interior
of the hair shaft (Madnani and Khan, 2013). Table 1 lists ingredients
generally used in modern hair dye formulations.

3. Toxic and/or hazardous components of hair dye

The two main chemical ingredients involved in the hair coloring
process that helps color last longer than 12 shampoos are (1) hydrogen
peroxide (also known as the developer) and (2) ammonia (Lewis et al.,
2013). The former is known to initiate the color-forming process to cre-
ate longer-lasting color. Increased developer concentration increases
the amount of sulfur that is removed from the hair, causing hardening
of the hair (Helaskoski et al., 2014). This is why, for the majority of
hair coloring, the developer is maintained at a 30% volume or less.
However, ammonia can facilitate the lightening of hair by acting as a
catalyst when the permanent hair color comes together with peroxide
(Helaskoski et al., 2014). Like all alkalines, ammonia tends to separate
the cuticle to facilitate the penetration of the hair color to the cortex of
the hair.

MEDULLA
CORTEX
CUTICLE

CUTICLE

(c) Permanent dye

Fig. 1. Depth of hair dye penetration based on hair dye type.

Madnani and Khan, 2013.
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Table 1
Alist of the major ingredients in modern hair dye formulations.

Ingredient

Stature

Health effect

Exposure Limit
(mg m~3 (Skin))

Function

Para-phenylenediamine
(PPD)

HoN

Pharyngeal, laryngeal irritation; bronchial asthma;
sensitization dermatitis

3PEL: 0.1
PTLV: 0.1 ((TWA)
9REL: 0.1 (TWA)

Primary intermediate

Para-aminophenol NH 5 Asthma, irritation of the skin and eyes, dermatitis and Not established
/©/ methemoglobinemia with cyanosis
HO
4,5-Diaminopyrazole NH, O Causes serious eye damage, may Not established
1 R .
l\ HO-S'—OH cause an allergic skin reaction
N.y?~NH, 8
l\/OH
4 Pyrimidine N Eye irritation; dermatitis Not established
()
=N
5 Resorcinol HO OH Irritation of eyes, skin, nose, throat, upper respiratory TLV:45 (TWA) Oxidative coupler
\O/ system; bluish skin, dizziness, drowsiness REL:45 (TWA)
6 Meta-aminophenol ; OH Skin sensitization Not established
NH>
7 Meta-phenylenediamine 4 2N NH 2 Irritating to the eyes and skin, may cause effects on the TLV: 0.1 (TWA)
kidneys and blood resulting in renal failure and
formation of methemoglobin
8 Pyridine BN Irritation of eyes, skin, respiratory tract; headache, dizziness, PEL: 15TWA)
| insomnia; redness; burning sensation; weakness. TLV: 3.2 (TWA)
. REL: 15(TWA)
N

2 PEL: Permissible Exposure Limit by the Occupational Safety and Health Administration (OSHA).
> TLV: Threshold Limit Value by the American Conference of Governmental Industrial Hygienists (ACGIH).

¢ TWA: Time weighted average.

4 REL: Recommended Exposure Limit by the National Institute for Occupational Safety and Health (NIOSH).

3.1. p-Phenylenediamine (PPD)

Paraphenylenediamine (PPD) is one of the most widely used chem-
ical substances for permanent hair dye (Lopez et al., 2014). It can also be
found in many other coloring products like textile (or fur) dyes, dark
colored cosmetics, temporary tattoos, photographic developer, lithogra-
phy plates, photocopying, printing inks, black rubber, oils, greases, and
gasoline (Madnani and Khan, 2013). The American Contact Dermatitis
Society (ACDS) declared PPD as the Contact Allergen of the Year in
2006 (DeLeo, 2006). Mild reactions caused by the use of hair dye usually
involve dermatitis to the upper eyelids or the rims of the ears (Gupta
et al.,, 2015). In more severe cases, there may be marked reddening
and swelling of the scalp and the face (Gupta et al., 2015). People work-
ing with PPD (such as hairdressers and film developers) may develop
dermatitis on their hands, and under such circumstances patch testing
usually reveals hypersensitivity to PPD (Wilkinson and Beck, 2010).

