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A
diponectin, an adipocyte-
derived hormone, is a versatile
player involved in the regula-
tion of energy homeostasis,

cardiovascular disease, and cancer (1).
Numerous studies highlighting the bene-
ficial aspects of circulating adiponectin
complexes have raised the question as to
which regulatory mechanisms govern its
synthesis and secretion from adipocytes.
Our current understanding of the pro-
duction of adiponectin still has many
gaps. Recent studies have identified crit-
ical players that control various aspects
of the synthesis and secretion of adi-
ponectin (2–4). In this issue of PNAS, a
new player, DsbA-L, has been added to
the list of existing chaperones involved
in the maturation of adiponectin, such
as BiP, ERp44, Ero1-L�, and GGA1, all
of which work in tandem to ensure cor-
rect formation of the tertiary and qua-
ternary structure of adiponectin (5).

Adiponectin shows at least 3 com-
plexes in circulation: trimer, hexamer,
and high-molecular-weight forms
(HMW) of 18–36 monomers (6). The 3
forms of adiponectin display distinct
biochemical characteristics and exert
nonoverlapping biological functions (7–
9). Biochemical analysis of purified com-
plexes and in vivo studies suggest that
different forms of adiponectin do not
interconvert after secretion. These re-
sults further underline the importance
of the adipocyte, not only as the major
producer cell type governing the total
levels of adiponectin in circulation, but
also as the key regulator of the relative
complex distribution of the different
forms present in plasma (6).

Oligomerization and Secretion of
Adiponectin
BiP, an ER resident chaperone, inter-
acts with adiponectin and regulates the
early folding and posttranslational modi-
fications (P.E.S., unpublished data) (Fig.
1). The hydrophobic interactions leading
to the formation of the globular do-
mains are sufficient to initialize trimer-
ization of adiponectin (10). The only
exposed cysteine in adiponectin, Cys-39,
can form a covalent bond between 2
monomers. This intratrimeric disulfide
bond is not essential for trimer forma-
tion but may contribute to the stability
(6) and could secure an energetically
charged (‘‘spring-loaded’’) conformation
that, on reduction, translates into a con-
formational change in the globular do-

main. ERp44, an ER/Golgi resident
chaperone, binds adiponectin through
Cys-39 (2). This interaction retains adi-
ponectin intracellularly before further
oxidative folding with the assistance of
Ero1-L� and protein disulfide bond
isomerase (PDI).

In the trimeric adiponectin, the free
cysteine from the third monomer can
pair up with the free cysteine from an-
other trimer, and connect them co-
valently to form a hexamer. Either hex-
americ or trimeric adiponectin
complexes may be the building blocks
for the HMW form of 18–36 monomers.
All 3 complexes travel to Golgi for fur-
ther modification and eventually are re-
leased from the cell with the help of
GGA1 (Golgi localizing �-adaptin ear
homology domain ARF-binding protein)
(4). Adiponectin monomers, in contrast,
are predicted to be thermodynamically
unstable and can indeed never be found
either in plasma or intracellularly.

DsbA-L and Adiponectin
In this issue of PNAS, Liu and colleagues
identified DsbA-L as a new chaperone

interacting with adiponectin and partici-
pating in HMW formation (5). DsbA-L,
originally termed glutathione transferase
kappa, was initially isolated from the mi-
tochondrial fraction of rat liver (11). Re-
cently, Ladner et al. (12) solved the struc-
ture of GST-kappa that reveals a
surprising overall difference compared
with the canonical GST transferases. A
structural comparison reveals that GST-
kappa is in fact more closely related to
DsbA, the primary catalyst of disulfide
bond formation in Escherichia coli (12).
Based on the close structural similarities
to DsbA, GST-kappa was renamed as
‘‘DsbA like protein’’ (DsbA-L).

Liu et al. (5) demonstrated that
overexpression of DsbA-L increases the
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Fig. 1. The synthesis and secretion of adiponectin. Adiponectin has a collagenous tail and a globular
head that fold with the help of BiP. The head domains of 3 monomers interact with each other and form
trimeric adiponectin. The intratrimeric disulfide bond formation is stimulated by ER chaperones, ERp44,
Ero1-L�, PDI, and potentially DsbA-L. An intertrimeric disulfide bond connects 2 trimers to form hexameric
adiponectin. Either the trimer or the hexamer of adiponectin are the building block for HMW of 18–36
monomers. Movement through the Golgi may involve GGA1. PPAR� has been shown to stimulate the
expression of various chaperones and thus enhance the folding and secretion of adiponectin. In the
secretory pathway, postulated PPAR� targets are shown in green, whereas confirmed PPAR� targets are
shown in red. DsbA-L may play roles in multiple steps of adiponectin secretion.

