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ABSTRACT: Thymosin beta 4 is a small 43-amino-acid molecule that has
multiple biological activities, including promotion of cell migration angiogenesis, cell survival, protease production, and wound healing. We
have found that thymosin beta 4 promotes hair growth in various rat
and mice models including a transgenic thymosin beta 4 overexpressing
mouse. We have also determined the mechanism by which thymosin beta
4 acts to promote hair growth by examining its effects on follicle stem
cell growth, migration, differentiation, and protease production.
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THYMOSIN BETA 4 HAS MULTIPLE
BIOLOGICAL ACTIVITIES
Thymosin beta 4 is a small, 43-amino-acid, actin-binding, intracellular protein that is present in all cells.1 It was originally identified in endothelial cells
as a gene that was increased during early endothelial cell capillary formation.2
It was later shown to actually promote capillary formation in vitro and angiogenesis in vivo in a number of model systems.3,4 Since then, an unexpectedly
large number of important biological activities of thymosin beta 4 have been
identified (TABLE 1). Because it is high in platelets, its role in wound healing
was investigated, and it was found to promote dermal healing in normal rats
and mice as well as in impaired models of dermal wound healing, including
aged mice, diabetic mice, and steroid-treated rats.5,6 Thymosin beta 4 was
also shown to have an important role in corneal wound healing and in cardiac
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TABLE 1. Biological activities of thymosin beta 4

Increased migration: endothelial cells, epithelial cells, stem cells, keratinocytes
Increased cell survival
Increased differentiation, endothelial cells, stem cells
Increased proteases: monocytes, fibroblasts, endothelial cells, stem cells, corneal cells
Decreased inflammation
Increased angiogenesis: in vitro, ex vivo, in vivo
Increased dermal healing: rats, mice, aged mice, diabetic mice, steroid-treated rats
Increased corneal healing: rats, mice
Increased hair growth
Increased tumor growth
Increased gene expression: laminin-5, zyxin, TFG beta, TIMPs (1–3)

repair.7,8 Part of its role in healing may be due to its ability to reduce inflammation.9 Surprisingly, it has been shown to induce proteases by a number of
cell types, and this activity is important in cell migration and in wound repair.10,11 We have also found that TIMPs, which are protease inhibitors, are
also increased by thymosin beta 4 (TABLE 1).
Thymosin beta 4 has been found by a number of labs to promote tumor
growth.12–14 This activity is due to its ability to promote cell migration and
angiogenesis.12 It also increases vascular endothelial growth factor (VEGF)
expression, which can promote cell migration and angiogenesis. It does not
appear to be due to oncogenic activity, but rather has a passive role in promoting
tumor growth. When animals are treated topically every day with thymosin beta
4, no tumors have been observed. Also, mice overexpressing high levels of this
gene in their skin do not form an increased number of spontaneous tumors with
age.
While we are beginning to understand a lot about the biological functions
of thymosin beta 4 and its potential uses in the clinic, a number of unanswered
questions remain on how it regulates it biological functions. We have begun to
identify regions on the molecule important for some of the activities, such as the
central actin-binding domain that promotes wound healing and angiogenesis.15
The amino terminal amino acids are important in regulating inflammation.16
Such progress has defined important activities, but a receptor has not been
identified. Also, it is not clear how the signal is transduced in the cells.

THYMOSIN BETA 4 PROMOTES HAIR GROWTH
While studying full-thickness dermal wound healing in rat skin, we unexpectedly observed visually and at the histological level increased hair growth at
the wound margins after topical treatment with thymosin beta 4. The hairs appeared very long, thicker than the hairs in the nonshaved areas and also a dark
yellow in color. This unexpected hair growth was then observed in subsequent
studies using nonwounded rats where we have shaved the skin of healthy rats
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TABLE 2. Topical thymosin beta 4 and rat hair growth

