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Adiponectin is an adipocyte-secreted, insulin-sensitizing hormone the circulating levels of which
are reduced in conditions of insulin resistance and diabetes. Previous work has demonstrated the
importance of posttranslational modifications, such as proline hydroxylation and lysine hydroxy-
lation/glycosylation, in adiponectin oligomerization, secretion, and function. Here we describe
the first functional characterization of adiponectin sialylation. Using a variety of biochemical
approaches we demonstrated that sialylation occurs on previously unidentified O-linked glycans
on Thr residues of the variable domain in human adiponectin. Enzymatic removal of sialic acid or
its underlying O-linked sugars did not affect adiponectin multimer composition. Expression of
mutant forms of adiponectin (lacking the modified Thr residues) or of wild-type adiponectin in
cells defective in sialylation did not compromise multimer formation or secretion, arguing against
a structural role for this modification. Activity of desialylated adiponectin was comparable to
control adiponectin in L6 myotubes and acute assays in adiponectin™/~ mice. In contrast, plasma
clearance of desialylated adiponectin was accelerated compared with that of control adiponectin,
implicating a role for this modification in determining the half-life of circulating adiponectin. Uptake
of desialylated adiponectin by isolated primary rat hepatocytes was also accelerated, suggesting a role
for the hepatic asialoglycoprotein receptor. Finally, after chronic administration in adiponectin™/~
mice steady-state levels of desialylated adiponectin were lower than control adiponectin and failed to
recapitulate the improvements in glucose and insulin tolerance tests observed with control adiponec-
tin. These data suggest an important role for sialic acid content in the regulation of circulating
adiponectin levels and highlight the importance of understanding mechanisms regulating adiponec-
tin sialylation/desialylation. (Molecular Endocrinology 24: 229-239, 2010)

diponectin is an insulin-sensitizing adipokine with an-
Atiinﬂammatory and antiatherogenic properties. Circu-
lating adiponectin levels are reduced in insulin resistance,
type 2 diabetes, and associated disease states (1-3), and adi-
ponectin supplementation by transgenic overexpression
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ameliorates insulin resistance in diabetic animal models (4).
Thus, there is a rationale for exploring therapeutic strategies
to reverse hypoadiponectinemia in disease states.
Adiponectin is secreted and circulates as a series of
multimers ranging from trimers and hexamers [low mo-

Abbreviations: AMPK, AMP-activated protein kinase; CHO, Chinese hamster ovary; 2DE,
2-dimensional electrophoresis; GLUT, glucose transporter; GTT, glucose tolerance test;
HEK, human embryonic kidney; HMW, high molecular weight; ITT, insulin tolerance test;
LMW, Low molecular weight; MAL I, Maackia Amurensis Lectin II; pl, isoelectric point;
PTM, posttranslational modification; TCA trichloroacetic acid; WT, wild type.
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lecular weight (LMW) multimers to high-molecular-
weight (HMW) multimers (5)]. Of these it appears to be
the HMW species that are the most bioactive with respect
to insulin sensitivity and regulation of glucose homeosta-
sis (6). Accordingly, it is the HMW forms that are selec-
tively reduced in disease states (3, 7).

Although adiponectin expression is down-regulated in
insulin-resistant states (2), other mechanisms may also
contribute to the reduction in circulating levels of HMW
adiponectin in disease states. For example, we and others
have demonstrated the importance of posttranslational
modification (PTM) of adiponectin in determining the
efficiency of multimer formation and secretion (8, 9). In
particular, four hydroxylated and glycosylated lysine res-
idues in the collagenous domain were found to be essen-
tial for formation of the HMW forms, selectively (8, 9),
and HMW multimers were found to be glycosylated to a
greater extent than LMW multimers (9).

Unlike the regulation of adiponectin production, little
is understood of the mechanisms regulating adiponectin
clearance. Here we characterize additional PTMs of adi-
ponectin O-glycosylation and sialylation of Thr residues
in the variable domain and demonstrate a potential role
for sialic acid modification of adiponectin in regulating its
clearance.

Results

Quantitation of adiponectin sialylation by
two-dimensional electrophoresis (2DE)

Sato et al. (10) reported the presence of sialic acid in
bovine and murine adiponectin by Western blotting using
the $2-566 monoclonal antibody specific for the NeuAca-
2,8-NeuAca-2,3-Gal disialic acid. Here we demonstrate
the use of 2DE to resolve differentially sialylated isoforms
and, thus, more accurately measure relative sialic acid
content of adiponectin. Human adiponectin secreted
from SGBS adipocytes or a human embryonic kidney
(HEK) stable cell line was treated with a broad-specificity
neuraminidase to remove sialic acid residues. Analysis of
the samples by one-dimensional SDS-PAGE and Western
blotting revealed that neuraminidase-treated adiponectin
migrated with a faster mobility than the untreated pro-
tein, consistent with a loss of mass (Fig. 1A). Colabeling
of these blots with a sialic acid binding probe, Maackia
Amurensis Lectin II (MAL II; specific for a2,3-linked
sialic acid) confirmed the loss of sialic acid upon neur-
aminidase treatment (Fig. 1A). Analysis of the same sam-
ples by 2DE revealed a train of up to seven isoelectric
point (pl) variants in the untreated samples that were
collapsed to a major basic spot after treatment with neur-
aminidase (Fig. 1B). Thus, it appears that the pl variants
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FIG. 1. Detection of adiponectin sialylation using MAL Il and 2DE.
Conditioned serum-free medium from SGBS human adipocytes and
HEK cells stably expressing human adiponectin was subjected to
neuraminidase treatment (Neu) before analysis by (A) reducing,
denaturing SDS-PAGE and dual immunoblotting with anti-adiponectin
(ADN, green) and the MAL Il lectin (red) or (B) 2DE followed by
immunoblotting for adiponectin. Blots are representative of at least
three independent experiments.

