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Abstract The small heat shock protein, HSPB6, is a 17-
kDa protein that belongs to the small heat shock protein
family. HSPB6 was identified in the mid-1990s when it was
recognized as a by-product of the purification of HSPB1
and HSPB5. HSPB6 is highly and constitutively expressed
in smooth, cardiac, and skeletal muscle and plays a role in
muscle function. This review will focus on the physiologic
and biochemical properties of HSPB6 in smooth, cardiac,
and skeletal muscle; the putative mechanisms of action; and
therapeutic implications.
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Introduction

HSPB6 (also known as HSP20, protein accession no.
O14558) is a 17-kDa member of the small heat shock family
of proteins (Fig. 1). HSPB6 was first identified in 1994 by
Kato et al. when it was isolated from rat and human skeletal
muscle as a complex with HSPB1 (also known as HSP27)
and HSPB5 (also known as αB-crystallin; Kato et al. 1994a,
b). In humans, 11 crystallin-related small heat shock proteins
have been recognized, termed HSB1–HSP11 (Kampinga et
al. 2009). Members of the small heat shock protein family
have molecular masses between 15 and 30 kDa and share
considerable sequence homology at the HSPB5 domain of
80–100 amino acid residues located at the C-terminal half of
the molecule (Garcia-Ranea et al. 2002). HSPB6 is
expressed in multiple tissues; however, HSPB6 is most highly
and constitutively expressed in different types of muscle
including vascular (Beall et al. 1997), airway (Komalavilas et
al. 2008), colonic (Gilmont et al. 2008), bladder (Batts et al.
2005), and uterine (Cross et al. 2007) smooth muscle;
cardiac muscle (Pipkin et al. 2003; Fan et al. 2005a, b); and
skeletal muscle (Kato et al. 1994a, b). Research in the recent
years has demonstrated specific functions for HSPB6 in
vasodilation, platelet function, and insulin resistance. Recent
reviews by Salinthone et al. (2008) and Fan et al. (2005a, b)
have highlighted the specific functions of HSPB6 in the
smooth and cardiac muscle, respectively.

Small heat shock proteins characteristically function as
molecular chaperones assisting in the assembly, disassem-
bly, stabilization, and internal transport of intracellular
proteins. van de Klundert et al. examined the chaperone
activity of HSPB6 by measuring the ability of recombinant
HSPB6 to prevent aggregation of insulin B chains. HSPB6
had poor chaperone activity compared to HSPB5 (van de
Klundert et al. 1998). Citrate synthase chaperone assays
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also demonstrated greater chaperone activity with HSPB5
compared to HSPB6 (van de Klundert et al. 1998). In a
study comparing the in vivo thermoprotective ability of
HSPB6 and HSPB5 after heat shock, Chinese hamster
ovary cells stably overexpressing HSPB6 survived equally
as well as HSPB5 expressing cells. In addition, transient
overexpression of HSPB6 led to enhanced recovery of
coexpressed firefly luciferase after heat shock (van de
Klundert et al. 1999). Thus, HSPB6 has limited chaperone
activity compared to HSPB5, but nonetheless is able to
protect cells against injury.

Small heat shock proteins also form macromolecular
associates (Fontaine et al. 2005). A yeast two-hybrid screen
study demonstrated that HSPB6 phosphorylation can
trigger conformational changes (Sun et al. 2006). In rat
cardiac myocytes, chromatography with molecular sieving
columns revealed that HSPB6 and HSPB5 associated in
aggregates of approximately 200 kDa (Pipkin et al. 2003).
Furthermore, phosphorylation of HSPB6 led to dissociation
of the macromolecular HSPB6 aggregates in bovine carotid
artery smooth muscle tissue (Brophy et al. 1999). Hence,
phosphorylation of HSPB6 may alter biologic functions
through changes in protein–protein interactions.

HSPB6 and smooth muscle

Cyclic nucleotide signaling pathway and HSPB6

Activation of the cyclic nucleotide signaling pathway leads
to vasorelaxation of isolated smooth muscle (Lincoln and
Cornwell 1991; Fig. 2). Nitric oxide (NO) and NO donors,
such as sodium nitroprusside and nitroglycerin, interact
with a heme-containing moiety in soluble guanylyl cyclase

leading to increases in cyclic guanosine monophosphate
(cGMP) (Lincoln 1989). cGMP in turn activates a protein
kinase, cGMP-dependent protein kinase (PKG; Lincoln et
al. 1996). Activation of adenylyl cyclase by isoproterenol,
prostaglandin, and forskolin leads to increases in cyclic
adenosine monophosphate (cAMP) and activation of
cAMP-dependent protein kinase (PKA; Murray 1990).
PKG and PKA phosphorylate specific substrate proteins
including HSPB6. HSPB6 phosphorylation on serine 16
has been demonstrated to mediate smooth muscle relaxation
(Beall et al. 1997, 1999; Brophy et al. 1997; Jerius et al.
1999; Woodrum et al. 1999; Rembold et al. 2000; Tessier et
al. 2004a, b; Flynn et al. 2007).

