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Thyroid Hormones Directly Alter Human Hair Follicle
Functions: Anagen Prolongation and Stimulation of
Both Hair Matrix Keratinocyte Proliferation
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Context: Both insufficient and excess levels of thyroid hormones (T; and T,) can result in altered hair/skin
structure and function (e.g. effluvium). However, it is still unclear whether T; and T, exert any direct effects
on human hair follicles (HFs), and if so, how exactly human HFs respond to T5/T, stimulation.

Obijective: Our objective was to asses the impact of T5/T, on human HF in vitro.

Methods: Human anagen HFs were isolated from skin obtained from females undergoing facelift
surgery. HFs from euthyroid females between 40 and 69 yr (average, 56 yr) were cultured and
treated with T5/T,.

Results: Studying microdissected, organ-cultured normal human scalp HFs, we show here that T,
up-regulates the proliferation of hair matrix keratinocytes, whereas their apoptosis is down-reg-
ulated by T and T,. T, also prolongs the duration of the hair growth phase (anagen) in vitro,
possibly due to the down-regulation of TGF-g2, the key anagen-inhibitory growth factor. Because
we show here that human HFs transcribe deiodinase genes (D2 and D3), they may be capable of
converting T, to T. Intrafollicular immunoreactivity for the recognized thyroid hormone-respon-
sive keratins cytokeratin (CK) 6 and CK14 is significantly modulated by T; and T, (CK6 is enhanced,
CK14 down-regulated). Both T; and T, also significantly stimulate intrafollicular melanin synthesis.

Conclusions: Thus, we present the first evidence that human HFs are direct targets of thyroid
hormones and demonstrate that T; and/or T, modulate multiple hair biology parameters, ranging
from HF cycling to pigmentation. (J Clin Endocrinol Metab 93: 4381-4388, 2008)

linically, it has long been observed that patients with thyroid
dysfunction may show prominent hair abnormalities

(1-4) and several in vivo studies have demonstrated (partially
conflicting) hair growth-modulatory effects of thyroid hormone
(TH) in sheep, rats, and mice (5-8). In humans, hypothyroidism
can be associated with telogen effluvium, along with the presen-
tation of dry, brittle, and dull hair shafts (2-4). Confusingly,
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hyperthyroid states can also lead to effluvium, together with
thinned hair shaft diameter and brittle, greasy hair (1, 9-11),
despite an apparently increased hair matrix proliferation (3).
Hair shafts of patients with hyperthyroidism also show substan-
tially reduced tensile strength (10). Early graying has been
claimed to be related to autoimmune thyroid disease, hypothy-
roidism, and hyperthyroidism (11, 12), whereas darkening of

Abbreviations: CK, Cytokeratin; DAPI, 4’,6-diamidino-2-phenylindole; fT, free T5; HF, hair
follicle; IR, immunoreactivity; TBS, Tris-buffered saline; TH, thyroid hormone; TR, TH re-
ceptor; TRE, TH-responsive element; TUNEL, terminal dUTP nick-end labeling.
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gray/white hair may occur in some patients after TH adminis-
tration (13).

Although these hair effects may well reflect a direct modula-
tory influence of TH on human hair follicle (HF) cycling (2, 4)
and/or on hair keratin expression (14), this remains to be doc-
umented. Also, it remains to be conclusively shown that TH
affects human HF pigmentation. Because thyroid dysfunction is
associated with multiple secondary endocrine abnormalities, e.g.
up-regulation of serum TSH as a defining feature of hypothy-
roidism (15) and changes of insulin serum level (16, 17), these
may have caused the clinically observed abnormalities of hair
growth and pigmentation. Thus, evidence is still missing that TH
directly alter human HF growth, pigmentation, and/or cycling.

Human HFs underlie a lifelong cyclic regression and regen-
eration, the so-called hair cycle (18). After completion of their
morphogenesis, HFs enter the so-called catagen (organ involu-
tion driven by controlled apoptosis) phase, followed by a stage
of relative rest (telogen) (18). After telogen, HFs enter the active
growth phase (anagen), which is associated with pigmented hair
shaft formation (18).

