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Abstract
Little attention has been given to the impact of lipid metabolism on hair follicle biology and
pathology. Three recent papers (one in the current issue) describe a major effect of altered lipid
metabolism on hair growth. A direct link was made to at least one form of cicatricial alopecia, but
the role lipids play in other follicular pathologies, such as the acneiform conditions, are
inadequately explored and must be tested.

Because hair follicles originate within an organ whose primary role is barrier to water loss,
one would assume that hair follicle structure and function must also be dominated by lipid
components: lipids to repel water, lipids to maintain the permeability barrier, lipids to
maintain structure, and lipid messengers. Yet, when serious attention is given to this
deceptively simple appendage, the focus is usually on its protein structure and peptide
signaling. Where lipids have been implicated in hair follicle pathology, the findings have
been made serendipitously (e.g., Sundberg et al., 2000; Moulson et al., 2003; Westerberg et
al., 2004; Lee et al., 2007; Shimomura et al., 2009), without a deep understanding of the
finding within the big picture. For those of us who live with the follicle, it is satisfying to
note that in the past 3 years as many papers have appeared describing fundamental lipid
pathways, which, when perturbed, cause severe hair follicle injury.

In 2007 Wan et al. described a mammary gland–specific peroxisome proliferator–activated
receptor-γ (PPARγ) knockout mouse that showed no phenotype itself. But pups suckling on
the mutant dam developed an alopecia induced by oxidized lipids carried in the milk. Once
weaned and freed of the toxin-containing milk, the pups regained their hair. The affected
skin exhibited abnormal follicle growth and cycling, dilated pilary canals, follicle arrest in
an abnormal catagen/telogen, and a dermis housing inflammatory cells. The contribution
made by Karnik et al. (2009) related to the association of PPARγ deficiency with a form of
human cicatricial alopecia. By gene array analysis and real-time PCR, this group
demonstrated the downregulation of PPARγ and PPARγ-regulated genes required for
cholesterol biosynthesis, lipid metabolism, and peroxisome biogenesis in patients with
lichen planopilaris (LPP). When these investigators knocked out PPARγ expression in the
stem cells of mouse hair follicles, not only did the mutation recapitulate many of the gene
expression and histological findings of LPP, it also induced follicle cyst formation,
dystrophic catagen/telogen forms, and dermal inflammation.

The current issue of the Journal of Investigative Dermatology features work from a group
with long-term interest in cholesterol metabolism. Cholesterol has been suspected of playing
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a role in normal hair biology, as illustrated by the hair loss suffered by some patients taking
cholesterol-reducing statins. In the current study, Evers et al. (2010) asked the inverse
question. They studied the effect of an upregulated cholesterol synthesis pathway in mouse
hair follicles by knocking out the expression of Insig proteins, inhibitors of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, the rate-limiting enzyme of cholesterol biosynthesis.
Insig proteins normally control cholesterol synthesis by decreasing it whenever sterol levels
are high. In this model, sterol precursors accumulated in the hair follicle epithelium, causing
distortion of whiskers and hair shafts; ectatic, keratin-plugged distal follicles; and
abnormally arrested catagen/telogen forms.

The approaches taken in the three studies have fundamental differences, such as in the
expression site of the hair follicle mutation: the mammary gland, hair follicle stem cell
lineage, and epidermis and hair follicle sheath. The cells expressing the mutation also differ:
endothelial/hematopoietic cells (Wan et al., 2007), hair follicle epithelial stem cells (Karnik
et al., 2009), and oral epithelium/epidermis/hair follicle outer root sheath (Evers et al.,
2010). Nonetheless, many of the changes observed are remarkably similar. For example,
hair shaft distortion, distal follicle ectasia (pseudocyst), keratin plugging of the pilary canal,
dystrophic catagen/telogen forms, and dermal inflammation are found to a variable degree in
all three studies. In addition, the phenotype in the first two studies is dramatically reversible,
so, despite significant follicle distortion, under the proper rescue therapy normal follicles
reform, a feature no doubt reflecting the regenerative power of the follicle itself.

Equating the phenotypic similarities of the three mutants with the data at hand may perhaps
be a stretch in logical thought, although the downstream factors accumulating in the absence
of PPARγ are common, including the upregulated prostaglandin and lipoxygenase pathways
and downregulated lipid metabolic pathways. None of the studies defines a mechanism to
explain how the cellular follicular changes occur: why do the distal follicles dilate, why does
the follicle lumen fill with keratin, why do the hairs crimp? What causes dermal
inflammation? What is the link between altered lipid metabolism, inflammation, and
disrupted hair follicles? The three studies clearly show an apparent toxic effect on hair
follicle cycling—the pathology is clear. The role of these lipid metabolic pathways in
normal hair follicle biology and the mechanism by which changes in these pathways cause
the pathological phenotype remain unclear, and such questions need attention.