HSPB6 phosphorylation and smooth muscle tone

The role of HSPB6 as a mediator of vasorelaxation was
recognized initially in full-term human umbilical artery
smooth muscle (HUASM) tissue (Brophy et al. 1997).
Unlike other vascular muscle tissues, HUASM is refractory
to cyclic nucleotide-dependent vasorelaxation (Renowden
et al. 1992; Bergh et al. 1995; Brophy et al. 1997; Flynn et
al. 2005). Furthermore, activation of the cyclic nucleotide-
dependent signaling pathway does not lead to increased
phosphorylation of HSPB6 in HUASM. Impaired relaxa-
tion of umbilical artery was associated with decreased
expression of HSPB6 (Bergh et al. 1995; Flynn et al. 2005).
Rabbit bladder smooth muscle is also refractory to cyclic
nucleotide-dependent relaxation and contains low levels of
immunoreactive HSPB6 (Batts et al. 2005). Precontracted
cerebral arteries removed from a subarachnoid hemorrhage
(SAH) rat model had impaired relaxation that was also
associated with decreased expression and phosphorylation
of HSPB6 (Macomson et al. 2002). These data support a
role for HSPB6 in mediating relaxation via changes in
HSPB6 expression and phosphorylation levels and provide
model systems for the study of impaired cyclic nucleotide-
dependent relaxation.

On the other hand, increases in the phosphorylation of
HSPB6 have been associated with cyclic nucleotide-
dependent vasorelaxation in bovine carotid, porcine carotid,
bovine airway, and porcine coronary smooth muscle tissues
(Woodrum et al. 1999; Rembold et al. 2001; Tessier et al.
2004a, b; Komalavilas et al. 2008). Increased HSPB6
phosphorylation has also been correlated with cyclic
nucleotide-dependent inhibition of contraction and
endothelial-dependent vasodilation in isolated perfused
carotid arteries (Jerius et al. 1999). This suggests that the
physiologic levels of NO released by the endothelium are
associated with increased HSPB6 phosphorylation (Jerius et
al. 1999). Sildenafil, a phosphodiesterase inhibitor, induced
vasorelaxation of precontracted coronary artery in a dose-
dependent manner which is associated with an increase in

Fig. 1 Rat and human HSPB6 amino acid sequence and domains.
Activation of cyclic nucleotide signaling pathways leads to increases
in the phosphorylation of HSPB6 on serine 16 (bold italic). The
minimal peptide sequence surrounding the phosphorylation site that
induces relaxation is identified with a solid line (phosphorylation
motif). The HSPB5 domain that is homologous in all small heat shock
proteins is indicated with a dashed line. The troponin 1 binding motif
is represented with a dotted line. Human HSPB6 does not contain
serine 157 that is present in the rat sequence
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HSPB6 phosphorylation (Tessier et al. 2004b). HSPB6
phosphorylation in response to hypoxia in porcine coronary
artery may account for hypoxia-induced vasodilation
(Frobert et al. 2005). Isoproterenol-induced relaxation of
serotonin precontracted bovine airway smooth muscle strips
has also been associated with the phosphorylation of
HSPB6 (Komalavilas et al. 2008). Taken together, these
data support an association between increases in the
phosphorylation of HSPB6 and smooth muscle relaxation
or inhibition of smooth muscle contraction.

Recombinant HSPB6 and HSPB6 phosphopeptides

In order to determine if increases in the phosphorylation of
HSPB6 are necessary for smooth muscle relaxation, two
approaches have been undertaken, genetic engineering and
protein transduction. Transfection of contractile mesangial
cells with a construct containing enhanced green fluorescence

protein and HSPB6 inhibited the ability of the cells to form
wrinkles on the substrate (contract) in response to serum
(Woodrum et al. 2003). Site-directed mutagenesis which
changed serine 16 to an alanine (S16A-HSPB6) inhibited
cyclic nucleotide-dependent decreases in wrinkles (relaxa-
tion) in transfected mesangial cells (Woodrum et al. 2003).