of increasing acidity represent states of increasing sialic
acid content. 2DE has, therefore, been employed as a
semiquantitative means of assessing relative sialic acid
content of adiponectin in the subsequent experiments.
Hence, the sialic acid content of human adiponectin pro-
duced by SGBS adipocytes is greater than that produced
by HEK fibroblasts, and this is consistent with greater rela-
tive intensity of MAL II signal. Subsequent analysis revealed
that human serum adiponectin is similar in sialic acid con-
tent to that produced by SGBS adipocytes (see below).

Sialylation occurs on novel Ser/Thr O-linked sugars

Sialic acid is a common terminal (capping) modifica-
tion on complex O- and N-linked oligosaccharides of
many secreted and cell-surface proteins. Given that the
only glycosylations described for adiponectin occur on
conserved lysines in the variable and collagenous do-
mains, we set out to determine whether the sialic acids
occur on these modified lysines or on other novel O-
glycosylated residues in human adiponectin [previous
studies suggest adiponectin is not N-glycosylated (10)].
Wild-type (WT) human adiponectin and a mutant lacking
the known glycosylated lysines [K1-5R (8)] were tran-
siently expressed in Chinese hamster ovary (CHO) cells,
and the secreted proteins were subjected to neuramini-
dase treatment. One-dimensional SDS-PAGE revealed a
similar mobility shift in wild-type (WT) and mutant pro-
teins after treatment, indicating that sialic acids occur
on residues other than the glycosylated lysines (Fig.
2A). This is in keeping with our previously published
2DE profile of a K2-5R mutant that exhibits similar pI

Downloaded from mend.endojournals.org at Univ New South Wales Biomedical Library on February 14, 2010


http://mend.endojournals.org

Mol Endocrinol, January 2010, 24(1):229-239

A B
WT K1-5R Neu: - + + -
Neu: - + - + OGlyc: - - + +
Lo
C Neu: - + +
OGlye: - - +
amp
250 —( . . g | HMW
— e
150 — -
-
100 —
75—
... T
50 —

mock | @EEES  wmme |

Neu| wEE@EN=-mmu- |
Neu!O-GlycI m--.----l

LMW HMW
E 6 <PH 4
M
LMW | o gl 1 3
HEK
HMW | & & s
[ e
Serum
HMW .&'

FIG. 2. Characterization of adiponectin sialylation. A, WT adiponectin
and a mutant (K1-5R; lacking all five glycosylated lysine residues in the
collagenous and variable domains) were subjected to neuraminidase
treatment before analysis by reducing, denaturing SDS-PAGE, and
Western blotting. B, WT adiponectin was either untreated, treated
with neuraminidase (Neu), treated with neuraminidase followed by
O-glycosidase (O-Glyc), or treated with O-glycosidase alone as
indicated before analysis by SDS-PAGE and Western blotting. C, SGBS
adiponectin was either untreated or treated with neuraminidase alone
(Neu) or with neuraminidase followed by O-glycosidase (O-Glyc) before
analysis by SDS-PAGE under nonreducing, non-heat-denaturing
conditions and subsequent Western blotting. D, WT adiponectin was
treated as above and analyzed by velocity sedimentation on 5-20%
sucrose gradients. E, HEK-secreted adiponectin and human serum
adiponectin were fractionated on 5-20% sucrose gradients to obtain
LMW and HMW multimer fractions and analyzed by 2DE analysis and
Western blotting. Data are representative of two to three independent
experiments. H, Hexamers; T, trimers.

isoforms as WT adiponectin (8). To determine whether
Ser/Thr O-glycosylations may be involved, we also
treated WT adiponectin with neuraminidase in combi-
nation with an O-glycosidase (endo-a-N-acetylgalac-
tosaminidase) that specifically cleaves the O-GalNAc-Gal
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sequence of O-linked sugars once sialic acid has been
removed. This resulted in a further mobility shift in addi-
tion to that observed with neuraminidase alone. As ex-
pected O-glycosidase treatment alone (without prior re-
moval of sialic acid) was without effect (Fig. 2B). Thus,
sialic acid modification occurs on previously undescribed
O-glycosylated Ser/Thr residues.