Treatment
Control
2% Rogaine
100 g thymosin beta 4
2% Rogaine + thymosin beta 4

% Active hair follicles
56.0 ± 6.8
56.9 ± 5.3
68.3 ± 4.2
62.4 ± 12.4

TABLE 3. Models of increased hair growth observed with thymosin beta 4

Normal and wounded rats
Normal mice
Nude mice
Aged mice
Cyclophosphamide-treated mice
Transgenic thymosin beta 4 overexpressing mice

and applied thymosin beta 4 topically on one side of the shaved area and the
control vehicle on the opposing lateral side of the same animal. After 7 days
of treatment, we observed an increased number of anagen-phase hair follicles
in the skin areas treated with thymosin beta 4. The number of anagen follicles
was approximately twofold greater than in rats treated with vehicle alone. The
number of hairs in anagen phase was retained with continued treatment every
other day for over 30 days. If thymosin beta 4 was withdrawn, the number
of active hair follicles decreased to control levels by 2 weeks. We compared
the effects of rogaine, a commercial preparation used to promote hair growth,
with thymosin beta 4 in rats (TABLE 2). We found that rogaine alone was not
affective in the 2-week time frame. Normally in humans, rogaine is used for a
longer period of time to obtain hair growth.
We next tested whether thymosin beta 4 could promote hair growth in mice.
The 8-week-old mice used in this experiment have all of their hair follicles in the
telogen stage. The mice were shaved and thymosin beta 4 was applied topically
on the shaved area. Separate control animals were treated with vehicle alone.
The thymosin beta 4-treated (but not control) animals displayed quick hair
regrowth. Histological examination confirmed the thymosin beta 4-induced
activation of the hair follicles. Hair was also grossly visible in the treated mice
and appeared darker than the hairs in the nonshaved areas.
The effect of thymosin beta 4 on hair growth in impaired models was then
tested (TABLE 3). We found that thymosin beta 4 increased hair growth in aged
animals. These animals were over 26 weeks of age and had sparse hair and thin
skin. The actin-binding central peptide also was able to promote hair growth
in these mice. We next tested athymic nude (nu nu) mice, which have very
sparse hairs, for their response to thymosin beta 4. After topical treatment
with thymosin beta 4, the hair grew rapidly on these mice and was thicker
than the normal hairs on these mice. In many cases, the hair was curly with
a corkscrew type appearance. Finally, we tested cyclophosphamide-treated
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mice to determine if thymosin beta 4 would cause hair to regrow more
quickly. Within 24 h of cyclphosphamide treatment, the hair on the mice
fell out with gentle rubbing. Thymosin beta 4 was then applied topically
and hair regrowth was observed within a few days while the control vehicle treated mice had a much delayed hair growth. Cyclophosphamide-treated
mice are a model for chemotherapy-induced hair loss. These findings suggest that cancer patients on chemotherapy may benefit from thymosin beta 4
treatment.
A transgenic mouse overexpressing thymosin beta 4 on the keratin 5 promoter was created. At 8 weeks of age when the mouse hair was in the telogen
phase, hair regrowth was tested after removal. The overexpressing mice more
quickly grew back their hair than the littermate controls. These data confirm
that thymosin beta 4 has a role in activation of hair follicle growth.

THYMOSIN BETA 4 LOCALIZES IN THE HAIR FOLLICLES TO
THE STEM CELLS IN THE BULGE REGION AND TO THE
MIGRATING STEM CELLS
Since thymosin beta 4 was promoting the activation of hair follicle growth
we determined which cells in the follicle were making this protein. The location
and timing of endogenous thymosin beta 4 in hair follicles during depilationinduced, synchronized adult hair cycling in mice was determined.17 Low levels
of thymosin beta 4 protein were observed in follicles at the telogen (resting)
phase, prior to depilation. Thymosin beta 4 protein was found only in a small
number of cells residing in the bulge region. The bulge region is know to
contain the stem cells important in hair growth and in dermal healing.18,19
Hair follicle transition to early anagen (day 4 after depilation) was associated
with an increased number of thymosin beta 4-expressing cells in the bulge
region. Moreover, some thymosin beta 4-positive-stained cells were detected
in the migrating cells in the lower part of the follicle. By late anagen (day
9 after depilation), many of the cells located in the lower follicle (matrixsurrounding part of the outer root sheath) expressed thymosin beta 4. Thus,
with the progression of the hair growth cycle, thymosin beta 4-positive cells,
initially detected only in the bulge, were observed at the bulb area, suggesting
that they are migrating from the bulge region. These data show that thymosin
beta 4 is elevated in the stem cells in the bulge region and in the matrix cells
that subsequently generate the hair shaft.

