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Adiponectin has emerged as a potential therapy for type 2
diabetes mellitus, but the molecular mechanism by which adipo-
nectin reverses insulin resistance remains unclear. Two weeks of
globular adiponectin (gAcrp30) treatment reduced fasting plasma
glucose, triglyceride (TAG), and insulin concentrations and re-
versed whole-body insulin resistance, which could be attributed to
both improved insulin-mediated suppression of endogenous glu-
cose production and increased insulin-stimulated glucose uptake
in muscle and adipose tissues. These improvements in liver and
muscle sensitivity were associated with ~50% reductions in liver
and muscle TAG and plasma membrane (PM)-associated diacylgly-
cerol (DAG) content and occurred independent of reductions in
total ceramide content. Reductions of PM DAG content in liver
and skeletal muscle were associated with reduced PKCg transloca-
tion in liver and reduced PKCO and PKCs¢ translocation in skeletal
muscle resulting in increased insulin-stimulated insulin receptor
tyrosine1162 phosphorylation, IRS-1/IRS-2-associated PI3-kinase
activity, and Akt-serine phosphorylation. Both gAcrp30 and full-
length adiponectin (Acrp30) treatment increased eNOS/AMPK ac-
tivation in muscle and muscle fatty acid oxidation. gAcrp30 and
Acrp30 infusions also increased TAG uptake in epididymal white
adipose tissue (eWAT), which could be attributed to increased li-
poprotein lipase (LPL) activity. These data suggest that adiponec-
tin and adiponectin-related molecules reverse lipid-induced liver
and muscle insulin resistance by reducing ectopic lipid storage in
these organs, resulting in decreased plasma membrane sn-1,2-
DAG-induced nPKC activity and increased insulin signaling. Adipo-
nectin mediates these effects by both promoting the storage of
TAG in eWAT likely through stimulation of LPL as well as by stim-
ulation of AMPK in muscle resulting in increased muscle fat
oxidation.
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Type 2 diabetes mellitus (T2DM) is one of the leading causes
of morbidity and mortality in the adult population worldwide
(1, 2) and is associated with disease in many organ systems, in-
cluding nonalcoholic fatty liver disease (NAFLD) and athero-
sclerotic vascular disease (ASCVD) (3-6). Insulin resistance
plays a critical role in the pathogenesis of T2DM and the met-
abolic syndrome. The adipokine adiponectin has emerged as a
potential antidiabetic, antiinflammatory, and antiatherogenic fac-
tor (7, 8). Unlike adipokines such as leptin, plasma adiponectin
levels are inversely correlated with adiposity and decreased in
obesity, insulin resistance, and T2DM (9, 10). Adiponectin is
present in human plasma as full-length adiponectin (Acrp30) and
as a C-terminal globular fragment (gAcrp30) (11-13). The
C-terminal globular fragment is produced by proteolytic cleavage
and is thought to be the pharmacologically active moiety (11). A
wide variety of explanations for adiponectin’s glucose lowering
and insulin sensitizing properties has been proposed, which have
been derived predominantly from in vitro and ex vivo studies,
including: suppression of gluconeogenesis (14-16), increased
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AMPK/ACC-dependent fatty acid oxidation in liver and muscle
(7,12, 14, 17), and reduced hepatic ceramide content by activation
of hepatic ceramidase (18). A clear, consistent model for adipo-
nectin’s action in vivo is lacking, and the mechanisms by which
adiponectin ameliorates insulin resistance are a matter of active
debate.

The association between ectopic lipid and insulin resistance in
liver and skeletal muscle is widely recognized (19-21). Diac-
ylglycerols (DAGs) and ceramides are the two best-studied
mediators of lipid-induced insulin resistance. Ceramides have
been shown to impair insulin action at the level of protein kinase
B (Akt) phosphorylation, through activation of protein kinase C¢
(PKCt¢) and/or protein phosphatase 2A (22-24). In contrast,
plasma membrane sn-1,2-DAGs, which has been shown to be the
key DAG stereoisomer, impair insulin action via activation of
novel PKCs (nPKCs), including PKCe in liver (25-27) and both
PKC6 and PKCe in skeletal muscle (28, 29). PKCe activation
subsequently impairs insulin receptor kinase (IRK) tyrosine ki-
nase activity, and PKCO activation impairs insulin signaling at the
level of IRS-1/IRS-2-associated PI3-kinase activity (20, 30, 31).
Insulin resistance in the liver leads to reduced insulin-stimulated
hepatic glycogen synthesis and defects in insulin suppression of
hepatic glucose production, while insulin resistance in the skel-
etal muscle leads to reduced insulin-stimulated muscle glucose
transport. In the setting of white adipose tissue (WAT) insulin
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resistance, WAT lipolysis is resistant to suppression by insulin,
leading to increased nonesterified fatty acid (NEFA) delivery to
the liver and muscle, which may further promote increased liver
and muscle ectopic lipid content (4, 5, 32, 33).