We next examined the effects of neuraminidase and
O-glycosidase treatment on adiponectin multimers by
nonreducing, non-heat-denaturing gradient gel electro-
phoresis. Treatment with neuraminidase revealed no
change in multimer composition, although a clear mobil-
ity shift was detected for all multimers upon treatment
with neuraminidase (Fig. 2C). Similarly, no change was
observed even after removal of the underlying O-linked
sugars by O-glycosidase (Fig. 2C). Analysis by velocity
sedimentation on sucrose gradients provided further evi-
dence that multimer distribution was relatively unaf-
fected by the treatments (Fig. 2D). To determine whether
sialic acid modification of HMW multimers is greater
than that of LMW multimers [as demonstrated for lysine
glycosylation (9)], LMW (which contains trimers and
hexamers) and HMW fractions of HEK-secreted adi-
ponectin and human serum adiponectin were enriched by
velocity sedimentation and subjected to 2DE and Western
blotting. No difference in isoform composition was ob-
served, indicating that sialylation is not a multimer-spe-
cific modification (Fig. 2E).

Sialylation is not required for adiponectin
multimer formation or secretion

Previously characterized PTMs of adiponectin, includ-
ing disulfide bond formation, proline hydroxylation, and
lysine hydroxylation/glycosylation, have critical roles in
multimer formation and secretion. It was therefore sur-
prising that neuraminidase/O-glycosidase treatment had
no effect on multimer composition. To further examine
the role of sialic acid modification in intracellular multi-
mer formation and secretion, we employed the mutant
CHO Lec2 polyclonal cell line, which is defective in sia-
lylation (13). Lec2 cells have defects in the sialic acid
transporter responsible for import of CMP-sialic acid, the
substrate of sialyltransferases, into the Golgi lumen (13).
WT CHO-K1 cells and Lec2 mutant cells were transiently
transfected with human or mouse adiponectin, and se-
creted adiponectin was harvested and analyzed. Human
adiponectin secreted by Lec2 cells migrated significantly
faster (by SDS-PAGE) than that produced by WT cells
(Fig. 3A, Monomer), and 2DE analysis confirmed the loss
of sialic acid (Fig. 3C). By comparison, mouse adiponec-
tin produced by Lec2 cells exhibited only a slight mobility
shift, suggesting that the mouse protein may be sialylated
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FIG. 3. Sialic acid modification is not required for multimer formation
or secretion of human or mouse adiponectin. A, WT and Lec2 CHO
cells were transiently transfected with human (Hu) or mouse (Mo)
adiponectin, and secreted adiponectin was analyzed by SDS-PAGE and
Western blotting. B, Velocity sedimentation analysis of human
adiponectin secreted from WT and Lec2 CHO. C, 2DE of WT and Lec2
samples. Data are representative of three independent experiments. H,
Hexamers; T, trimers.

to a lesser extent than human adiponectin (Fig. 3A). In-
deed, 2DE analysis revealed that mouse adiponectin has
fewer pl variants than human adiponectin (Fig. 3C), in
keeping with previously published data (14). Analysis by
SDS-PAGE under nonreducing and non-heat-denaturing
conditions revealed no loss of HMW multimers in either
human or mouse proteins expressed in Lec2 cells (Fig. 3A,
Multimers), and this was confirmed by velocity sedimen-
tation (Fig. 3B). These observations suggest that sialyla-
tion is not required for multimerization or secretion.

Sialylation is restricted to the headless domain of
human adiponectin

Prediction of Ser/Thr O-glycosylation sites is not
straightforward due to a lack of general consensus se-
quences. Available algorithms are based on mucin-type
O-glycosylation sites, which generally occur in clusters in
regions of likely amino acid composition and secondary
structure (11, 12). In an attempt to identify the protein
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domain(s) of adiponectin that bare sialic acid, we exam-
ined FLAG-tagged globular head and headless domain-
truncated proteins secreted from HEK cells. By 2DE, the
headless domain alone resembled the full-length protein,
displaying a train of six or more pl variants (Fig. 4A). As
observed for the full-length protein, neuraminidase treat-
ment of the headless domain produced a dramatic shift in
pl consistent with loss of sialic acid. By comparison, neur-
aminidase treatment was without effect on the globular
head domain (Fig. 4A). Thus, the sialylated residues ap-
pear to be restricted to the collagenous and/or variable
domains of adiponectin.

Mass spectrometric identification of
sialylated peptides

To further define the sialylated sites/peptides of human
adiponectin, we employed a mass spectrometric approach.
Liquid chromatography-matrix-assisted laser desorption
ionization mass spectrometry and liquid chromatogra-
phy-Electrospray ionization tandem mass spectrometric
analysis of a tryptic digest of recombinant human adi-
ponectin resulted in high-sequence coverage (>84%), en-
abling identification of the previously published modified
Lys and Pro residues as well as two novel hydroxyprolines
(86 and 104). The identification of sialic acid-containing
glycopeptides was facilitated by using the extracted ion
chromatogram tool within the Analyst software followed
by manual interrogation of the tandem mass spectrome-
try spectra of candidate peptides (for details see supple-
mental Figs. 1 and 2 published as supplemental data on
The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). These analyses allowed
unambiguous identification of the modified peptide as
E,o-Rs; containing a carbamidomethyl cysteine, a deami-
dated asparagine, and hydroxylated residues at Lys33,
Pro44, Pro47, and Pro53. Glycopeptide isoforms con-
taining zero, one, and two sialic acid residues (A4-A6)
were observed (as listed in supplemental Table I). Al-
though the exact site of glycosylation was unable to be
determined from the spectrum, we have previously elim-
inated Lys33 as a potential site (see Fig. 2A); thus, the
likely site of modification is either of three threonine res-
idues (Thr20, Thr21, or Thr22) in the variable region of
the peptide. Consistent with this hypothesis, no glycosy-
lated form of the peptide G;4-Rss was observed.