That human scalp HFs do express TH receptors (TR) on the
gene and protein level (TRB1) and that T; reportedly prolongs
the survival of microdissected, organ-cultured human scalp HFs
(19) encourages one to exploit this model (20) to further dissect
the direct effects of TH on human HFs. Therefore, we have em-
ployed this as an excellent, physiologically relevant preclinical
test system for probing the effects of TH on human HF growth,
cycling, and/or pigmentation.

This model also allows us to dissect differences between T
and T,, which is actively transported into cells and then trans-
formed into T; by intracellular deiodinases (21), with respect to
human HF biology. Because the expression of TRs in human HFs
had already been convincingly documented by others (19, 22),
we have studied here only deiodinase expression (23).

This was complemented with an analysis of keratin immu-
noreactivity (IR) iz situ, because the keratins cytokeratin (CK) 14
and CK6 genes display a TH-responsive element (TRE) that
upon ligand binding to TR reportedly down-regulated transcrip-
tion of these keratin genes (24-26). Finally, TGF-B2 is recog-
nized as a central hair cycle-modulatory growth factor for hu-
man HFs, operating as a key terminator of anagen (27-29).
Previously, we had shown that other steroid hormones (i.e. reti-
noic acid) exploit TGF-B2 to mediate, at least in part, their hair
growth-inhibitory, anagen-shortening effects (30). Given that
retinoic acid is a heterodimerization partner of THs (31), we
concluded our analyses by also assessing whether or not T5/T,
treatment alters the intrafollicular IR for TGF-B2.

Materials and Methods

HF microdissection and organ culture

The study was approved by the Institutional Research Ethics Com-
mittee and adhered to Declaration of Helsinki guidelines. Human anagen
HFs were isolated from skin obtained from females undergoing facelift
surgery. We cultured HFs from euthyroid females between 40 and 69 yr
(average, 56 yr). Isolated HFs were maintained in 24-multiwell plates in
serum-free Williams’ E medium (Biochrom, Cambridge, UK) supple-
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mented with 2 mmol/liter [-glutamine (Invitrogen, Paisley, UK), 10 ng/ml
hydrocortisone (Sigma-Aldrich, Taufkirchen, Germany), 10 pg/ml in-
sulin (Sigma), and antibiotics (Sigma). After 24 h preincubation, HFs
were treated with vehicle (Williams® E medium)/THs (Sigma) T; (concen-
trations of 1 pM, 100 pM, or 10 nm)/T, (concentrations of 10 nm, 100 nm,
or 1 um) for either 5 or 9 d. Normal T; and T, serum levels are 0.92-2.7 nm
and 56-154 nwM, respectively (32).

Hair shaft elongation, quantitative hair cycle
histomorphometry, and histology

Hair shaft length measurements of vehicle/T5/T,-treated HFs were
performed every second day on individual HFs using a Zeiss inverted
binocular microscope with an eyepiece measuring graticule.

Seven-micrometer-thick cryostat sections of cultured HFs were fixed
in acetone, air dried, and processed for histology. Masson-Fontana his-
tochemistry was used for studying HF morphology as well as visualizing
melanin pigment. HF cycle staging was carried out according to previ-
ously defined morphological criteria, and the percentage of HFs in ana-
gen and early, mid, or late catagen was determined. Densitometric mea-
surement of melanin staining intensity was performed with Image]
software (National Institutes of Health, Bethesda, MD).

Quantitative immunohistochemistry (Ki67/TUNEL, CK14,
CK6, and TGF-B2)

To evaluate apoptotic cells in colocalization with a proliferation
marker Ki-67, a Ki-67/terminal dUTP nick-end labeling (TUNEL) dou-
ble-staining method was used. Cryostat sections were fixed in paraform-
aldehide and ethanol-acetic acid (2:1) and labeled with a digoxigenin-
deoxy-UTP (ApopTag fluorescein in situ apoptosis detection Kkit;
Intergen, Purchase, NY) in the presence of terminal deoxynucleotidyl
transferase, followed by incubation with a mouse anti-Ki-67 antiserum
(1:20 in PBS overnight at 4 C; Dako, Glostrup, Denmark). TUNEL-
positive cells were visualized by an antidigoxigenin fluorescein isothio-
cyanate-conjugated antibody (ApopTag kit), whereas Ki-67 was de-
tected by a rhodamine-labeled goat antimouse antibody (Jackson
ImmunoResearch, West Grove, PA). Negative controls were performed
by omitting terminal deoxynucleotidyl transferase and the Ki-67 anti-
body. Counterstaining was performed with 4’,6-diamidino-2-phenylindole
(DAPI) (Roche Molecular Biochemicals GmbH, Mannheim, Germany).
Proliferating matrix/epidermal keratinocytes of normal human skin and
frozen sections of murine spleen were used as positive control tissues for
the Ki-67/TUNEL reaction, respectively.