Recombinant fusion proteins which contained the pro-
tein transduction domain, TAT (YGRKKKRRQRR), linked
to HSPB6 phosphorylated by the catalytic subunit of PKA
in vitro (rTAT-pHSPB6) inhibited norepinephrine-induced
contraction of rabbit aorta and human saphenous vein
(McLemore et al. 2004). Bacterial expression systems have
been engineered to coexpress rTAT-HSPB6 and the cata-
lytic subunit of PKG (Flynn et al. 2007). The ensuing
recombinant expression protein was shown to be phosphor-
ylated using two-dimensional gel electrophoresis, and the
phosphorylation site was identified as serine 16 by mass
spectrometric analysis. Pretreatment of isolated HUASM

Fig. 2 Proposed mechanism of HSPB6-induced smooth muscle
relaxation. Activation of adenylate cyclase (AC) by prostaglandin
(PG), forskolin (FSK), or isoproterenol (ISO) increases the levels of
cyclic adenosine monophosphate (cAMP). Activation of guanylate
cyclase (GC) by nitric oxide (NO), sodium nitroprusside (SNP), or
natriuretic peptides leads to increased levels of cyclic guanosine
monophosphate (cGMP). Cyclic AMP and GMP can be degraded by
phosphodiesterases (PDEs). Increased cAMP and cGMP levels
activate cAMP-dependent protein kinase and cGMP-dependent pro-
tein kinase (PK), respectively. HSPB6 is phosphorylated by cGMP-
dependent or cAMP-dependent protein kinase on serine 16 (pHSPB6).

Phosphorylation of HSPB6 on serine 16 is associated with vaso-
relaxation. The HSPB6 phosphopeptide (YARAAARQARAWLR-
RApSAPLPGLK) treatment of precontracted isolated smooth muscle
tissue circumvents the cyclic nucleotide signaling pathway by first
directly crossing the cell membrane (1). Endogenous phosphorylated
HSPB6 or the HSPB6 phosphopeptide displaces phosphocofilin from
a complex with 14-3-3 forming phospho-HSPB6-14-3-3 complex (2).
The displaced phosphocofilin is dephosphorylated by phosphatases
such as slingshot or chronophin (3). Dephosphorylated cofilin induces
actin depolymerization resulting in stress fiber disruption in smooth
muscle cells and induces relaxation in smooth muscle (4)

Small heat shock protein, HSPB6, in muscle function and disease 3



with rTAT-pHSPB6 restored physiologic levels of the
protein and inhibited serotonin-induced contraction (Flynn
et al. 2005). These data suggested that impaired relaxation
of HUASM may result from decreased levels of phosphor-
ylated HSPB6. Hence, rTAT-pHSPB6 can be used to restore
the intracellular expression levels of HSPB6 and the
associated physiological response.

A short HSPB6 phosphopeptide sequence encompassing
the serine 16 phosphorylation site (WLRRApSAPLPGLK),
introduced into bovine carotid artery smooth muscle using
transient permeabilization, inhibited agonist-induced con-
traction (Beall et al. 1999). In order to bypass the tissue
permeabilization step, the HSPB6 phosphopeptide se-
quence was linked to a protein transduction domain
(PTD) (YARAAARQARA), which enabled intracellular
delivery of the HSPB6 phosphopeptide sequence. Precon-
tracted strips of porcine coronary artery smooth muscle
treated with transducible HSPB6 phosphopeptide led to a
dose-dependent decrease in contractile force (Flynn et al.
2003). Peptides containing a scrambled HSPB6 motif linked
to a PTD or the PTD alone had no significant effect on the
contractile force. The transducible HSPB6 phosphopeptide
also induced relaxation of human saphenous vein rings
precontracted with norepinephrine (Tessier et al. 2004a, b).
Recently, data has demonstrated that the HSPB6 phospho-
peptide also induced vasorelaxation of isolated rat aortic
rings in a dose-dependent manner (Fig. 3). These data
demonstrate that the HSPB6 phosphopeptide, containing
the short peptide sequence encompassing the HSPB6

phosphoserine 16 residue linked to a transduction domain,
can mimic the effect of the entire molecule. The HSPB6
phosphopeptide has been demonstrated to induce vaso-
relaxation in multiple tissues and species (Table 1).