Confirmation of sialylation sites by
site-directed mutagenesis

Having identified the likely sites of O-glycosylation
and sialylation, we performed site-directed mutagenesis
to confirm their modification. Thr residues 20,21, and 22
were substituted with Ala either individually or in con-
cert, and the mutant proteins were found to be expressed
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FIG. 4.

Identification of novel O-glycosylated sialylated Thr residues in human adlponectln A, FLAG-tagged headless (Stalk) and globular head

(Glob) truncated proteins were either untreated or treated with neuraminidase before 2DE and Western blotting for the FLAG tag. B, 2DE of Thr to
Ala mutants of human adiponectin secreted from transfected CHO cells. C, SDS-PAGE and Western blotting of the same samples. D, Velocity
sedimentation analysis of secreted WT and T20-22A adiponectin. E, Sequence alignment of the adiponectin variable domain from various
mammals is shown and reveals limited conservation of the modified sequence/residues (shaded). Data are representative of two to three

independent experiments. H, Hexamers; T, trimers.

and secreted similarly to WT. Analysis of secreted pro-
teins by 2DE revealed a similar train of pl variants for
T20A as seen for the WT protein, suggesting no sialyla-
tion of this residue, whereas T21A appeared to lack only
the most acidic isoform of the train (Fig. 4B). By contrast,
mutation of T22 abolished the train of pI variants leaving
only one major basic isoform corresponding to that seen
after desialylation. A similar profile was observed for the
combined mutant, T20-22A (Fig. 4B). Analysis of se-
creted proteins by SDS-PAGE under reducing, denaturing
conditions revealed a striking increase in mobility for the
combined mutant (T20-22A), indicative of reduced mo-
lecular weight (Fig. 4C). Individual mutants also exhib-
ited partial mobility shifts with T22A>T21A>T20A, in-
dicating increasing degrees of modification (Fig. 4C).
Together, these data suggests that T21 and T22 are the
major sites of O-glycosylation and that sialylation occurs
mainly on T22. Analysis of the mutants by non-heat-
denaturing, nonreducing SDS-PAGE revealed a multimer
composition similar to that of WT adiponectin (Fig. 4C).

Furthermore, sucrose gradient analysis of WT and T20-
22A revealed similar multimer profiles (Fig. 4D). Thus,
O-glycosylation and sialic acid modification of human
adiponectin occur on T21 and T22 of the variable do-
main, in a sequence that shows only limited conservation
between species (Fig. 4E). Taken together with our obser-
vations from the Lec2 cells, these findings demonstrate
that neither sialylation nor O-glycosylation is required for
efficient multimerization or secretion.

Sialylation is a terminal modification after
multimerization and just preceding exocytosis

The finding that sialylation is not required for adi-
ponectin multimer formation or secretion is in keeping
with this being a terminal step in the maturation of adi-
ponectin, occurring subsequent to multimer formation
and just before secretion. Consistent with this, both the
initiation of O-glycosylation (15) and subsequent sialyla-
tion (16) (and the enzymes that perform these modifica-
tions) are localized in the Golgi. To examine the temporal
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characteristics of adiponectin sialylation, we performed
pulse-chase experiments in stable HEK cell lines express-
ing hemagglutinin (HA)-tagged human WT or K1-5R adi-
ponectin. Figure 5A shows multiple sequential mobility
shifts (indicating serial gains in molecular mass) of the
WT protein in lysates, which are absent in the K1-5R
mutant, indicating that these shifts represent lysine glyco-
sylations. A final mobility shift is also observed, however,
between the largest form in lysate and the secreted form
detected in medium samples. This final shift is also de-
tected in the K1-5R mutant, suggesting that it may corre-
spond to O-glycosylation/sialylation. 2DE analyses of lysate
and medium samples of CHO stable cell lines expressing
human adiponectin were in keeping with the pulse-chase
data (Fig. 5B). Adiponectin in lysate was detected as a single
basic spot in contrast to the train of spots observed in me-
dium samples. When cells were treated with Brefeldin A to
inhibit secretion from the Golgi, however, more acidic iso-
forms were seen to accumulate in lysate. Similar observa-
tions were made in SGBS adipocytes (data not shown).