Quantitative immunohistomorphometry was performed as de-
scribed previously; Ki-67-, TUNEL-, or DAPI-positive cells were counted
in a previously defined reference region of the HF matrix, and the per-
centage of Ki-67/TUNEL-positive cells was determined.

For the detection of CK14, the peroxidase-based avidin-biotin com-
plex method (Vector Laboratories, Burlingame, CA) was used. After
fixation in acetone, blocking of endogenous peroxidases (3% H,0,) and
preincubation with goat serum [10% in Tris-buffered saline (TBS);
Dako] cryosections were incubated with monoclonal mouse antihuman
CK14 antibody (1:200 in TBS overnight at 4 C; Sigma). Cryosections
were stained with biotinylated goat antimouse IgG (1:200 for 45 min at
room temperature; Beckmann Coulter, Marseille, France) as secondary
antibody and then with an avidin-biotin kit (Vector) followed by
3-amino-9-ethylcarbazole substrate-chromogen system (Dako). As
negative controls, the primary antibodies were omitted, and human
skin (epidermis) was used as a positive control. Counterstaining was
performed with Meyer’s hematoxylin.

To investigate CK6 and TGF-f3, expression, acetone-fixed cryosec-
tions were pretreated with goat serum (10% in TBS; Dako; only for
CK6). Cryoslides were incubated first with the primary antibodies
against CK6 (mouse antihuman, 1:10, overnight at 4C; PROGEN,
Heidelberg, Germany) and TGF-8, (rabbit antihuman, 1:50, overnight
at 4 C; Santa Cruz Biotechnology Inc., Santa Cruz, CA) and then with
rhodamine-conjugated goat antimouse (for CK6, 1:200 in TBS for 45
min at room temperature; Jackson ImmunoResearch) and fluorescein
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FIG. 1. T, stimulates human hair matrix keratinocyte proliferation, and both T5 and T, inhibit their
apoptosis. A, Percentage of positive cells was compared between vehicle- and T/ T,-treated follicles.

* P <0.05; **, P=0.01 (mean = sem). B, Cryosections of cultured, vehicle-, and 10 nm T5/100 nm T,-
treated HFs were double labeled with Ki-67 (red)/ TUNEL (green) staining. Ki-67/TUNEL-positive cells were
counted below a line marking the end of the dermal papilla (indicated in red). DP, Dermal papilla; MK,

matrix keratinocytes.

isothiocyanate-labeled goat antirabbit (for TGF-B,, 1:200 in TBS for 45
min at room temperature; Jackson ImmunoResearch) secondary anti-
bodies. Counterstaining was performed with DAPI (Roche Molecular
Biochemicals).

Densitometric measurement of staining intensities were performed
using the Image J software (National Institutes of Health).

Semiquantitative RT-PCR for deiodinases type 2 (D2)
and 3 (D3)

For the semiquantitative PCR analysis of expression of D2 (accession
no. AF093774) and D3 (accession no. NM 001362), total RNA was
isolated from microdissected HFs using the RNA easy kit (QIAGEN,
Hilden, Germany),and 0.5 ug of total RNA was reverse-transcribed with
SuperScript First-Strand Synthesis System (Applied Biosystems, Foster
City, CA). The quality and quantity of cDNA in all samples were stan-
dardized by the amplification of housekeeping gene GAPDH as described
previously (33). The PCR conditions for D2 and D3 amplification were
as follows: initial denaturation at 95 C for 2 min followed by 30 cycles
of denaturation at 94 C for 30 sec, annealing at 60 C for 30 sec, and
elongation 72 C for 30 sec. The final elongation step was at 72 C for 5
min. The primers used for amplification were described previously (34)

T4 (100 nM)
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and purchased from Integrated DNA Technology
Inc., (Coralville, IA). For detection of D2, PCR
was repeated with a second pair of primers and
0.5 ul of reaction mixture from the first round.
PCR products were visualized on 2% agarose gel
with ethidium bromide. Data of D2 and D3 ex-
pression were normalized to the expression of
GAPDH of the same sample. Nontemplate con-
trol (by omitting RNA) was used as negative
control.