Some newer permanent and semi-permanent hair dyes use para-
toluenediamine sulfate (PTDS) instead of PPD (Madnani and Khan,
2013). This is likely to be tolerated by about 50% of people who are aller-
gic to PPD (Scheman et al.,, 2011). Most individuals not allergic to PTDS
will also test negative to other substances in the dye series (Scheman
et al.,, 2011). The reported prevalence of positive patch test reactions
to PPD among dermatitis patients is 4.4% in Asia, 4.1% in Europe, and
6.0% in North America (Thyssen et al., 2008). Rubin et al. (2010) found
that hair dyes containing PPD are potent immune activators that can

lead to severe contact hypersensitivity in mice. However, they stated
that a minority of people exposed to permanent hair dye should
develop symptomatic contact hypersensitivity. Likewise, PPD happens
to cause delayed-type hypersensitivity, involving a cytokine response
and local infiltration of T-cell subpopulations, resulting in contact der-
matitis (Svalgaard et al., 2014). Fig. 2 shows a few examples of PPD con-
tact dermatitis.

3.2. toluene-2,5-diamine (PTD)

Toluene-2,5-diamine (PTD) is one of the most frequently used
oxidative hair dyes (Schmidt et al., 2014). Consumer-available PTD-
containing permanent hair dyes can be potent immune activators to in-
duce both pro- and anti-inflammatory responses (Schmidt et al., 2014).
However, relatively little is yet known about the immune response to
oxidative hair dyes containing PTD. The hair dye containing 1-60%
PTD was shown to induce strong local inflammation and caused T-
and B-cell infiltration and proliferation as well as an increased number
of regulatory T cells in the draining lymph nodes (Schmidt et al.,
2014). In contrast, hair dye containing 0-48% PTD induced skin inflam-
mation, while causing only minor responses in the draining lymph
nodes (Schmidt et al., 2014). Burnett et al. (2010) found PTD (up to
3%) and PTD sulfate (up to 4%) in 79 and 168 products, respectively.
The concentrations of these two compounds in hair dye ingredients
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Fig. 2. Pictures of skin problems due to PPD exposure: (a) PPD contact dermatitis localized to different parts of the body, (b) chronic actinic dermatitis (actinic reticuloid) due to PPD, and

(c) patch test for a 3 + reaction to PPD.
Gupta et al,, 2015.

were considered in a range safe for use in present practice (Burnett
et al,, 2010).

4. Adverse health effects

Hair dyeing products are identified as the cause of various adverse
health effects, especially allergic contact dermatitis (Handa et al.,
2012). In addition, its association with more serious and systemic dis-
ease including cancer has also been suggested (Andrew et al., 2004;
Mendelsohn et al., 2009). In one study focusing on adverse hair dye re-
actions, a total of 110 volunteers (out of 263) in India were found to suf-
fer from adverse reactions, mainly headache (63%) and itching (38%)
(Fig. 3) (Patel et al., 2013).

4.1. Skin irritation and allergy

As hair-dye products contain a wide range of chemicals, some indi-
viduals are found to experience allergic reactions and/or skin irritation
more severely than others (Hamann et al,, 2014). Symptoms of these re-
actions can include redness, sores, itching, burning sensation, and dis-
comfort. Local skin irritation is recognized to stimulate the scalp, neck,
forehead, ears, and eyelids (Hamann et al., 2014). Such symptoms
may not be immediately apparent following application and processing
of the tint; they could instead arise after a few hours or even a day later.
PPD found in permanent hair dyes is known to act as a strong sensitizer
in some people (Scheman et al., 2011). To date, the majority of hair-
color product advertisements have recommend the use of patch tests
(e.g., mixing a small quantity of tint for the direct skin application for
a period of 48 h) for their clients before using the product (Sested
et al., 2013). However, according to Thyssen et al. (2012), such tests
should be considered diagnostic tests rather than screening tests. The
EU Scientific Committee on Consumer Products pointed out that such
tests may be misleading to show false-negative results; it can take up
to a week to react to the allergen instead of 48 h (SCCP, 2006).

Hair dyes may be a source of skin sensitizers, causing contact allergy
and dermatitis in hairdressers and consumers (Yazar et al., 2012).
Hair dyes induce anti-inflammatory mechanisms and are potent skin

sensitizers to activate inflammatory T cells (Rubin et al., 2010). This
might explain why many consumers can use hair dyes repeatedly with-
out developing noticeable allergies. Yazar et al. (2012) identified a total
of 25 different hair dye substances categorized as potent skin sensitizers
such that 87% of 105 products contained at least four of the substances.
Among hair dye users, a few cases of Type 1 (IgE-mediated) allergic re-
sponses associated with PPD or PTD have been reported (Rothe et al.,
2011).