Sialic acid content affects half-life of human
adiponectin in the circulation of rats

Early studies characterizing the hepatic asialoglycop-
rotein receptor demonstrated rapid clearance of desialy-
lated serum glycoproteins from the circulation of rodents
(17). We, therefore, examined the role of sialic acid in
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FIG. 5. Sialic acid is a terminal modification occurring immediately
before secretion. A, HEK cell lines stably expressing HA-tagged WT
human adiponectin or the K1-5R mutant (lacking the five known
glycosylated lysines in the variable and collagenous domains) were
metabolically labeled for 2 h before replacement of the radiolabeled
amino acids with an excess of unlabeled amino acids and continued
culture for increasing periods of ‘chase’. Lysates and media were
harvested and immunoprecipitated with HA antibody before analysis
by SDS-PAGE and autoradiography. B, 2DE and Western blotting of
lysates, with and without Brefeldin A (BFA) treatment, and medium
from CHO cells stably expressing human adiponectin. Data are
representative of two independent experiments.
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determining the clearance of human adiponectin from the
circulation of rats. Purified HEK-produced human adi-
ponectin was radiolabeled by iodination with '*°T and
desialylated with neuraminidase or mock treated. Male
Wistar rats of similar size and age were given an i.v. bolus
of either desialylated or control (mock treated) ['**T]adi-
ponectin, and blood samples were taken at various time
points. Trichloroacetic acid (TCA)-precipitated radioac-
tivity in the serum samples is shown as a percentage of
total radioactivity administered and reveals accelerated
clearance of the desialylated form (Fig. 6A). Analysis of
serum samples by SDS-PAGE and autoradiography
confirms that the radioactive counts are reflective of
['**T]adiponectin levels. Given the possible role of the
hepatic asialogycoprotein receptor in adiponectin clear-
ance, uptake of ['**IJadiponectin by primary rat hepato-
cytes was also assessed. Uptake of desialylated adiponec-
tin was consistently found to occur at a higher rate than that
of mock-treated adiponectin (Fig. 6B), and this was con-
firmed by immunohistochemistry (see supplemental Fig. 3).

Sialic acid content has no effect on activity of
adiponectin, in vitro or in vivo

The role of the globular domain of adiponectin in re-
ceptor binding and activation is well recognized (18).
Thus, it seemed unlikely that adiponectin sialylation, a
modification of the headless/stalk domain, would influ-
ence adiponectin activity, particularly because sialylation
does not appear to determine multimer composition.
Nevertheless, to address this question, we examined the
activity of desialylated vs. mock-treated HEK-produced
human adiponectin in an iz vitro assay of glucose trans-
porter (GLUT)4 translocation in L6 (rat) myotubes. Hu-
man adiponectin from two independent sources consis-
tently induced a 2-fold increase in GLUT4 translocation
compared with a 4-fold induction elicited by insulin (data
not shown). As expected, desialylated and mock-treated
adiponectin preparations also induced a 2-fold induction
of GLUT4 translocation, indicating that sialic acid mod-
ification of adiponectin is not required for activity (Fig.
5C). This was confirmed by further in vivo experiments in
adiponectin ™/~ mice after tail vein injection of desialy-
lated or untreated preparations of purified mouse adi-
ponectin (50 pug per mouse). Serum sampling for 8 h after
injection again revealed a faster rate of clearance of the
desialylated adiponectin, however, with slower kinetics
than observed for human adiponectin in rats (Fig. 6D).
Mice were killed at 30 min after injection when circulat-
ing levels of desialylated and mock-treated adiponectin
were still comparable, and liver tissues were analyzed by
Western blotting for total and phospho-AMP-activated
protein kinase (AMPK) (Thr172). Similar activation of
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FIG. 6. Acute administration of desialylated adiponectin: accelerated clearance but unaltered
activity. A, Male Wistar rats were administered iv with either desialylated (Desia-ADN) or
control (Con-ADN) ['2®[]ladiponectin and blood samples were taken from a jugular cannula at
various time points after infusion as described in Materials and Methods. TCA-precipitable
radioactivity in the serum samples was measured and normalized to the total radioactivity
administered (n =5 desialylated and n = 4 control; *, P < 0.001 for the difference in
exponential rate constant for disappearance of TCA-precipitable radioactivity from the plasma
for control and desialylated adiponectin). Serum samples were also analyzed by SDS-PAGE
and autoradiography to confirm the loss of ['?*lJadiponectin (inset). B, Uptake of control or
desialylated ['2°I]adiponectin by primary rat hepatocytes. Cells were incubated in serum-free
culture medium containing the radioligands for various periods of time before washing and
harvesting of lysates for measurement of radioactivity (n = 3; *, P < 0.05 Con-ADN vs. Desia-
ADN). C, Differentiated L6 rat myotubes expressing HA-GLUT4 were serum starved for 2 h
before stimulation with control or desialylated adiponectin for 20 min. Cells were fixed and
adiponectin-stimulated GLUT4 translocation to the plasma membrane was assessed (n = 4;

*, P < 0.05 Basal vs. Con-ADN or Desia-ADN). D, Male adiponectin™~ mice were starved
overnight before administration of control or desialylated recombinant mouse adiponectin-
FLAG (50 ng/mouse) or saline by tail vein injection (*, P < 0.05; Con-ADN vs. Desia-ADN). E,
Liver lysates from mice killed at 30 min after injection were analyzed by Western blotting for
total and phospho-AMPK (pAMPK; Thr172). Note that the circulating concentrations of
adiponectin in mice administered with untreated or desialylated adiponectin were 8.3 = 1.4
mg/liter and 7.7 = 1.0 mg/liter, respectively (n = 4; P > 0.05).