HSPB6 phosphopeptide mechanism of action

The HSPB6 phosphopeptide has been used to elucidate the
potential mechanism of action of phosphorylated HSPB6 in
smooth muscle. Pull-down assays with cell lysates demon-
strated that the HSPB6 phosphopeptide (but not scrambled or
nonphosphorylated HSPB6 peptides) interacted with the
intracellular scaffolding protein 14-3-3 (Dreiza et al. 2005).
14-3-3 proteins are abundant, ubiquitous proteins that bind to
various proteins, including a large group of proteins that
regulate cytoskeletal architecture (Jin et al. 2004). The 14-3-
3 proteins typically recognize specific phosphopeptide motifs
with consensus sequences RSXpSXP (X = any amino acid)
and RXY/FXpSXP. 14-3-3 proteins typically form stable
homodimers and heterodimers as a result of reciprocal contacts
between their N-terminal α-helices. The site surrounding
serine 16 in HSPB6 has such a consensus sequence for 14-3-
3 binding (RRApSAP). Size exclusion chromatography and
chemical cross-linking studies have demonstrated that human
14-3-3 gamma dimers form a tight complex with dimers of
phosphorylated HSPB6. However, nonphosphorylatedHSPB6
peptides and HSPB6 peptides in which the phosphorylated
serine is replaced with an alanine do not interact with 14-3-3
(Chernik et al. 2007). It has been shown that immunoprecip-
itation of 14-3-3 followed by spiking with the HSPB6
phosphopeptide in tissue lysates leads to dissociation of
cofilin from 14-3-3 (Fig. 4). Cofilin is an actin-
depolymerizing protein that has been shown to interact with
14-3-3 proteins upon phosphorylation (Birkenfeld et al. 2003;
Dreiza et al. 2005). Displacement of cofilin from 14-3-3 leads
to dephosphorylation of cofilin and activation as an actin-
depolymerizing protein (Gohla and Bokoch 2002). Treatment
of NIH 3T3 cells, keloid dermal fibroblasts, and human
airway smooth muscle cells with the HSPB6 phosphopeptide
leads to loss of central actin stress fibers (Dreiza et al. 2005;
Komalavilas et al. 2008). These data suggest that phosphor-
ylated HSPB6 may modulate actin cytoskeletal dynamics by
competing with the actin-depolymerizing protein cofilin for
binding to the scaffold protein 14-3-3. This represents a
unique thin filament mechanism of action for HSPB6 that
leads to smooth muscle relaxation.

HSPB6 and cardiac muscle

HSPB6 has been demonstrated to have a role in cardiac
myocyte contractility. Treatment of cardiomyocytes with
the HSPB6 phosphopeptide increased myocyte shortening

Fig. 3 Cell permeable phosphopeptide analogs of HSPB6 relax rat
aortic smooth muscle. Transverse rings of freshly isolated rat aorta were
suspended in muscle bath chambers and were equilibrated in Krebs
bicarbonate buffer for 1 h with 95% oxygen/5% carbon dioxide at 37°C.
Rings were contracted twice with 70 mM potassium chloride (KCl) and
then washed repeatedly prior to challenging with 10µM phenylephrine
(10 min) followed by 0, 1, 2, 3, 4, or 6 mM HSPB6 phosphopeptide.
Force measurements were obtained with Panlab force transducers
interfaced with PowerLab from AD Instruments and data were recorded
with Chart software. At the end of the experiments, arterial rings were
washed then contracted with KCl to verify tissue viability. The force
was converted to stress and decrease in stress minus that of the untreated
control was converted to a percentage of the maximal KCl (70 mM)
contraction [(mean ± SEM), n=9, *P<0.05]
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rate through increased calcium uptake and more rapid
myocyte lengthening compared to scrambled and non-
phosphorylated HSPB6 peptide analogs (Pipkin et al.
2003). Since the NO–cGMP pathway increases beat rate
by stimulating the hyperpolarization-activated pacemaker
current, If (Musialek et al. 1997), these results suggest that
the mechanism of NO stimulation of heart rate via If may
involve phosphorylation of HSPB6 and that phosphorylated
HSPB6 may have a direct effect on If channels. The
increased rate of shortening was also related to increases in
the rate of relaxation of the myocytes. Although there was
no change in the magnitude of the Ca2+ transient after
treatment with the HSPB6 phosphopeptide, there was an
increase in the rate of decline of the Ca2+ transient,
suggesting that the HSPB6 phosphopeptide facilitates the
increased rate by stimulating a more rapid uptake of Ca2+

by the sarcoplasmic reticulum. β-Agonist stimulation of
cardiac myocytes was also associated with increased
myocyte shortening and increased relaxation rates, as well
as increased HSPB6 phosphorylation (Chu et al. 2004).
Adenoviral gene transfer of HSPB6 increased myocyte
contractility and calcium transient peaks in adult rat
cardiomyocytes (Chu et al. 2004).

The intracellular localization of HSPB6 changes in
response to cardiac stress. In cultured rat neonatal cardiomyo-
cytes, heat stress leads to partial redistribution of HSPB6 from
the cytoplasm to the nucleus and sacromeric-HSPB6 associ-
ation (van de Klundert and de Jong 1999). HSPB6 also
redistributes to the myofibrils in ischemic adult rat hearts
(Golenhofen et al. 1998, 2004). Immunohistochemistry data
suggested that HSPB6 localized to the Z/I-area of ischemic
myofibrils (Golenhofen et al. 2004). Inhibition of proteo-
somes, multisubunit protease complexes that degrade pro-
teins, led to intracellular redistribution of HSPB6 in rat
cardiac myoblasts (Verschuure et al. 2002). Treatment of
adult rat cardiomyocytes with isoproterenol resulted in
HSPB6 redistribution to the cytoskeleton (Fan et al. 2004).
Together, these data support a role for HSPB6 in myocyte
contractility and demonstrate that HSPB6 has an active role
in cardiac stress responses.