As part of an effort to determine whether repeated dermal exposure
to hair dyes could induce a T-helper-2 (T(H)2) response, a dermal expo-
sure regimen was used to identify a T(H)2 response in the mouse
model. Rothe et al. (2011) observed ear swelling in mice at post-final
exposure to PPD and PTD, indicating the signal of an immune response.
Although current animal models have a limited ability to detect rare
T(H)2 responses to contact allergens, results of one study supported
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Fig. 3. Adverse reactions due to the use of hair dyes in humans.
Patel et al., 2013.
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the view that exposure to hair dyes may not be directly associated with
relevant T(H)2 induction (Rothe et al., 2011). In a previous study, per-
manent hair dyes containing PPD were used in a modified version of
the local lymph node assay in the mouse model. It was assumed that
PPD-containing permanent hair dyes would be potent and rapid im-
mune activators, and mixing of the color gel and developer (oxidant)
would increase the induction of skin inflammation relative to safe appli-
cation of the color gel (Bonefeld et al., 2010). In a study conducted in the
USA, at least one potent sensitizer was found in 106 out of 107 hair dye
products (Hamann et al., 2014). These authors identified PPD in 78%,
resorcinol in 89%, m-aminophenol in 75%, p-aminophenol in 60%, and
toluene-2,5-diamine in 21% of the tested products. Sgsted et al. (2013)
studied 2939 consecutive patients in 12 dermatology clinics who under-
took patch tests with five hair dyes available from patch test suppliers.
Furthermore, 22 subjects frequently used hair dye ingredients that are
not commonly available from patch test suppliers, which were also test-
ed in subgroups of ~500 patients each. They found a positive reaction to
PPD in 4.5% of patients, while reactions were observed at 2.8% for PTD,
1.8% for p-aminophenol, 1% for m-aminophenol, and 0.1% for resorcinol
with a sum total of 5.3%. Helaskoski et al. (2014) reported a total of 11
hairdressers with occupational asthma (5 cases), rhinitis (5 cases),
and contact urticaria (3 cases) due to the handling or use of hair dyes.
They also found that 9 hairdressers had positive results out of the 52
(17%) specific inhalation challenges performed.

4.2. Cancer

A number of components contained in hair dye products are
suspected to cause cancer, although none are yet specifically identified
in that respect. The use of hair dyes has been suggested as a risk factor
for several types of cancer in epidemiologic studies. Such alarming
findings and controversial declarations by scientific organizations
(and the general media) showed lines of evidence for relative risk esti-
mates along with confidence intervals (Cls) by the use of personal hair
dye (Takkouche et al., 2005). They did not find strong linkage between
personal hair dye users and the risk of cancer.

In some studies, an increased risk of bladder cancer was suggested to
arise due to the use of permanent hair dyes (Gago-Dominguez et al.,
2001; Andrew et al., 2004; Koutros et al., 2011). In contrast, such evi-
dence was not found in a number of other studies (Kogevinas et al.,
2006; Kelsh et al., 2008; Koutros et al., 2011; Turati et al., 2014). Accord-
ing to the meta-analysis of 11 case-control studies and one cohort
study, no association between personal hair dye use and bladder cancer
among women (meta-relative risk [mRR] = 1.01, 95% CI: 0.89-1.14),
men (mRR = 0.82, 95% CI: 0.60-1.14), or both sexes combined
(mRR = 0.97,95% Cl: 0.87-1.08) was found (Kelsh et al., 2008). Howev-
er, owing to the small sample size taken for such studies, the results
were not convincing enough to yield consistent data sets (Harling
et al,, 2010). Based on a review of 42 studies, an increased risk for blad-
der cancer with statistical significance (among hairdressers) was ob-
served from those with more than 10 years of experience (Harling
et al,, 2010). In a meta-analysis study, Takkouche et al. (2009) reported
the pooled relative risk of occupational exposure of a hairdresser as 1.27
(95% CI 1.15-1.41) for lung cancer, 1.52 [95% CI 1.11-2.08] for larynx
cancer, 1.30 (95% CI 1.20-1.42) for bladder cancer, and 1.62 (95% CI
1.22-2.14) for multiple myeloma.