AMPK phosphorylation by the desialylated and untreated
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and a glucose-tolerance test (GTT) and
an insulin-tolerance test (ITT) were
conducted on d 10 and d 13, respec-
tively. Serum adiponectin levels were
found to be consistently lower in mice
infused with desialylated adiponectin
(Fig. 7A). This was mirrored by im-
paired ability of desialylated adiponec-
tin to improve glucose tolerance and
insulin action (Fig. 7, B-D). These data
demonstrate that reduced sialic acid
content of adiponectin results in re-
duced bioavailability and thereby di-
minished the metabolic benefits of
adiponectin.

Discussion

Sialic acid modification of adiponectin
was first identified by Sato and col-
leagues (10), who demonstrated the
presence of NeuAca-2,8-NeuAca-2,3-
Gal disialic acid in mouse (3T3L1) and
bovine (serum) adiponectin using a
monoclonal antibody specific for this
modification. We have now demon-
strated the Thr O-glycosylation and
sialylation of human adiponectin using
other glycotools (neuraminidase/O-
glycosidase treatment and sialic acid-
binding lectins) and furthermore, in-
troduce 2DE as a semiquantitative
method for analyzing sialic acid con-
tent of human adiponectin. Using mass
spectrometric approaches coupled with
mutagenesis, we have identified the
sites of sialic acid modification and be-
gun to elucidate the composition of the
O-glycans. Detailed characterization
of the glycans is warranted to deter-
mine structure and sialic acid linkages.
The sialic acid content of sialylated
peptides identified by mass spectrom-

preparations was observed (Fig. 6E).

Reduced bioavailability of desialylated adiponectin
results in reduced metabolic effects

In additional experiments, high-fat-fed male adiponec-
tin~/~ mice were chronically administered (by osmotic
pump) with either untreated or desialylated adiponectin
preparations (1.0 mg/kg body weight/d) for a period of 2
wk. Serum adiponectin levels were measured every 3 d,

etry appears to be incongruous with our 2DE data,
because no more than two sialic acid residues were ever
observed. However, underrepresentation of sialic acid
in matrix-assisted laser desorption ionization mass
spectometry data is a common observation due to loss
of this sugar upon laser desorption ionization in the
absence of derivatization (19). This may be one reason
why previous mass spectrometry analyses have failed to
detect this modification.
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FIG. 7. Chronic administration of desialylated adiponectin: reduced
steady-state levels and metabolic effects. High-fat-fed male
adiponectin™'~ mice were chronically administered (by osmotic pump)
with control (Con-ADN, n = 6) and desialylated (Desia-ADN, n = 5)
adiponectin preparations (1.0 mg/kg body weight - d) or saline for a
period of 2 wk. A, Serum adiponectin levels were measured every 3 d
(*, P<0.05; **, P < 0.01). GTT (panel B) and ITT (panel C) were
conducted on d 10 and d 13, respectively, and panel D shows the area
under the curves (*, P < 0.05; **, P < 0.01 vs. saline; #, P < 0.05 vs.
Con-ADN by ANOVA).

We have also examined the functional relevance/role
of O-glycosylation/sialylation in adiponectin multimer
formation, secretion, stability, activity, and clearance us-
ing a variety of biochemical and cellular assays as well as
in vivo experiments in rats and mice. Our finding that
O-glycosylation/sialylation plays little or no role in mul-
timer formation or activity of human adiponectin but a
much more obvious function in regulating adiponectin
clearance sets this PTM apart from those previously char-
acterized for adiponectin. Like those PTMs, O-glycosyl-
ation/sialylation occurs in the headless/stalk domain of
human adiponectin but does not appear to participate in
intermolecular interactions involved in multimer forma-
tion, most probably because it occurs late in the matura-
tion process, just before secretion. In keeping with this,
sialic acid linkages of intact multimers were found to be
fully accessible to neuraminidase activity, resulting in
complete collapse of the 2DE train of pl variants.

The location of the O-glycosylation/sialylation sites at
the extreme N terminus of human adiponectin (after sig-
nal peptide cleavage) follows the common characteristics
of mucin-type O-glycosylations, which do not occur
within a consensus sequence but rather on secondary
structures such as surface-exposed coils/turns positioned
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at the termini of polypeptides or in linker regions between
domains (11, 20). A sequence alignment of adiponectin
from multiple species revealed poor conservation of the
O-glycosylated/sialylated sequence (Fig. 4E). Indeed, this
sequence (E/DTTTQG) is restricted to primate adiponec-
tin, with a similar but shifted sequence in mouse adi-
ponectin (AEDDVTTTEE) and no Thr residues in the
corresponding bovine sequence. Thus, it remains to be
determined whether the TTT sequence represents the
site(s) of O-glycosylation/sialylation in mouse adiponec-
tin, and further work will be required to define the site(s)
in bovine adiponectin. Our parallel investigations of
mouse adiponectin suggest a lesser extent of sialylation
than seen for human adiponectin: fewer and more basic pl
variants by 2DE and a modest increase in mobility upon
expression in Lec2 cells (Fig. 3). Despite these observa-
tions, our i vivo data would suggest a similar effect of
desialylation on clearance of mouse adiponectin. Impor-
tantly, although the rates of clearance of untreated human
and mouse adiponectin differed considerably, desialyla-
tion resulted in increased clearance of both proteins in
rats and mice, respectively (Fig. 6, A and D).