EKi 67
I TUNEL

Free T; (fT;) and fT, immunoassay

For investigating whether HFs are able to pro-
duce T3 and whether possible endogenous T3
production can be stimulated by TSH, further-
more whether HFs are able to convert T4 to T3,
HFs were washed several times and treated for 48
hours with T4 (100 nM) and TSH (100 mU/ml,
Sigma-Aldrich). The THs fT; and fT, was mea-
sured by an electrochemiluminescent immunoas-
say on an automated Modular Analytics E170
according to the recommendation of the manu-
facturer (Roche Diagnostics, Mannheim, Ger-
many). HFs were washed several times and cul-
tured for 48 h. Serum-free supernatant was
collected for the analysis. The sensitivity of the
assays was 0.260 pg/ml (0.400 pmol/liter) for T,
and 0.23 pg/ml (0.30 pmol/liter) for fT,.

Statistical analysis

Statistical analysis was performed using the
Mann-Whitney U Test and/ or two-tailed paired
ttest. P values <0.05 were regarded as significant
differences.

Results

T, stimulates human hair matrix
keratinocyte proliferation, whereas
both T; and T, inhibit apoptosis of
these cells

First we studied by quantitative immu-
nohistomorphometry of key proliferation
and apoptosis parameters (Ki6 7/ TUNEL) whether T (1 pm, 100
pM, and 10 nm) and/or T, (10, 100, and 1000 nmM) modulate
human hair matrix keratinocyte proliferation and apoptosis
when added directly to the serum-free medium of microdis-
sected, organ-cultured normal human scalp HFs that were in the
stage of maximal growth during HF cycling (anagen VI). As
shown in Fig. 1, A-D, the proliferation of hair matrix keratin-
ocytes was significantly stimulated by T,, whereas the prolifer-
ation-modulatory effects of the T; concentrations tested did not
reach the level of significance. However, both T and T, signif-
icantly reduced the number of TUNEL-positive matrix keratin-
ocytes in defined reference areas (Fig. 1, A-D).

T; and T, do not significantly alter human hair shaft
formation in vitro

However, during the relatively short HF organ culture period
(9 d), these effects on hair matrix keratinocyte proliferation/
apoptosis did not result in marked alterations of actual hair shaft
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FIG. 2. Hair shaft elongation and structure did not alter after T5/T, treatment. A, Percentage of hair shaft elongation measured every second day and compared with d
0; B, final percentage of hair shaft elongation after 9 d culturing compared with d 0 (mean = sem), all tested concentrations (T5/ T,) not significant; C, hair shaft
morphology: C1, control; C2, T3 1 pm; C3, T, 1000 nm. Scale bars, 50 wm. HS, Hair shaft; IRS, inner root sheath; ORS, outer root sheath.

morphology (Fig. 2) or hair shaft production: When measuring
the rate of hair shaft elongation in vitro, this remained essentially
unaltered by TH. Compared with vehicle controls, significant,
reproducible, hair shaft growth-promoting effects of either T; or
T, (Fig. 2) were not detectable.

Both T; and T, prolong anagen duration

Clinically, the most important effect that hair loss-inhibitory/
hair growth-promoting agents can have is to prolong the dura-
tion of anagen, which is indistinguishable from an inhibition of
catagen development (18). Therefore, we next tested by quan-
titative hair cycle histomorphometry whether TH-treated hu-
man HFs showed any evidence of such an effect. Indeed, this was
the case. Both T and T, increased the number of anagen and
decreased the number of catagen HFs after either 5 (Fig. 3A) or
9 d in organ culture (Fig. 3B). This provides the first direct evi-
dence that THs are potent modulators of human scalp HF cy-
cling, at least in vitro.