Given that prior studies have demonstrated that increased
plasma adiponectin concentrations lead to accretion of WAT
and improved glycemia in mice (34, 35), we hypothesized that the
insulin-sensitizing properties of adiponectin might be due to pro-
tection against ectopic lipid deposition in insulin-responsive tis-
sues. To address this hypothesis, we performed a comprehensive
series of studies to assess the effects of 2-wk gAcrp30 and Acrp30
treatment on multiple metabolic fluxes using a combination of
stable- and radio-labeled isotopic tracers, in a high fat diet (HFD)-
fed mouse model of lipid-induced insulin resistance. Here, we
demonstrate that 2 wk of gAcrp30 treatment reverses whole-body
insulin resistance in HFD-fed mice by reducing plasma membrane
DAG content, resulting in decreased translocation of PKCe to the
plasma membrane in liver and decreased PKCe/PKCH transloca-
tion in skeletal muscle, leading to increased insulin signaling in
both of these tissues. This reduction in ectopic lipid storage in liver
and muscle could be attributed to increased lipoprotein lipase
activity in epididymal WAT (eWAT), resulting in increased lipid
uptake in eWAT, as well as activation of AMPK in muscle, which,
in turn, promoted increased fatty acid oxidation in skeletal muscle.
Taken together these results provide insights into the mechanisms
by which adiponectin reverses insulin resistance in vivo.

Results

Two-Week Globular Adiponectin Treatment Ameliorates Lipid-Induced
Insulin Resistance. In order to examine the effect of long-term ex-
posure to increased globular adiponectin (gAcrp30) on glucose
metabolism, we performed continuous subcutaneous (s.c.) gAcrp30
infusions (2.5 pg/d) in 12-wk HFD-fed mice for 2 wk. As expected,
plasma adiponectin concentrations increased in the gAcrp30-
treated mice compared with control mice (Fig. 14). To assess the
effect of gAcrp30 on energy balance, metabolic cages were utilized
and whole-body energy expenditure was determined by indirect
calorimetry. Consistent with the lack of difference in body weight or
body composition (ST Appendix, Fig. S1 A and B), we observed no
effect of gAcrp30 on whole-body oxygen consumption, carbon di-
oxide production, energy expenditure, caloric intake, respiratory
exchange ratio, drinking, or activity (SI Appendix, Fig. S1 C-I).
While gAcrp30 did not alter whole-body energy metabolism,
plasma triglyceride (TAG) concentrations as well as liver TAG
content and muscle TAG content were significantly reduced by
35%, 45%, and 60%, respectively (Fig. 1 B-D). Consistent with a
reduction in ectopic lipid content in liver and skeletal muscle,
mice treated for 2 wk with gAcrp30 exhibited a 10% reduction in
plasma glucose concentrations and a 65% reduction in plasma
insulin concentrations after overnight fasting (Fig. 1 £ and F). In
contrast, there was no difference in fasting plasma NEFA con-
centration between groups (SI Appendix, Fig. S2A4). In order to
determine the effects of gAcrp30 on tissue-specific insulin ac-
tion, we performed hyperinsulinemic-euglycemic clamps com-
bined with radiolabeled and stable isotopes. Basal endogenous
glucose production (EGP) was reduced by 13% in the gAcrp30
group as compared with the control group (Fig. 1G), resulting in
reduced fasting plasma glucose concentrations (Fig. 1E). During
the hyperinsulinemic phase of the clamp study, gAcrp30-treated
mice displayed a twofold increase in the glucose infusion rate
required to maintain euglycemia, reflecting increased whole-
body insulin sensitivity (Fig. 1H and SI Appendix, Fig. S2 B and
C). The increased whole-body insulin sensitivity could be at-
tributed to both a twofold increase in insulin-mediated sup-
pression of hepatic glucose production and a 15% increase in
insulin-stimulated peripheral glucose disposal (Fig. 1 G and I
and SI Appendix, Fig. S2D). Specifically, our data demonstrated
that glucose uptake is increased by|50-100% in all assessed
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tissues, including skeletal muscle, WAT, and brown adipose
tissue (Fig. 1 J-L).

Globular Adiponectin Reduces Plasma Membrane DAG Content and
nPKC Activation in Liver and Skeletal Muscle. As 2 wk of gAcrp30
treatment resulted in a marked improvement in liver and muscle
insulin sensitivity, we next assessed insulin signaling pathways in
the liver and skeletal muscle of these mice. Consistent with in-
creased whole-body insulin sensitivity, gAcrp30-treated mice
manifested twofold to fourfold increases in insulin-mediated in-
sulin receptor tyrosine autophosphorylation (tyrosine 1162) in
both liver and skeletal muscle (Fig. 2 4 and B). We also observed
fourfold increases in insulin-stimulated insulin receptor substrate-
2 (IRS-2)-associated phosphoinositide 3-kinase (PI3K) activity in
liver and IRS-1-associated PI3K activity in muscle, as well as
twofold increases in Akt2 phosphorylation in liver and skeletal
muscle of gAcrp30-treated mice as compared with vehicle-treated
mice in the clamp state (Fig. 2 C-F), indicating improved insulin
signaling in liver and muscle. Activated c-Jun N-terminal kinase
(JNK) can phosphorylate insulin receptor substrate-1 (IRS-1)
serine 302, resulting in negative regulation of the insulin signaling
pathway in mouse tissues (7, 36). This mechanism may play a role
in the improved insulin sensitivity seen in gAcrp30-treated mice, as
we observed an ~40% decrease in JNK phosphorylation in liver
and muscle from animals treated with gAcrp30 vs. vehicle-treated
animals (ST Appendix, Fig. S2 E and F), which may in part be due
to adiponectin’s effect on reducing oxidative stress (7).

