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Biochemistry Of Hair Color
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Introduction

Natural hair color is produced by biochemical pathways in melanocytes located in hair follicles. These
cells synthesize melanin inside organelles called melanosomes and transfer pigment to keratinocytes
that form the hair shaft. The original essay correctly distinguishes dark eumelanin from yellow-red
pheomelanin and identifies the melanocortin 1 receptor, or MC1R, as a major influence on red hair. It
incorrectly describes eumelanin as being made by converting pheomelanin, treats every MC1R
variant as a simple recessive defect, and gives a twenty-percent inheritance probability. Hair
pigmentation is a polygenic trait shaped by pigment type, amount, melanosome biology, follicle
signaling, ancestry, age, hormones, and environment rather than one binary gene switch.

The Hair Follicle Pigmentary Unit

Pigmentation occurs during the active growth phase of the hair cycle. Follicular melanocytes surround
the dermal papilla and deliver pigment-containing melanosomes to developing hair-shaft
keratinocytes. The pigment becomes embedded as keratin hardens, so the visible fiber records
activity that occurred below the skin. Hair color depends on the number, size, distribution, and
chemical composition of melanosomes as well as total melanin. Dark hair usually contains abundant,
larger eumelanin-rich granules, while blond hair contains less total eumelanin and red hair contains a
distinctive eumelanin-to-pheomelanin balance. The melanocyte population and its stem-cell reserve
also influence graying when pigment production declines with age.

Melanin Begins with Tyrosine

Both eumelanin and pheomelanin begin with the amino acid tyrosine. The enzyme tyrosinase oxidizes
tyrosine to DOPA and then to dopaquinone, making tyrosinase a rate-limiting component of
melanogenesis. The pathway then branches according to cellular signaling and the availability of
cysteine. When eumelanogenic conditions dominate, dopaquinone proceeds through intermediates
such as dopachrome and dihydroxyindoles that polymerize into brown-black eumelanin. When
cysteine is incorporated, cysteinyldopa intermediates lead toward sulfur-containing yellow-red
pheomelanin. Pheomelanin is not converted into eumelanin. They are alternative products arising
from a shared precursor, and melanocytes can produce mixtures whose proportions influence the
visual phenotype across a continuous range of human shades.
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Eumelanin

Eumelanin is a heterogeneous polymer that absorbs a broad range of ultraviolet and visible radiation.
It contributes black and brown shades and generally provides greater photoprotection than
pheomelanin by dissipating absorbed energy and reducing penetration. Hair color does not depend
only on whether eumelanin exists; black, brown, and blond hair differ in amount, chemical
composition, granule structure, and distribution. Chemical analyses show a continuum rather than
sharply separated pigment categories. Eumelanin itself includes different indolic subunits, and
oxidation during aging, chemical treatment, or environmental exposure can change appearance.
Describing it simply as black pigment is useful at an introductory level but incomplete for explaining
the diversity of human hair. (Ito)

Pheomelanin

Pheomelanin contains sulfur because cysteine becomes incorporated into its benzothiazine and
benzothiazole-related structures. It contributes yellow, orange, and red tones and is prominent in red
hair, although red hair also contains measurable eumelanin. Unlike eumelanin, pheomelanin can
generate reactive species under some conditions and provides less ultraviolet protection. This
biochemical difference helps explain why red-hair and fair-skin phenotypes often accompany
increased sun sensitivity. Hair pigment and skin cancer risk are not identical, however, because MC1R
also affects cellular responses beyond visible color, and individual risk depends on ultraviolet
exposure, skin phenotype, family history, and other genes. Pigment chemistry informs prevention but
does not determine one person’s outcome. (Abdel-Malek)

MC1R Signaling

MC1R is a G-protein-coupled receptor on melanocytes. When alpha-melanocyte-stimulating hormone
binds effectively, the receptor activates cyclic AMP signaling and supports expression and activity of
proteins that favor eumelanin production. Agouti signaling protein can antagonize this pathway and
shift pigment toward pheomelanin. Loss-of-function MC1R variants reduce signaling and are strongly
associated with red hair, freckling, fair skin, and poor tanning in many people of European ancestry.
The receptor is a control point rather than the only pigment gene. Different variants retain different
levels of function, and the same genotype can produce different visible outcomes depending on other
genetic and biological factors. (Valverde)

MCI1R Variants and Red Hair

The first major human studies found MC1R sequence variants in a large proportion of people with red
hair and sun-sensitive skin. Later population research confirmed that variants such as R151C, R160W,
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and D294H have strong associations, but penetrance is incomplete. Many red-haired individuals carry
two reduced-function alleles, often as compound heterozygotes, while some carriers do not have red
hair and some red-haired people have other genetic contributions. A large UK Biobank study showed
that MC1R explains much, but not all, of red-hair heritability. The trait can approximate recessive
inheritance in families without obeying a simple classroom model in every case. Genetic counseling
should therefore use probabilities based on actual parental genotypes and ancestry. (Hysi)

Correcting the Inheritance Example

When both parents carry one reduced-function variant, a simple autosomal-recessive model predicts
a twenty-five-percent chance that a child will inherit both copies, a fifty-percent chance of inheriting
one, and a twenty-five-percent chance of inheriting neither. The original essay gives twenty percent
and says the two copies come from the father. One allele comes from each parent. Even the corrected
Punnett square remains an approximation because MC1R has many alleles with different activity and
hair color is polygenic. A child with two variants may have red, blond, or light-brown hair, and a
person with one variant may show freckles or sun sensitivity without red hair. Phenotype cannot be
inferred from “carrier” status alone.