A trivial explanation for the common features of the variants in these reports might be that
upon insult the hair follicle can muster only one, or a few, cell responses to injury. One such
response would be the inflammation induced by proinflammatory lipids or sterols. We now
know that there is an extensive, delicately balanced interaction between the immune and
metabolic pathways, an interaction that is dysfunctional in chronic metabolic diseases such
as type 2 diabetes and atherosclerosis (Hotamisligil, 2006; Wellen et al., 2007). Although
there are short-term compensatory and adaptive measures that keep this delicate balance in
check, the outcome could be detrimental if one arm overwhelmed the other in the long run.
For example, Karnik et al. (2009) have reported that LPP includes a chronic disturbance of
metabolic homeostasis in hair follicle cells due to inactivation of PPARγ. The PPAR and
liver X receptor families of transcription factors seem to be crucial for modulating the
intersection of metabolic and inflammatory pathways (Bensinger and Tontonoz, 2008).
Activation of these transcription factors inhibits the expression of several genes involved in
the inflammatory response, with the implication that loss of activation of these factors will
not only disturb metabolic homeostasis but also induce inflammatory damage to tissues,
such as the hair follicle.

A second cellular response to disturbed lipid homeostasis could be organelle stress. The
endoplasmic reticulum (ER), mitochondria, and peroxisomes are important sites for the
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metabolism of lipids, especially phospholipids and cholesterol, and for the monitoring of
their intracellular status (Murphy et al., 2009). For example, cholesterol sensing is initiated
at the ER membrane through the transcription factor sterol-regulatory-element-binding
protein (Colgan et al., 2007). Organelle stress induced by chronic disturbance of metabolic
homeostasis in hair follicle cells could lead to the generation of reactive oxygen species by
the ER and mitochondria, leading to activation of stress and inflammatory signaling
cascades and oxidative damage (Ron and Walter, 2007; Todd et al., 2008). If ER and
mitochondrial homeostasis were not restored, the organelles could activate apoptotic
pathways in the hair follicle, destroying it.

A third mechanism linking lipid homeostasis to the hair follicle is lipid modification of
signaling proteins such as Hedgehogs (Hhs) and Wnts, which are necessary for hair follicle
morphogenesis and cycling. The N-terminus of Hh becomes modified by the fatty acid
palmitate on a conserved cysteine residue, whereas the C terminus is cholesterol modified.
Wnt molecules are palmitoylated on the first conserved cysteine (C77), a residue that is
present on all Wnts. Genetic data suggest that lipid modification localizes the Wnt and Hh
proteins to membranes, a requirement for Wnt and Hh protein activity (Nusse, 2003). A site-
directed mutation in one of the endogenous Hh genes in the mouse (sonic hedgehog)
demonstrated that loss of cholesterol modification attenuates the range of Hh activity, and
perhaps even a loss, of Hh activity (Lewis et al., 2001). Alterations in fatty acid metabolism
or cholesterol biosynthesis as a result of PPARγ loss (Wan et al., 2007; Karnik et al., 2009)
or sterol precursor accumulation (Evers et al., 2010, this issue) could prevent appropriate
lipid modification of Wnt and Hh and thereby interfere with hair follicle morphogenesis and
cycling.

Evers et al. postulate that disruption of the Sonic Hh pathway might have been caused by the
high concentrations of tissue sterols observed, although the possibility that other
morphogenetic pathways, such as Wnt (Bazan and deSauvage, 2009) and Notch (Demehri
and Kopan, 2009), are also affected by tissue sterols could not be ruled out. We have
observed similar histological changes in mutants ranging from a stearoyl coenzyme A
desaturase gene mutant in the asebia mouse (Sundberg et al., 2000) to the follicle changes in
a mouse with Sox 9 gene knockout (VPJ Vidal, personal communication, 2006).
Nevertheless, any or all of the mechanisms discussed may plausibly connect the toxic insult
and the cellular changes observed.

A parallel for some of the pathological changes described in these models can be found in
several forms of clinical cicatricial alopecia as well as in acne vulgaris. On the basis of the
observations reported by Evers et al., we would predict that lipids play a significant role in
hair follicle morphogenesis and cycling and that alterations in lipid pathways underlie many
clinical hair follicle disorders.