www.pnas.org�cgi�doi�10.1073�pnas.0810027105 PNAS � November 25, 2008 � vol. 105 � no. 47 � 18077–18078

C
O

M
M

E
N

T
A

R
Y



intracellular levels and the secretion of
adiponectin, in particular, the HMW
form, indicating that DsbA-L is an inte-
gral component of adiponectin complex
formation and secretion in adipocytes. In
3T3-L1 adipocytes, they found that incu-
bation with the PPAR� agonist rosiglita-
zone increases the secretion and HMW
formation of adiponectin and this is ac-
companied by a concomitant up-regula-
tion of DsbA-L. However, TNF-� sup-
presses adiponectin release and
concurrently down-regulates DsbA-L.
These correlations were further strength-
ened in rodent models on high-fat diets
and overweight/obese subjects that re-
vealed significant correlations between
DsbA-L levels in adipocytes and adi-
ponectin levels in plasma.

DsbA-L, a Molecular Chaperone or a
Protein-Folding Catalyst?
PDI has 2 distinct activities, one as mo-
lecular chaperone and the other as
protein-folding catalyst. PDI contains 2
CXXC (C, cysteine; X, any amino acid)
active sites necessary for disulfide bond
formation and isomerization. However,
these sites are not essential for the mo-
lecular chaperone activity when PDI
assists the refolding of client proteins
that do not have a need for disulfide
bond formation and isomerization (13).

Based on its structural similarities,
DsbA-L is categorized as a member of
the PDI family. Unlike most members
of the PDI family, DsbA-L does not
contain CXXC sites; this suggests that
DsbA-L may not function specifically as
a protein-folding catalyst. However,
DsbA-L harbors a conserved S16XXS
motif (S, serine; X, any amino acids).
Ladner et al. (12) recently demonstrated
that Ser-16 is the key residue that di-

rectly interacts with the thiol group
present in glutathione during glutathi-
one transferring. Interestingly, Liu et al.
(5) further identified the Ser-16 residue
in DsbA-L as essential for its role on

adiponectin oligomerization and secre-
tion. The interaction between DsbA-L
and adiponectin may induce a confor-
mational change in adiponectin and
thus favors a disulfide bond exchange
reaction with PDI, emphasizing the role
of DsbA-L as a molecular chaperone
for the assembly and secretion of adi-
ponectin.

Transcriptional vs. Posttranslational
Roles of PPAR� Activation for
Adiponectin Secretion
Both rodent and human studies reveal
that treatment with PPAR� agonists
increases the circulating levels of adi-
ponectin in vivo. However, the underly-
ing mechanisms remain controversial.
Some studies report that adiponectin
mRNA levels are increased after
PPAR� agonist treatment but others do
not (14, 15). It is likely that PPAR� may
exert its primary effect on adiponectin
secretion by providing a more produc-
tive folding environment (2, 5) through
transcriptional up-regulation of critical

ER chaperones, including ERp44,
Ero1-L� and DsbA-L, which may thus
lead to a stimulation of assembly and
release of the HMW form.

The elegant studies performed by Liu
and colleagues convincingly demonstrate
the role of DsbA-L in adiponectin mul-
timerization (5). These observations fur-
ther stimulate an array of additional ques-
tions. Previous studies have shown that
most intracellular DsbA-L is localized in
peroxisomes and mitochondria. A colocal-
ization experiment should identify
whether a significant portion of DsbA-L is
associated with adiponectin in the secre-
tory pathway. Chaperones of the PDI
family typically contain substrate binding
sites that show low specificity for any
given molecule and are ideally geared for
the recognition of multiple substrates. On
mapping the interacting domain of
DsbA-L for the binding of adiponectin,
more client molecules may be identified
by using this binding pocket of DsbA-L as
bait. These proteins may be subject to
similar regulation as adiponectin.

The discovery of additional chaperones
that participate in the process of adi-
ponectin synthesis and maturation high-
lights these components as promising drug
targets that have the potential to enhance
endogenous adiponectin release from adi-
pocytes. Given the extremely high levels
of adiponectin mRNA present in adipo-
cytes at any given time, optimizing the
posttranslational events within the secre-
tory pathway should be the most attractive
approach toward a pharmacological inter-
vention leading to the beneficial effects
that are evident with increased total and
HMW forms of adiponectin in plasma.
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Overexpression of
DsbA-L increases the

intracellular levels and
the secretion of

adiponectin.
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