Sialylation is a common terminal modification on N-
and O-linked sugars of glycosylated cell-surface and
secreted serum proteins. One class of glycosylated and
sialylated serum proteins comprises the acute phase
proteins, the production of which is up-regulated in
response to inflammation (21). Not only is expression of
these proteins up-regulated, sialyltransferases that mod-
ify them are also up-regulated (22) resulting in their in-
creased sialylation (23). Taken together with increased
expression and activity of neuraminidases that strip sialic
acid modifications from glycoproteins (24), these mech-
anisms result in an elevation of total serum sialic acid
levels in inflammatory conditions: both high-grade acute
inflammation (e.g. infections, sepsis) and low-grade
chronic inflammatory conditions such as obesity/insulin
resistance and cardiovascular disease. In fact, total serum
sialic acid levels are closely correlated with other inflam-
matory markers [such as C-reactive peptide (25, 26)] and
with disease severity in conditions of insulin resistance/
type 2 diabetes (27), atherosclerotic progress (25, 28),
and acute myocardial infarction (21, 25).

Adiponectin is an antiinflammatory adipokine, the
circulating levels of which are consistently reduced in
chronic inflammatory diseases such as those mentioned
above. In the current report we have demonstrated that
human adiponectin is extensively sialylated and that de-
sialylated adiponectin is rapidly cleared from the circula-
tion. Although the regulation of adiponectin sialylation
and desialylation 7 vivo remains to be elucidated, one
obvious possibility is that desialylation of this hormone in
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inflammatory states may contribute to its accelerated
clearance. Interestingly, circulating levels of adiponectin
are increased in patients with cirrhosis (29). Evidence sug-
gests that adiponectin is cleared, at least in part, by the
liver, and this catabolism is reduced in states of chronic
liver disease, possibly as a result of reduced hepatic blood
flow (30). Thus, future investigations into the putative
role of the hepatic asialoglycoprotein receptor, expres-
sion of which is also altered in cirrhosis (31), and map-
ping of the sialic acid (2DE) profiles of adiponectin in
such diseases are warranted.

Materials and Methods

Reagents and antibodies

General reagents were obtained from Sigma-Aldrich (St.
Louis, MO). Cell culture reagents were from Invitrogen (Carls-
bad, CA). ['**T]Radionuclide was from PerkinElmer (Waltham,
MA), and Todogen tubes were from Thermo Fisher Scientific
(Rockford, IL). Two rabbit antihuman adiponectin polyclonal
antibodies were used for Western blotting and immunofluores-
cence microscopy, one generated in house (through Auspep,
Victoria, Australia) against the globular domain peptide, NH,-
QVYGEGRNGLYADNDN-COOH, and the other (AB3784)
commercially obtained from Millipore Corp. (Billerica, MA).
Antibodies to total and phospho-AMPK were from Cell Signal-
ing Technology (Beverly, MA). Secondary antibodies used were
IRDye 800-conjugated antirabbit IgG from Rocklands Immu-
nochemicals (Gilbertsville, PA), horseradish peroxidase-conju-
gated antirabbit IgG from Pierce Chemical Co. (Rockford, IL),
and Alexa Fluor 488-conjugated antirabbit IgG (Molecular
Probes, Carlsbad, CA). Biotinylated MAL II was from Vector
Laboratories (Burlingame, CA) and was detected with strepta-
vidin-680 (Molecular Probes). Purified recombinant human adi-
ponectin used for mass spectroscopy analysis was from BioVen-
dor Laboratory Medicine (Candler, NC). Purified FLAG-tagged
globular head and headless domains of human adiponectin were
from Alexis Biochemicals (Lausen, Switzerland). Protease-grade
a (2-3, 6, 8, 9) neuraminidase from Arthrobacter ureafaciens
(Sigma-Aldrich) or Clostridium perfringens (Sigma-Aldrich;
New England Biolabs, Ipswich, MA) and O-glycosidase (endo-
a-N-acetylgalactosaminidase; QA-Bio, San Mateo, CA) were
commercially obtained. QuikChange mutagenesis kit was from
Stratagene (La Jolla, CA).

Molecular cloning

WT human and K1-5R human adiponectin expression con-
structs were generated as described previously (8). Mouse
c¢DNA was obtained from the SRC Microarray Facility Fantom
2 cloneset (clone identification: A530090P11, accession no.
AKO041214). PCR was used to amplify the cDNA and clone it
into pcDNAS/FRT-TO. C-terminal hemagglutinin tags were in-
corporated into WT and K1-5R human cDNAs by PCR before
cloning into the pcDNAS/FRT-TO plasmid for generation of
stable HEK cell lines. The O-glycosylation-deficient mutants
were generated by QuikChange mutagenesis.
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Cell culture, transfection, and generation of stable
cell lines

WT CHO K1 cells and Lec2 mutant cells were cultured in
a-MEM containing 1-glutamine, Na pyruvate, deoxyribonucleo-
sides, and ribonucleosides (Invitrogen) supplemented with 10%
fetal calf serum. Flp-In HEK cells were cultured in high glucose
(25 mm) DMEM supplemented with 2 mM L-glutamine. Both
lines were transfected using Lipofectamine Plus. HEK 293 stable
cell lines expressing WT or K1-5R human adiponectin con-
structs were generated using the Flp-In system (8).