RAT VIBRISSAE EX VIVO CULTURES SHOW INCREASED
HAIR GROWTH WITH THYMOSIN BETA 4
Intact vibrissae were isolated from rats and cultured for 5 days in the presence
and absence of thymosin beta 4 (TABLE 4) to determine if hair could be observed
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TABLE 4. Growth of isolated and cultured rat vibrissae (whiskers) exposed to thymosin
beta 4

growing vibrissae n = 6

0

10

100 g thymosin beta 4

0/6

2/6

3/6

growing ex vivo. We found that thymosin beta 4 increased the length of the
hair growing out of the vibrissae in a dose-dependent manner. It was surprising
that a dose as low as 10 ng was active in this assay.

THYMOSIN BETA 4 IS EXPRESSED BY ISOLATED
CLONOGENIC KERATINOCYTES FROM RAT VIBRISSAE
Rat vibrissae follicle keratinocytes from the bulge region were isolated and
cultured to determine if isolated stem cells express thymosin beta 4. Previously,
hair follicle stem cells were identified as bulge-residing keratinocytes with
a high in vitro clonogenic potential.20 Hair follicle stem cells preferentially
express keratin 15 (K15). We isolated clonogenic keratinocytes (stem cells)
from the rat vibrissa bulge region and found that the isolated cells were highly
clonogenic and were positive for the stem cell marker keratin 15 as well as
for keratins 5, 6, and 14, also known to be expressed by bulge stem cells.21
These cells lacked keratin 10, a known early marker of terminal keratinocyte
differentiation. These cells expressed thymosin beta 4 after 7–10 days in vitro.
Treatment of the cells with exogenous thymosin beta 4 decreased the expression
of the multi-potent undifferentiated stem cell marker K15, which is associated
with stem cell differentiation. Thymosin beta 4 had no effect on stem cell
proliferation as found with other cell types. These data indicate that thymosin
beta 4 is important for early hair follicle stem cell differentiation. Such data on
stem cell differentiation induced by thymosin beta 4 have also be confirmed
in the heart.22

THYMOSIN BETA 4 PROMOTES HAIR
FOLLICLE STEM CELL MIGRATION
Thymosin beta 4 promotes the migration of various cells including endothelial cells, keratinocytes, and corneal epithelial cells.4 We found that cultured
clonogenic keratinocytes (stem cells) migrate to thymosin beta 4 after 4.5 h
in Boyden chamber assays (TABLE 5). In the presence of thymosin beta 4, cell
migration was increased almost twofold at 1 ng over migration in the presence
of medium containing vehicle alone (negative control). The effect of thymosin
beta 4 on cell migration was greatest at 1 ng/mL and at 100 and 1000 ng/mL
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TABLE 5. Thymosin beta 4 increases migration of isolated hair follicle stem cells in a 4.5-h
Boyden chamber assay

Amount added

No. of migrated cells/field

0
1 g thymosin beta 4
100 g thymosin beta 4

69
113
85

migration was decreased. Previously, we found that 1 ng/mL was very potent
for endothelial and keratinocyte migration.3