HSPB6 also has cardioprotective properties. Cardiac
myocytes transfected with a mutated HSPB6 in which
serine 16 is replaced with aspartic acid (S16D, mimicking a
phosphoserine residue) prevented β-agonist-induced cardi-
ac apoptosis (Fan et al. 2004). Conversely, a nonphos-
phorylated mutant in which serine 16 is replaced with an
alanine (S16A) exhibited no antiapoptotic properties.
Isolated transgenic mouse hearts overexpressing HSPB6
exhibited improved recovery of contractile performance
after ischemia/reperfusion in Langendorff preparations (Fan
et al. 2005a, b). The extent of infarction and apoptotic cell
death was reduced in the HSPB6 transgenic hearts. Levels
of phosphorylated HSPB6 were also increased in the
ischemia/reperfusion transgenic hearts. Adenoviral gene
transfer of HSPB6 protected against ischemia/reperfusion
injury in a left anterior descending coronary artery ligation
model (Zhu et al. 2005). Islamovic et al. (2007) demon-
strated that overexpression of full-length HSPB6 protected
cultured adult and neonatal rat cardiomyocytes from
simulated ischemia/reperfusion injury when compared to

Fig. 4 HSPB6 phosphopeptide prevents the association of 14-3-3 and
phosphocofilin in a dose-dependent manner. Western blot is shown for
bovine coronary artery tissue lysates immunoprecipitated with 14-3-3
antibodies. Following immunoprecipitation, lysates were spiked with
the HSPB6 phosphopeptide (0, 10, and 100 μM) for 2 h. Supernatants
were collected and separated on 12% SDS-PAGE gel. Lysates were
transferred to nitrocellulose membrane and probed with antiphospho-
cofilin antibodies. Proteins were visualized with secondary IR
antibodies using an Odyssey scanner (Li-cor)

Species Vessel Citation

Human Saphenous vein Tessier et al. 2004a, b; McLemore et al. 2004

Umbilical artery Flynn et al. 2005

Anal sphincter Unpublished findings

Porcine Coronary artery Tessier et al. 2004a, b; Flynn et al. 2003

Lower esophageal sphincter Unpublished findings

Airway smooth muscle Unpublished findings

Bovine Carotid artery Woodrum et al. 2003

Airway smooth muscle Komalavilas et al. 2008

Pulmonary artery Unpublished findings

Coronary artery Unpublished findings

Rat Aorta See Fig. 3

Rabbit Aorta McLemore et al. 2004

Table 1 Recombinant HSPB6
and HSPB6 phosphopeptide-
induced vasorelaxation

The recombinant HSPB6 fusion
protein and HSPB6 phospho-
peptide analogs induce vasore-
laxation in various isolated
smooth muscle tissues from
different species
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overexpressed HSPB6 lacking the C terminus. These data
suggest that HSPB6, specifically the HSPB6 C terminus, is
able to confer cardioprotection.

Congestive heart failure results from the inability of the
heart to pump blood to the organs. Analysis of tissue
lysates collected from the left ventricle of normal and
tachycardia-induced congestive heart failure dogs demon-
strated that phosphorylated and nonphosphorylated HSPB6
increased significantly in a cardiac heart failure cohort
compared to a normal cohort (Dohke et al. 2006). Other
proteomic studies demonstrated that chronic exercise
trained rats (6 weeks, 5 days/week of treadmill work) had
improved heart health and increased levels of HSPB6
expression and phosphorylation compared to sedentary rats
(Boluyt et al. 2006). Increases in phosphorylated HSPB6
have also been demonstrated in a proteomic analysis in a
rodent model of intensity-controlled endurance exercise
(Morton et al. 2009). These data suggest that elevated
HSPB6 expression and HSPB6 phosphorylation level
changes may be involved in regulating cardiac function.
Gaining an understanding of HSPB6 expression and
phosphorylation patterns during adverse cardiac events
may improve our ability to treat such conditions.