Other Pigmentation Genes

Genes beyond MCIR influence melanosome formation, ion balance, enzyme activity, pigment
transport, and follicle signaling. TYR encodes tyrosinase, while TYRP1 and DCT participate in
eumelanin pathways. OCA2, HERC2, SLC24A5, SLC45A2, IRF4, ASIP, KITLG, TPCN2, and additional loci
contribute to variation in hair, skin, and eye pigmentation. A regulatory variant near KITLG has been
associated with blond hair in Europeans, illustrating how a change outside a protein-coding region can
alter tissue-specific gene expression. Genome-wide studies identify hundreds of associations for blond
and brown shades. Human pigmentation is therefore an excellent example of a complex trait in which
common variants combine with ancestry and development. (Guenther)

Melanosome Environment

Melanosomes are not passive containers. Their acidity, ion transport, cysteine availability, tyrosinase
activity, and structural proteins influence which pigment pathway operates. Eumelanin synthesis
generally requires conditions supporting greater tyrosinase activity and maturation, while
pheomelanin can form when MC1R signaling and cyclic AMP are lower and cysteine is available.
Proteins encoded by OCA2, SLC45A2, and SLC24A5 help regulate melanosome physiology, explaining
why variants can change pigmentation even when MC1R is unchanged. This cellular perspective
corrects the idea that pigment color is controlled only by receptor response. The phenotype emerges
from a biochemical system whose components regulate one another inside specialized organelles.
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Hair Color across the Life Course

Hair color changes with age and physiology. Many infants and children experience darkening as
melanocyte activity and pigment deposition change. Puberty, pregnancy, endocrine conditions,
nutrition, and medicines can alter hair appearance, though dramatic changes should be evaluated
clinically. Graying occurs when follicular melanocyte stem cells or pigment-producing melanocytes
decline and melanin is no longer deposited consistently in new fibers. Existing hair is biologically dead
and does not turn gray along its length through loss of pigment; newly produced segments emerge
with less color. Oxidative stress and genetics influence timing. Premature graying can run in families
and occasionally accompanies medical conditions, but it is not diagnosed from appearance alone.

Ultraviolet Radiation and Health

Hair pigment can shield the scalp to some extent, but skin protection should not be inferred from hair
color. People with red hair and reduced-function MC1R variants often burn more easily and have
higher melanoma and nonmelanoma skin-cancer risk. Eumelanin absorbs ultraviolet radiation more
effectively, while pheomelanin chemistry may contribute oxidative stress. Sun protection should
include shade, clothing, broad-spectrum sunscreen, and attention to changing lesions according to
medical guidance. Genetic risk does not mean disease is inevitable, and people with dark hair or skin
can also develop skin cancer. The biochemical distinction supports risk-aware prevention without
turning pigmentation into a racial or deterministic category.

Forensic Prediction

Pigmentation genetics is used in forensic DNA phenotyping to estimate probabilities of hair and eye
color when conventional identification is unavailable. Models combine variants across MC1R, HERC2,
OCA2, SLC45A2, and other genes. They predict categories with varying accuracy and should not be
presented as a photograph reconstructed from DNA. Age-related change, hair dye, ancestry,
incomplete genetic explanation, and database composition limit results. Ethical issues include
privacy, population bias, investigative misuse, and the risk that probability is treated as identity.
Forensic prediction is most defensible as one lead among many with transparent uncertainty, not as
proof that a particular person committed an offense or belongs to a rigid biological group. (Marofas)

Chemical Treatment and Visible Color

Bleaching and dyeing alter the hair shaft after pigment has been deposited. Oxidative bleach breaks
down melanin chromophores, often exposing warmer underlying tones as dark pigment is
progressively degraded. Permanent dyes use oxidation chemistry inside the fiber, while temporary
and semipermanent products bind differently. These processes do not change the person’s MC1R
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genotype or the pigment newly produced by follicles. Sunlight, chlorine, heat, and repeated chemical
treatment can also alter reflectance and damage keratin, making color appear duller or lighter.
Biochemistry therefore distinguishes natural synthesis in living follicular cells from cosmetic
modification of a nonliving fiber. Both affect appearance, but through different mechanisms and risks.

Conclusion

Hair color is created by melanocytes that convert tyrosine through dopaquinone into mixtures of
eumelanin and pheomelanin inside melanosomes. MC1R signaling promotes eumelanin, while
reduced signaling and cysteine availability favor pheomelanin. Red hair is strongly associated with
particular MC1R variants but does not follow a perfectly simple recessive rule, and two carrier parents
would yield a twenty-five-percent—not twenty-percent—two-allele probability under the simplest
model. Many other genes and cellular processes shape the final phenotype. Age, follicle cycling,
hormones, ultraviolet exposure, and cosmetic chemistry further change appearance. The
biochemistry of hair color therefore joins enzymology, cell biology, genetics, evolution, health risk,
and social interpretation in one complex human trait.
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