Clinical Implications

• Although lipids are a small part of hair composition, cholesterol plays important
roles in hair biology.

• In animal models, genetic errors in lipid metabolism cause both inflammation
and abnormal hair growth, resembling several dermatological disorders.

• Opportunities for pharmacological intervention in hair disorders may be derived
from new knowledge about lipid metabolism.

Stenn and Karnik Page 3

J Invest Dermatol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
The writing of this Commentary was made possible in part by research grants from the Cicatricial Alopecia
Research Foundation and NIH-NIAMS grant R01 AR056245 to PK.

References
Bazan JF, deSauvage FJ. Structural ties between cholesterol transport and morphogen signaling. Cell

2009;138:1055–6. [PubMed: 19766557]
Bensinger SJ, Tontonoz P. Integration of metabolism and inflammation by lipid-activated nuclear

receptors. Nature 2008;454:470–7. [PubMed: 18650918]
Colgan SM, Tang D, Werstuck GH, et al. Endoplasmic reticulum stress causes the activation of sterol

regulatory element binding protein-2. Int J Biochem Cell Biol 2007;39:1843–51. [PubMed:
17604677]

Demehri S, Kopan R. Notch signaling in bulge stem cells is not required for selection of hair follicle
fate. Development 2009;136:891–6. [PubMed: 19211676]

Evers BM, Farooqi MS, Shelton JM, et al. Hair growth defects in Insig-deficient mice caused by
cholesterol precursor accumulation and reversed by simvastatin. J Invest Dermatol 2010;130:1237–
48. [PubMed: 20090767]

Hotamisligil GS. Inflammation and metabolic disorders. Nature 2006;444:860–7. [PubMed:
17167474]

Karnik P, Tekeste Z, McCormick TS, et al. Hair follicle stem cell-specific PPARγ deletion causes
scarring alopecia. J Invest Dermatol 2009;129:1243–57. [PubMed: 19052558]

Lee L, DeBono CA, Campagna DR, et al. Loss of the acyl-CoA binding protein (Acbp) results in fatty
acid metabolism abnormalities in mouse hair and skin. J Invest Dermatol 2007;127:16–23.
[PubMed: 16902415]

Lewis PM, Dunn MP, McMahon JA, et al. Cholesterol modification of sonic hedgehog is required for
long-range signaling activity and effective modulation of signaling by Ptc1. Cell 2001;105:599–
612. [PubMed: 11389830]

Moulson CL, Martin DR, Lugus JJ, et al. Cloning of wrinkle-free, a previously uncharacterized mouse
mutation, reveals crucial roles for fatty acid transport protein 4 in skin and hair development. Proc
Natl Acad Sci USA 2003;100:5274–9. [PubMed: 12697906]

Murphy S, Martin S, Parton RG. Lipid droplet–organelle interactions; sharing the fats. Biochim
Biophys Acta Mol Cell Biol Lipids 2009;1791:441–7.

Nusse R. Wnts and Hedgehogs: lipid-modified proteins and similarities in signaling mechanisms at the
cell surface. Development 2003;130:5297–305. [PubMed: 14530294]

Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat Rev
Mol Cell Biol 2007;8:519–29. [PubMed: 17565364]

Shimomura Y, Wajid M, Petukhova L, et al. Mutations in the lipase H gene underlie autosomal
recessive woolly hair/hypotrichosis. J Invest Dermatol 2009;129:622–8. [PubMed: 18830268]

Sundberg JP, Boggess D, Sundberg BA, et al. Asebia-2J (Scd1ab2J): a new allele and a model for
scarring alopecia. Am J Pathol 2000;156:2067–75. [PubMed: 10854228]

Todd DJ, Lee AH, Glimcher LH. The endoplasmic reticulum stress response in immunity and
autoimmunity. Nat Rev Immunol 2008;8:663–74. [PubMed: 18670423]

Wan Y, Saghatelian A, Chong L-W, et al. Maternal PPARγ protects nursing neonates by suppressing
the production of inflammatory milk. Genes Dev 2007;21:1895–908. [PubMed: 17652179]

Wellen KE, Fucho R, Gregor MF, et al. Coordinated regulation of nutrient and inflammatory responses
by STAMP2 is essential for metabolic homeostasis. Cell 2007;129:537–48. [PubMed: 17482547]

Westerberg R, Tvrdik P, Undén AB, et al. Role for ELOVL3 and fatty acid chain length in
development of hair and skin function. J Biol Chem 2004;279:5621–9. [PubMed: 14581464]

Stenn and Karnik Page 4

J Invest Dermatol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