HSPB6 and skeletal muscle

The role of HSPB6 in skeletal muscle is less understood
than in cardiac and smooth muscle. Some early inves-
tigations seem to suggest the possible mechanistic action of
HSPB6 as protective against atrophy, ischemia, hyperten-
sive stress, and metabolic dysfunction. A comparison of
HSPB6 expression in anterior tibialis (fast twitch) and
soleus (slow twitch) of a muscular dystrophy mouse model
demonstrated increased HSPB6 expression in anterior
tibialis and reduced HSPB6 expression in soleus compared
to normal mice (Sakuma et al. 1998). The muscular
dystrophy model is pathophysiological, suggesting that
mechanical and neurological control of HSPB6 could alter
the function and metabolic processes in muscular dystro-
phy. However, in a spinal cord isolation model where
muscle inactivity occurred even when the neuromuscular
connection remained intact, HSPB6 content in predomi-
nantly slow twitch soleus and adductor longus was two or
three times higher than in plantaris and tibialis anterior fast
twitch muscles. With and without neurological synapses
from the brain to skeletal muscle the HSPB6 expression
remained unchanged in tibialis anterior (slow twitch)
muscle (Huey et al. 2004). The dystrophy and spinal cord
isolation models are contradictory to that of sarcopenia
where muscles succumb to age and a lack of normal
constructive muscular regeneration. Studies of gastrocne-
mius muscle in a rat model of aging suggest that HSPB6

expression increased in skeletal muscle with age. Of the
four troponin T isoforms, two were upregulated, while α-
actin and CapZ-B (an actin capping protein) were down-
regulated (Piec et al. 2005). Interestingly, HSPB6 has a
binding domain to troponin 1 (Rembold et al. 2000) and it
could be that HSPB6 can affect skeletal muscle contraction
through troponin 1 and the troponin complex.

Furthermore, under ischemic conditions, HSPB6 may
function either directly or indirectly with myofibrils through
arteriole myogenic constriction. An increase in intraluminal
pressure from skeletal muscle contraction could cause
induced pressure and produce a shear stress release of NO
in arteriole smooth muscle, elevating cGMP levels. Increased
cGMP levels may result in increased phosphorylation of
HSPB6 through PKG and a decrease in calcium sensitivity
(Ungvari and Koller 2001). It was demonstrated that
denervation led to decreased HSPB6 expression levels in
the soleus, adductor longus (fast), and plantaris (slow)
muscles. HSPB6 translocated rapidly to the Z/I-area of
myofibrils of isolated ischemic skeletal muscle compared to
nonischemic control tissue (Golenhofen et al. 2004). This
ischemic process of increasing the muscle blood pressure
and sequestering of HSPB6 to the Z/I-area of myofibrils
could alleviate impeding stress and further promote activity
of the muscle. Alternatively, in obese subjects with decreased
insulin sensitivity, HSPB6 may function as a blood flow
regulator in muscle arterioles, promoting blood flow and
increase glucose utilization during exercise (Wang et al.
1999a, b). HSPB6 may play multiple roles in the muscle
from contractile processes associated with troponin com-
plexes to metabolic responses due to muscle activity or
inactivity. These data demonstrate that muscle fiber type,
aging, denervation, or disease can alter HSPB6 expression
levels and function in skeletal muscle and associated tissues.

Myometrium

While the mechanisms underlying uterine quiescence
during pregnancy and activation during parturition remain
poorly understood, recent data supports a role for HSPB6 in
modulating this process. In a rat model of normal
pregnancy and labor, the expression of HSPB6 significantly
decreased during late gestation (both mRNA and protein;
Cross et al. 2007). Others have demonstrated that HSPB6
phosphorylation occurs during cyclic nucleotide-mediated
myometrial relaxation (MacIntyre et al. 2008). Since
phosphorylation of HSPB6 has been associated with
inhibition of agonist-induced contraction (Beall et al.
1999; Rembold et al. 2000), phosphorylated HSPB6 may
contribute to maintaining uterine quiescence during gesta-
tion. It is not known whether HSPB6 plays a role in
pathologic processes such as preterm labor.

6 C.M. Dreiza et al.



Platelet function

HSPB6 appears to have extracellular functions. Platelet
aggregation induced by thrombin or botrocetin but not ADP
is inhibited by HSPB6 purified from skeletal muscle
(Matsuno et al. 1998). Purified HSPB6 also inhibited
thrombin-induced and collagen-induced calcium influx
without affecting thrombin-induced calcium release from
intracellular calcium stores. These data suggest that HSPB6
inhibits the receptor-mediated calcium influx of platelets
leading to its antiplatelet activity. HSPB6 has also been
shown to inhibit thrombin-induced phosphoinositide hy-
drolysis by phospholipase C in human platelets (Kozawa et
al. 2002). Scatchard plot analysis indicates that HSPB6
binds to the surface of human platelets and that there is a
single class of binding sites (Kozawa et al. 2002). In these
studies, it was a dissociated form of HSPB6 but not an
aggregated form that inhibited platelet aggregation. Re-
combinant HSPB6 has also been shown to inhibit collagen-
induced aggregation of human platelets (McLemore et al.
2004). A synthetic nine-amino-acid peptide derived from
HSPB6 (WIRRASAPI) inhibited platelet aggregation in
response to thrombin, botrocetin, and ristocetin (but not
collagen or ADP; Matsuno et al. 2003). This peptide
sequence surrounds the serine 16 phosphorylation site;
however, the normal leucine residues were replaced with an
isoleucine. Taken together, these studies suggest that
HSPB6 binds to a specific receptor on platelets, inhibiting
activation of cascades that lead to platelet aggregation.
HSPB6 is present in serum (0.06 ng/ml in hamsters;
Kozawa et al. 2002) and hence may be an endogenous
modulator of platelet function.