Sample preparation and analysis by one-
dimensional and 2DE

Cell lysates and medium samples were prepared as described
previously (8). SDS-PAGE, Western blotting, and brefeldin A
treatment were also as described (8).

GLUT4 translocation in L6 myocytes

GLUTH4 translocation assays were performed essentially as
described elsewhere (32).

lodination of recombinant human adiponectin
Human adiponectin (BioVendor) was radiolabeled with '*°1
by the Chizzonite Indirect Method for Iodination using pre-
coated iodination tubes according to the manufacturer’s instruc-
tions (Pierce). ['**IJadiponectin was treated with protease-grade
neuraminidase (or mock treated) in the reaction buffer provided
(pH 6) for 3 h at 37 C with subsequent neutralization with
HEPES (pH 7.4) to a final concentration of 100 mm. Mock
treatment was followed by addition of an equivalent amount of
heat-inactivated neuraminidase. Neuraminidase activity in the
desialylated preparation was found to be exhausted by the end
of the 3 h incubation at 37 C. Analysis of neuraminidase- and
mock-treated preparations confirmed no change in multimer
composition (see supplemental Fig. 4), and preparations were
subsequently used in iz vivo and in vitro rat experiments.

Rat studies

Adult male Wistar rats (~300 g), supplied from the Animal
Resources Centre (Perth, Australia), were communally housed
at22 = 0.5 C with a controlled 12-h light, 12-h dark cycle (light
from 0600 h to 1800 h). They were fed ad libitum a standard
chow diet (Rat maintenance diet; Gordons Specialty Feeds, Syd-
ney, Australia). After 1 wk of acclimatization rats were anesthe-
tized with halothane and a cannula implanted into the right
jugular vein under aseptic conditions. The catheter was exteri-
orized at the back of the neck, and rats were allowed 1 wk to
recover from surgery. All surgical and experimental procedures
performed were approved by the Animal Experimentation Eth-
ics Committee (Garvan Institute/St. Vincent’s Hospital) and
were in accordance with the National Health and Medical Re-
search Council of Australia’s guidelines on animal experimen-
tation. On the day of experiment an extension catheter was
fitted to the in-dwelling jugular catheter to facilitate blood sam-
pling. Rats received a bolus infusion (>10 sec) of 3 X 10° dpm
neuraminidase-treated or mock-treated '**I-labeled human adi-
ponectin (~300 ng adiponectin), and blood samples (200 ul)
were withdrawn at 1, 2, 5, 10, 20, 30, 60, 120, and 240 min.
Plasma (50 pl) was diluted to 500 ul with saline and deprotein-
ized by addition of 500 ul of 20% TCA. The samples were
centrifuged at 12,000 X g for 5 min, the supernatant was re-
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moved, and the radioactivity in the TCA-precipitable pellet was
determined as described in Ref. 33 using a y-counter.

Mouse studies

Preparation of recombinant adiponectin

Recombinant mouse adiponectin was purified as described
elsewhere (14, 34). An aliquot of recombinant adiponectin was
digested with neuraminidase for 3 h before another round of
affinity purification to remove neuraminidase. Protein concen-
tration was determined by BCA.

Chronic experiments

Male C57BL/6] adiponectin KO mice (4 wk old) were fed a
high-fat diet for 5 wk and were then surgically implanted with
an osmotic pump (DURECT Corp., Cupertino, CA) (14, 34).
The pumps were filled with recombinant adiponectin solutions
or saline and delivered the protein solutions at a constant rate
(1.0 mg/kg body weight - d) for 2 wk. Serum levels of adiponec-
tin were monitored every 3 d. GTT and ITT were conducted at
d 10 and d 13 after insertion of the pump after 6 h starvation.
There were no obvious differences in blood glucose levels at
baseline among the three groups (supplemental Table II).

Acute experiments

Male adiponectin KO mice (10-12 week-old) were starved
overnight before treatment with various forms of adiponectin
(50 png/mouse) or saline control by tail vein injection. Mice were
killed at 30 min to obtain the liver tissue. Protein (40 pg) from
total liver lysates was subjected to immunoblot analysis using
anti-total- or anti-phospho-AMPK (Thr172) as indicated.

Primary rat hepatocyte isolation and
['**I]adiponectin uptake

Primary rat hepatocytes were isolated using a two-step col-
lagenase perfusion of male Sprague Dawley rat livers, based on
the technique of Berry and Friend (35). Hepatocytes were seeded
at 125,000 cells per well in collagen-coated 24-well plates and
cultured overnight. Cells were washed three times in DMEM
before incubation at 37 C for 15 or 60 min in DMEM supple-
mented with 1% BSA and ['*’I]adiponectin (neuraminidase
treated or mock treated) at 10,000 counts per well. After incu-
bation, the plates were placed on ice and washed three times
with ice-cold PBS before solubilization in 1% sodium dodecyl
sulfate lysis buffer. Radioactive counts were measured using a
Triathler Multilabel Tester (Hidex, Turku, Finland). Empty
wells treated identically served as blanks and were subtracted
from counts for cell-containing wells.
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