THYMOSIN BETA 4 INCREASES
HAIR FOLLICLE STEM CELL PRODUCTION
OF MATRIX METALLOPROTEINASE-2 (MMP-2)
Enzymatic degradation and remodeling of extracellular matrix and particularly, the basement membrane that separates the epithelial and stromal compartments of the follicle, is a necessary step in normal hair differentiation and
growth.23 We have examined the effect of thymosin beta 4 on the enzymatic
activity of matrix metalloproteinases (MMPs). Increases in MMP proteases
have been reported in the skin and in fibroblasts, endothelial cells, monocytes,
and corneal epithelial cells after treatment with thymosin beta 4.10,11 Treatment of the hair follicle stem cells with exogenous thymosin beta 4 caused
almost a twofold increase in MMP-2. The increase in the levels of secreted and
cell-derived enzyme MMP-2 was dose-dependent and specific since the levels
of MMP-9 did not change. MMP-2 degrades collagen type IV and laminin, key
proteins of the basement membrane. The degradation of laminin by MMP2 is
important in cell migration.24 Since MMP-2 plays a role in both hair growth
associated extracellular matrix remodeling and cell migration, our data suggest that this enzyme may be one of the downstream effectors through which
thymosin beta 4 exerts its effect on hair growth.

CONCLUSIONS
Thymosin beta 4 is a small 43-amino-acid peptide that has many biological
activities.4 It is upregulated during endothelial cell differentiation, and when
added exogenously, it promotes endothelial cell differentiation and migration.
In vivo, it promotes wound repair and is a potent anti-inflammatory agent.
Thymosin beta 4 is overexpressed in metastatic tumors and its up-regulation
results in increased tumor cell motility, angiogenesis, and metastasis. A related family member, thymosin beta 15, is also important in the metastasis
of breast and prostate cancers.25 Thymosin beta 4 exerts its effects on cell
locomotion through specific interactions with actin that regulate cytoskeletal organization.26 Thymosin beta 4 promotes hair growth in normal rats and
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mice.17 When examining the distribution of endogenous thymosin beta 4 during hair growth, we found that in the resting follicle it is expressed in the small
number of cells originating in the bulge region. As the follicles enter active
growth phase, the subset of thymosin beta 4-expressing cells in the outer root
sheath extends toward the base of the follicle. At the peak of hair growth,
many thymosin beta 4-expressing cells localize in the bulb area. Furthermore,
hair follicle stem cells produce thymosin beta 4 when cultured for at least a
week. In addition, the presence of exogenous thymosin beta 4 caused a dosedependent decrease in the expression of the stem cell marker K15, suggesting
that thymosin beta 4 may promote early stem cell differentiation. Treatment of
the bulge-derived hair follicle stem cells with exogenous thymosin beta 4 also
increased their migration and production of MMP-2.17
In addition to its role in cell locomotion mediated by interaction with actin,
the effect of thymosin beta 4 on MMP-2 expression plays an important role
in cell migration.24 MMP-2 was previously shown to contribute to cellular
migration, both by means of degrading extracellular matrix barriers for cell
movement and, through direct effects of the degraded matrix. Fragments of
laminin-5 are important in cell migration activity. MMP-2 is involved in haircycle-associated remodeling of the basement membrane and this remodeling is
necessary for signaling between epithelial and stromal elements of the growing
follicle and for elongation and invasion of the lower follicle into subcutaneous
tissue during initiation of hair follicle growth.23
Thymosin beta 4 promotes hair growth in part due to its effects on stem
cells, and due to its angiogenic activity. VEGF promotes hair follicle development presumably, due to its angiogenic activity.27 Recently, another angiogenic
molecule, hepatocyte growth factor, has been identified in hair follicles and
found to promote hair growth.28,29 Hepatocyte growth factor, also an angiogenic factor, upregulates thymosin beta 4 expression and may be acting by
increasing thymosin beta 4 and/or synergizing with it.30 Furthermore, steroids
have been used successfully to treat certain types of hair loss. Thymosin beta
4 is the anti-inflammatory molecule that is increased in steroid-treated monocytes.9 Thus, treatment of hair loss with steroids may also involve the activity
of thymosin beta 4.
In summary, our results suggest that thymosin beta 4 exerts a profound hairpromoting effect through a combined action on several critical events in hair
follicle growth, such as stem cell migration, extracellular matrix-degrading
enzyme production, and differentiation.
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