HSPB6 and pathologic processes

Research in the field of HSPB6 in the last several years
provides strong evidence that phosphorylated HSPB6
mediates smooth muscle relaxation and it is a downstream
effector of the cyclic nucleotide pathway. Thus, phosphor-
ylated HSPB6 or agents that act on the same target proteins
as phosphorylated HSPB6 have been explored as therapeu-
tics to treat vasospasm and other smooth muscle diseases
(Fig. 2). Phosphorylation of HSPB6 also leads to the
disruption of the actin cytoskeleton which opens other
therapeutic uses in diseases such as wound healing.

Subarachnoid hemorrhage

SAH causes a delayed vasospasm of the cerebral arteries and
can lead to severe stroke and/or death. HSPB6 down-
regulation has been associated with SAH in a noncraniotomy
rat model (Macomson et al. 2002). This downregulation of

HSPB6 correlated with the time course of vasospasm
demonstrated by laser Doppler and may mediate cerebral
vasospasm after SAH. Thus, cerebral vessels may be
refractory to relaxation induced by activation of upstream
receptors or enzymes since the downstream effector mole-
cule of relaxation (HSPB6) is downregulated. In support of
this hypothesis, the HSPB6 phosphopeptide administered by
single injection (intrathecal or intravenous) 24 h after
induction of SAH completely inhibited vasospasm in this
rat model. Furthermore, HSPB6 was effective at reversing
vasospasm by administration after the onset of vasospasm 48
and 72 h after SAH (Brophy et al., unpublished data). These
data suggest that the HSPB6 phosphopeptide may offer a
putative therapeutic for SAH-induced vasospasm.

Asthma

β-Agonists are the most commonly used therapy for relief of
acute bronchospasm in asthmatics. β-Agonists mediate their
effect primarily by increasing cAMP concentration through
activation of β2-adrenergic receptor–adenylyl cyclase path-
way. Several mediators of inflammation and therapies such
as β-agonists themselves can cause alterations in β2-
adrenergic receptor responsiveness in a time-dependent and
cell-specific manner (Penn and Benovic 1998). The loss of
prophylactic bronchoprotection and deterioration of asthma
control observed in patients who use β-agonists regularly
may be due to agonist-specific desensitization of the
receptor. Airway inflammation or cytokine treatment also
contributes to β2-adrenergic receptor dysfunction and a loss
of the relaxant effect of β-agonists in airway smooth muscle
cells, tissues, and in vivo models (Motojima et al. 1989;
Hakonarson et al. 1997; Moore et al. 2001; Callaerts-Vegh et
al. 2004). Recent studies have identified adverse effects with
inhaled β2-adrenergic agonist in patients with a genetic
polymorphism that results in homozygosity for arginine,
rather than glycine at amino acid residue 16 of the β2-
adrenergic receptor (Israel et al. 2004). Hence, regulation of
proximal transmembrane signaling events in the β2-adrener-
gic receptor–Gs-adenylyl cyclase pathway may limit the
efficacy of β-agonist therapy. Recent muscle bath-based
studies have demonstrated that β-agonist-induced relaxation
of airway smooth muscle is associated with increases in the
phosphorylation of HSPB6 (Komalavilas et al. 2008).
Treatment of bovine airway smooth muscle with HSPB6
phosphopeptide also relaxed airway smooth muscle similar
to β-agonist activation. Studies in naive beagles challenged
with an inhaled dose of methacholine that induced a 200–
300% increase in airway resistance, followed by an inhaled
vehicle or HSPB6 phosphopeptide (1, 3, 10, 30, 300, and
1200µg/kg) and methacholine, demonstrated attenuated
methacholine-induced bronchoconstriction at HSPB6 phos-
phopeptide doses 1, 3, 10, 30, and 300µg/kg (unpublished
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data). The HSPB6 phosphopeptide may be relevant for the
treatment of bronchoconstriction in patients who are refracto-
ry to β-agonists. Furthermore, these data suggest that the
HSPB6 phosphopeptide acts in the same manner as the
physiologic downstream PKA effector HSPB6, representing a
potential treatment approach to bronchospasm (Komalavilas
et al. 2008).