TGF-B2 IR is down-regulated by THs

Next we tested whether the anagen prolongation by TH is as-
sociated with an altered intrafollicular expression of TGF-, the
best-studied endogenous human hair growth inhibitor (27-29). Al-
though substantial interindividual variations in intrafollicular
TGF-B2 IR intensity and pattern were noted (data not shown),
quantitative immunohistomorphometry revealed that TH treat-
ment results in a discrete but significant reduction of TGF-82 IR in
the proximal hair bulb epithelium (P < 0.05) (Fig. 3, C-E). This
suggests that TH down-regulates i situ protein expression for a key
hair growth-inhibitory endogenous growth factor in the prolifera-
tively most active epithelial hair shaft factory, the anagen hair bulb.

T; and T, differentially modulate intrafollicular keratin
expression

Next, we assessed TH actions on the intrafollicular protein
expression for two cytokeratins with recognized TH-responding
elements (24-26), namely human CK14 and CK6. Interestingly,
CKG6 IR is significantly increased after treatment with 1 pm T
and 10 nM T4 and 1 um T, (P < 0.05) (Fig. 4, A-C and H),
whereas quantitative immunohistomorphometry for CK14 IR
showed its expression to be decreased in all TH-treated groups
(P < 0.001) (Fig. 4, D-G).

T; and T, stimulate HF pigmentation

As revealed by quantitative Masson-Fontana histochemistry,
both T and T, significantly stimulate human HF melanin synthesis,
with supraphysiological concentrations of T, showing the strongest
stimulation of HF melanogenesis (Fig. 5, A and B1-D1). Although
high-power magnification suggested that TH synthesis not only
stimulates the total hair bulb melanin content but also appeared to
stimulate HF melanocyte dendricity (Fig. 5, B2, C2, and D2), the
strength of the melanin-associated histochemical signals hindered
definitive confirmation of this intriguing observation.

D2 and D3 are transcribed by microdissected human HFs

In the current study, both T, and T exerted (partially dif-
ferential) effects on treated HFs. This already suggests that T,
can indeed be transported into human HF cells in organ culture
and is here intracellularly deiodinated to T;. To confirm the
intrafollicular presence of deiodinases, we finally studied by
RT-PCR whether D2 (which transforms T, into T; by outer ring
deiodinization) (21) and/or whether D3 (which transforms T,
into inactive, r'T;) (21) are transcribed in human scalp HFs. As
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FIG. 3. Both T5 and T, prolong anagen duration possibly via TGF-B2 down-regulation. Quantitative histomorphometry shows the percentage of HFs in distinct HF
stages (anagen, early catagen, midcatagen). A, Staging of HFs cultured for 5 d; B, staging of HFs cultured for 9 d; C, quantitative histomorphometry of TGF-B2 IR,
**, P < 0.01; D and E, representative staining pattern of control (D) and T,-treated (E) follicles. Results are shown as mean in percent = sem. CST, Connecting tissue

sheath; DP, dermal papilla; ORS, outer root sheath.

shown in Fig. 6A, specific mRNA for both D2 and D3 are indeed
expressed in microdissected human HFs derived from three dif-
ferentindividuals. To test whether T, deiodination occurs in HF,
we measured T in culture supernatant after 48 h T, treatment
(Fig. 6B). Compared with the vehicle (which has a value at the
detection or baseline limit, suggesting that HFs are not able to
produce detectable levels of T;), we observed a significantly
higher fT; level after T, treatment. This indirect result indicates
that D2 may be functionally active. We also asked whether the
main regulator of TH synthesis (TSH) may influence T} levels in
HFs, but we could not detect any significant alteration (Fig. 6B).
Together with the functional data obtained with T, stimulation
listed above, this further supports the concept that human scalp
HFs have indeed the enzymatic capacity to transform T, into T}.