A study in New England, USA, reported that women who used per-
manent dyes were seen to have an increased risk of bladder cancer
(Koutros et al., 2011). In a case-control study based on a population of
the Netherlands (involving 1385 cases (n = 246 women) and 4754 con-
trols (n = 2587 women)), the use of either temporary (OR, 0.77; 95% CI,
0.58-1.02) or permanent hair dyes (OR, 0.87; 95% CI, 0.65-1.18) was
not associated with the risk of bladder cancer (Ros et al., 2012). In an-
other meta-analysis of case-control (n = 15) and cohort (n = 2) stud-
ies, no association of bladder cancer was observed in the highest
category with respect to the duration of use and lifetime frequency of

using any type of hair dye (Turati et al., 2014). As such, further investi-
gations are desirable with the expansion of sample sizes. With the aid of
such efforts, one may be able to address the role of classified subgroups
that may be more prone to the toxic effects of hair dyes. Although the
use of hair dye may not provide sufficient evidence for specific cancer
risk, it may be possible to identify a small risk associated with certain
cancers. More studies focusing on hairdressers who are routinely ex-
posed to the chemicals in hair dyes may shed more light on such con-
nections. However, according to IARC, the most dominant route of
exposure to hazardous components of hair dye is through dermal con-
tact (IARC, 2010). As hairdressers nowadays commonly wear gloves
when handling hair dyes, the central focal point of study should be
placed on the frequent users of hair dye products in general.

5. Regulations

Following modern trends, people have begun to dye their hair at in-
creasingly earlier ages, exposing them to strongly sensitizing substances
that can potentially increase the risk of allergic reactions via many pos-
sible routes. The European Union (EU) Scientific Committee on Con-
sumer Products (SCCP) foresees the banning of all permanent and
non-permanent hair dyes for which the industry has not submitted a
safety file for added substances that the SCCP has deemed as chemicals
of interest since 2003 (SCCP, 2006). A considerably large number of in-
gredients are not permitted for use in hair-dye products in the EU
(SCCP, 2006). Likewise, under the Food, Drug, and Cosmetic Act (FD&C
Act) passed by US Congress, the Food and Drug Administration (FDA)
must approve the use of color additives (USFDA, 2013). Accordingly,
warnings on the use of strong sensitizers (including PPD, PTD, and res-
orcinol) in hair dyes must be provided in product packaging (US FDA,
2013), and the labeling must be supplemented to draw consumers' at-
tention to the warning. Since 2011, the European Environment Agency
(EEA) has prohibited the manufacturing and import of hair dyes that
do not feature new labeling to address that such products should not
be used by persons under the age of 16 (EEA, 2011).

According to the regulation laws, it is the manufacturer's responsi-
bility to substantiate that the product and all of its ingredients are safe
for consumers under the intended conditions of use. All pieces of infor-
mation supporting the safety of a product should be kept by the manu-
facturers and available to the authorities upon request. As such,
manufacturers have, for many years, been submitting the safety data
on hair colorants to independent scientific bodies such as the
European Commission's Scientific Committee on Consumer Products
(SCCP) and the US Cosmetic Ingredient Review Expert Panel (CIR) so
that they can deliver independent scientific opinions (Orton and
Basketter, 2012). In Japan, the regulation of cosmetic products is
enforced in the most restrictive way. As all cosmetic products are con-
sidered equivalent to drugs, hair dye products are subject to premarket
approval by the Ministry of Health and Welfare. These products are only
allowed to contain ingredients included in the Comprehensive Licens-
ing Standards (CLS) of Cosmetics by Category and these ingredients
must conform to certain types of defined specifications (MHLW,
2007). In other Asian countries (e.g. Republic of Korea and China), reg-
ulatory requirements similar to those in Japan have also been developed
and introduced for hair dyes to confine the use of certain ingredients
(Nohynek et al., 2010).

6. Conclusion

Some components in hair dyes have been categorized as sensitizers
because repetitive exposure to such substances is suspected to cause an
allergic reaction or more serious disease. This is the reason why con-
sumers of hair dye products are recommended to perform allergy test-
ing 48 h before applying the formulation to their hair to guard against
severe allergic reactions. Cancer risk from some of the chemicals in
hair dyes has also been debated, although no definitive conclusion has
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been drawn relative to the carcinogenic nature of hair dye products.
However, a number of studies have indicated the strong possibility
that people working in the hairdressing industry are likely to suffer
from bladder cancer more significantly based on the findings of statisti-
cal correlations. For those who dye their own hair at home, evidence of
the connection between cancer incidences due to the use of dyes is in-
sufficient or inconsistent. As such, extended efforts are required to clear-
ly address the significance of hair dying carried out in the public
domain. In reality, many cases of dermatitis caused by the use of hair
dye could have been overlooked, and severe dermatitis could have
lasted for a longer period of time. Thus, it is important that hair dye
users have proper knowledge about the product contents, instructions
regarding the use of the given product on the package itself, and the var-
ious potential side effects.
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