Intimal hyperplasia

Intimal hyperplasia is the thickening of the tunica intima of
a blood vessel. Intimal hyperplasia represents a response of
the vessel to injury and is the leading cause of bypass graft
failure. Balloon induced injury of the common carotid
artery of hamsters led to a rapid decrease in the amount of
HSPB6 in the vessel wall (Kozawa et al. 2002). Kozawa et
al. demonstrated that the injury is associated with the
release of HSPB6 from the vessel wall. In an organ culture
model of intimal hyperplasia, treatment of human saphe-
nous vein segments with the HSPB6 phosphopeptide
prevented the development of intimal hyperplasia (Tessier
et al. 2004a). Treatment of cultured vascular smooth muscle
cells with HSPB6 inhibited migration but not proliferation,
two processes thought to be relevant to the development of
intimal hyperplasia. The inhibition of migration suggests
that HSPB6 may play a role in other cytokinetic processes.
HSPB6 may represent a target as a therapeutic approach for
enhancing vascular graft patency by preventing intimal
hyperplasia.

Wound healing

A growing body of evidence suggests the involvement of
connective tissue growth factor (CTGF) in the development
and maintenance of fibrosis and excessive scarring. CTGF
has been proposed to mediate some of the profibrotic
effects of TGF-β including fibroblast proliferation and the
production of extracellular matrix proteins such as collagen
and fibronectin (Duncan et al. 1999; Leask and Abraham
2004; Leask and Abraham 2006). The expression of CTGF
requires an intact actin cytoskeleton and actin depolymer-
ization or increased monomeric actin leads to decreases in
the expression of CTGF (Ott et al. 2003; Muehlich et al.
2007). In addition, increased levels of cAMP have been
shown to abolish TGF-β-induced reorganization of the actin
cytoskeleton as well as TGF-β-induced CTGF expression
(Kothapalli and Grotendorst 1998; Santibanez et al. 2003).
The HSPB6 phosphopeptide is known to disrupt the actin
cytoskeleton and leads to increases in monomeric actin
(Dreiza et al. 2005; Komalavilas et al. 2008). The HSPB6
phosphopeptide significantly decreased the expression of
CTGF and type I collagen in human keloid fibroblasts
induced by mediators TGF-β1, endothelin, and lysophos-

phatidic acid (Lopes et al. 2009). Staining of the actin
cytoskeleton with Alexa 450 phalloidin revealed that the
HSPB6 phosphopeptide treatment decreased stress fiber
formation and altered the morphology of the cells that were
either untreated or stimulated with TGF-β1. Consistent with
the in vitro observations, the HSPB6 phosphopeptide
significantly improved collagen organization in vivo in a
Siberian hamster scarring model (Lopes et al. 2009).
Therefore, HSPB6 phosphopeptide may be useful as a novel
approach to reduce the expression of CTGF and prevent/treat
fibrotic skin disorders such as keloids.

Insulin resistance

Insulin is primarily required to maintain blood glucose
homeostasis and direct energy storage. Insulin acts by
stimulating glucose uptake in muscle and adipocytes, while
reducing hepatic glucose production. Wang et al. (1999a, b)
have demonstrated that HSPB6 is phosphorylated on serine
157 and serine 16 in response to insulin in skeletal muscle.
On the other hand, insulin antagonists, epinephrine and
calcitonin gene-related peptide, decreased the phosphoryla-
tion at serine 157 and increased phosphorylation at serine
16, suggesting that HSPB6 could be a potential modulator
of insulin's functions (Wang et al. 1999a, b).

Future directions

There are many questions remaining about the HSPB6
molecule. The crystal structure has not been determined;
the putative promoter sequence of HSPB6 is known from
the databases, however, the functionality has not been
tested and the effect of decreasing the expression of HSPB6
with siRNA or transgenic approaches is not known. While
putative mechanisms of action have been identified, further
work is needed to confirm the experimental results
described in this review and identify other possible
mechanisms of action. However, the development of cell
permeant phosphopeptide analogs of this molecule repre-
sents a powerful tool to continue to investigate the
physiology and biology of HSPB6. In addition, these
peptide analogs may represent a therapeutic approach for
the treatment of disorders involving spasm of smooth
muscles and possibly diseases related to other muscles.

Summary

In summary, HSPB6 shares structural and functional
characteristics with other small heat shock proteins. Howev-
er, studies in the last 10 years have demonstrated distinct
roles for HSPB6 in muscle physiology. Although the exact
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role of HSPB6 in these physiological processes remains to
be elucidated, evidence suggests that changes in HSPB6
expression and phosphorylation levels are important in
regulating HSPB6's functions. The identification of a cell
permeant HSPB6 phosphopeptide analog has led to an
increased understanding of the mechanism of action of
HSPB6. Furthermore, this HSPB6-based peptide may prove
to have important therapeutic implications in the treatment of
various medical conditions including fibrosis and asthma.
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