Discussion

Following in the footsteps of Billoni et al. (19), who had already
demonstrated TH receptor transcript and protein expression in
human HFs, here we provide evidence that these receptors are
functional and show that human scalp HFs are indeed direct

targets of TH; T; and T, modulate multiple important HF func-
tions, ranging from HF epithelial cell proliferation, apoptosis,
and keratin expression via HF cycling to HF pigmentation. T,
up-regulates the proliferation of hair matrix keratinocytes,
whereas their apoptosis is down-regulated by both T; and T,,. T,
also prolongs the duration of the hair growth phase (anagen)
in vitro, possibly due to the down-regulation of TGF-B2, the key
anagen-inhibitory endogenous growth factor. THs also modu-
late the intrafollicular protein expression for recognized TH-
responsive keratins and, importantly, stimulate intrafollicular
melanin synthesis in normal human scalp HFs in vitro.
Because both T; and T, alter key parameters of human HF
biology in organ culture and because HFs transcribe deiodinase
genes, it is likely that human HFs can convert T, to T (just like
all TH-sensitive target tissues) (21), in line with the previous
demonstration of D2 and D3 transcripts in cultured human skin
fibroblasts, melanocytes. and keratinocytes (34). However, the
subtle differences observed here between both THs in the human
HF biology parameters that are significantly modulated by T; vs.
T, (see e.g. Figs. 1 and 35) raise the possibility that T, also
unfolds separate activities that are independent of its conver-
sion to T (35). However, TSH stimulation of organ-cultured
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trol is that of a hair growth-promoting
agent: 1) THs prolong anagen duration (i.e.
retard spontaneous catagen development)
(Fig. 3), T, stimulates hair matrix keratin-
ocyte proliferation (Fig. 1, A and D), and 3)
matrix keratinocyte apoptosis is inhibited
by T and T, (Fig, 1, A, C, and D).

The anagen prolongation documented
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FIG. 4. T; and T, modulate CK14 and CK6 expression. A-C and H, CK6 expression is significantly altered
by T, as well as by T5: A, control; B, T3 1 pm; C, T, 10 nm. D-G, T3 and T, down-regulate CK14
significantly: D, control; E, T3 100 pm; F, T, 10 nm. *, P < 0.05; ***, P < 0.001 (mean = skm). Scale bars,
50 pwm. HS, Hair shaft; IRS, inner root sheath; ORS, outer root sheath. Reference area is indicated by

rectangles.

HFs did not result in a significant alteration of the new fT;
level detectable in the medium.

Because the promoter regions of CK6 and CK14 host TRE
(24-26), our finding that T; and T, modulate the intraepithelial
protein expression of these TH-responsive keratins CK6 and
CK14 in a differential manner (Fig. 4) suggests that the effects of
TH on human HFs are mediated via the classical pathway char-
acterized by intranuclear interaction of TH-TR complexes with
TRE-containing promoters (24-26). However, the very low TH
doses at which some effects were seen (see Figs. 1, 3, and 4) raise
the question whether they were actually mediated by recently
demonstrated (35) TH membrane-bound receptors. In view of
the increasing awareness of nuclear TR-independent, non-
genomic signaling mechanisms of TH (whose investigation
clearly was outside the scope of the current study), (36) it now
also needs to be systematically investigated whether T, and T,
differ not only in their stimulation of classical intrafollicular
nuclear TR but also in the nongenomic, TR-independent sig-
naling events each of these TH elicits/modulates in human
scalp HFs.

Although the paucity of available human scalp HFs precluded
systematic dose-response studies, our findings suggest that the
predominant direct effect of both physiological and supraphysi-
ological T; and/or T, concentrations in human hair growth con-

bound within the HFs before microdissec-
tion and organ culture. Such residual endog-
enous TH likely are further reduced with
every change of medium (every 2 d) and are
expected to quickly lose activity with in-
creasing culture time. Nevertheless, even in
the absence of extrafollicular TH, as long as human scalp HFs
remain in anagen, their hair shaft production i vitro progresses at
almost the normal speed seen in vivo (37, 38), as can be seen here
in the vehicle control groups (Figs. 2 and 3). This suggests that,
despite the modulatory effects of TH on CK6 and CK14, ex-
trafollicular THs are dispensable for normal hair shaft produc-
tion under assay conditions. Naturally, this does not exclude a
long-term role for TH in human hair shaft production iz vivo,
especially because hair shaft abnormalities have been clinically
reported in both hypo- and hyperthyroid patients (1, 9, 10).
Our preclinical data help to explain the previously unclear
pathogenesis of the telogen effluvium observed in hypothyroid
patients, where a relative TH deficiency has been proposed to
cause premature catagen induction and reduced hair matrix pro-
liferation (2—4). Our demonstration that addition of exogenous
TH to human HFs cultured in the absence of systemic TH pro-
longs anagen and stimulates hair matrix keratinocyte prolifera-
tion and inhibits their apoptosis provides the first direct evidence
for the validity of this old postulate. Our findings also fit well
with the reportedly increased hair matrix proliferation in hyper-
thyroid patients iz vivo (3). Unfortunately, amputated, organ-
cultured human scalp anagen VI hair bulbs do not run through
full cycles in vitro and decay shortly after catagen development
(30, 37-39). Therefore, this assay cannot clarify another old, as
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FIG. 5. T5 and T, stimulate HF pigmentation. A-D, T5 and T, stimulate HF
pigmentation: A, significantly stronger pigmentation of T5 1 pm and T, 100 nm
(**, P=0.01; ***, P = 0.001; mean = sem); B1 and B2, control; C1 and C2, T3
1 pm; D1 and D2, T, 100 nm. Scale bars, 50 um. DP, Dermal papilla; MK, matrix
keratinocytes. Arrows indicate melanocytes.

yet unconfirmed hypothesis that, conversely, hyperthyroidism
may also lead to effluvium due to the induction of faster HF
cycling (1, 9-11).

The current study provides at least one important pointer
to the molecular mechanisms by which TH may exert their
anagen-prolonging effects: THs down-regulate the intrafol-
licular protein expression of TGF-B2 (Fig. 3C), one of the
recognized key catagen inducers during human HF cycling,
which also inhibits proliferation and stimulates apoptosis of
human hair matrix keratinocytes in situ (27). Suppression of
intrafollicular TGF-B2-mediated signaling by THs, therefore,
constitutes at least one conceivable pathway by which THs
may prolong anagen, stimulate proliferation, and inhibit ap-
optosis in the human hair matrix. Such an inhibitory effect of
THs on intrafollicular TGF-B2 expression would be in strik-
ing contrast to that of another important, hair growth-mod-
ulatory steroid hormone, all-#rans retinoic acid, which we had
previously shown exerts its hair growth-inhibitory, catagen-
promoting effects on organ-cultured human HFs at least in
partvia up-regulating TGF-B2 (30). However, given the many
direct TH target genes that display a TRE in their promoter
region and the numerous additional, TRE-negative genes that
nevertheless are regulated by TH (40) as well as nonclassical,
receptor-independent TH activities (35, 36), multiple addi-
tional pathways and molecular targets by which TH may im-
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FIG. 6. Microdissected human anagen VI HFs express D2 and D3. A, HFs from
three different female patients (HF 1-3) were microdissected and analyzed by
RT-PCR. GAPDH served as housekeeping gene. M, DNA standard. B, HFs were
treated with T, (100 nm) or TSH (10 mU/ml) for 48 h. fT5 level was measured by

electrochemiluminescent immunoassay in organ culture medium. GAPDH,
Glycerinaldehyd-3-phosphate-dehydrogenase.

control T4

pact on human HF biology must now be considered and sys-
tematically explored.

Finally, we show that both T and T, significantly stimu-
late intrafollicular melanin synthesis (Fig. 5, A-D). Because
quantitative Masson-Fontana histochemistry was compared
only between anagen VI HFs from test and control groups
(intrafollicular melanogenesis is strictly coupled to anagen, and
HF pigmentation declines sharply early during the anagen-cata-
gen transformation of HFs (41, 42), this pigmentation-stimula-
tory effect cannot have been a simple reflection of the anagen-
prolonging effects of TH. Thus, this is the first evidence that THs
can directly alter human HF pigmentation and, to the best of our
knowledge, also the first indication that THs can stimulate mel-
anogenesis in the mammalian system in situ. These findings are
in line with the recently reported darkening of gray/white hair in
patients with increased exogenous T (13). Although the under-
lying mechanism remains to be dissected, this further illustrates
how well-suited organ-cultured human scalp HFs are as a clin-
ically relevant, highly instructive, yet still under-exploited dis-
covery tool for the identification of new functions for ancient
steroid hormones in cutaneous endocrinology.
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