DAGs and ceramides are two well-studied bioactive lipids that
have been proposed to mediate lipid-induced insulin resistance
(27). Plasma membrane DAGs have been shown to mediate insulin
resistance by activation of nPKCs, specifically PKCe in the liver and
both PKCe and PKC0 in the skeletal muscle (25, 30, 37, 38). Among
the three stereoisomers of DAG (sn-1,2-DAG, sn-1,3-DAG, and sn-
2,3-DAG), sn-1,2-DAG is thought to be primarily responsible for
nPKC activation (39-41). To understand the mechanism by which
gAcrp30 treatment ameliorates lipid-induced liver and muscle in-
sulin resistance, DAG content, ceramide content, and nPKC trans-
location were measured in these tissues. Hepatic plasma membrane
sn-1,2-DAG was decreased by 35% in gAcrp30-treated mice, which
was associated with a ~50% reduction in PKCe membrane trans-
location, reflecting reduced PKCe activation (Fig. 2 G and H).
Plasma membrane sn-2,3-DAG content was decreased by 35%
without any difference in sn-1,3-DAG content and sn-1,2-DAG
content in other subcellular compartments (SI Appendix, Fig.
S2 G-I). INSR Thr1160 is a PKCe target, upon which phosphory-
lation impairs the tyrosine kinase activity of the insulin receptor and,
thereby, diminishes downstream insulin signaling (25, 40). Consistent
with reductions in PKCe activity and improved hepatic insulin sen-
sitivity, hepatic insulin receptor Thr1160 phosphorylation was de-
creased in gAcrp30-treated mice (Fig. 2I). Similarly, in the
gastrocnemius muscle, gAcrp30-treated mice exhibited an ~55%
reduction in plasma membrane DAG content with an associated
60-80% reduction in PKC8 and PKCe translocation (Fig. 2J-L). In
contrast, despite the reductions in liver and muscle TAG content,
plasma membrane DAG content, and marked reversal of insulin
resistance in liver and skeletal muscle, there were no significant
changes in total ceramide content in these tissues (Fig. 2 M and N),
arguing against an important role for adiponectin-induced activation
of ceramidase as the insulin-sensitizing mechanism by which adipo-
nectin would have been expected to lead to a reduction in total
ceramide content (18). In addition, we did not observe any signifi-
cant differences in the total content of specific ceramide species
(C16:0 and C18:0), which have been specifically hypothesized to
mediate insulin resistance in rodents (42, 43) (SI Appendix, Fig.
S2 J-M). While gAcrp30 treatment did not cause a reduction in total
tissue ceramide content, it did result in reductions in several hepatic
ceramide species (C16:0, C20:0, C22:0, C24:0, and C24:1) in the
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Fig. 1. Globular adiponectin treatment ameliorates lipid-induced insulin resistance in HFD-fed mice. (A) Plasma adiponectin concentrations after overnight
fasting in HFD-fed mice treated with globular adiponectin (gAcrp30) or vehicle-control for 2 wk. (B) Plasma TAG concentrations of control and gAcrp30-
treated mice after overnight fasting. (C and D) Liver and muscle TAG content of control and gAcrp30-treated mice. (E and F) Plasma glucose (n = 10) and
insulin concentrations (n = 4-5) of control and gAcrp30-treated mice after overnight fasting. (G) Endogenous glucose production rate under basal and the
hyperinsulinemia-euglycemia clamp states (n = 8-10). (H) Glucose infusion rate during the hyperinsulinemic-euglycemic clamp. (/) Glucose turnover rate
during the hyperinsulinemia-euglycemia clamp. (J-L) Insulin-stimulated glucose uptake rate in skeletal muscle, WAT, and brown adipose tissue in control and
gAcrp30-treated mice. Data are shown as mean + SEM *P < 0.05 by two-way ANOVA with Dunnett multiple comparisons for G. *P < 0.05, **P < 0.01, ***P <

0.001 by unpaired Student’s t test for other graphs.

plasma membrane (SI Appendix, Fig. S2N), which correlated with
the improved insulin sensitivity in liver.

gAcrp30 Improves Insulin Signaling in WAT. Next, we sought to
understand the effect of gAcrp30 treatment on insulin signaling
in WAT and on WAT lipolysis. gAcrp30 administration in-
creased phosphorylation of IRK and Akt2, and reduced phos-
phorylation of perilipin, adipose TAG lipase (ATGL), and
hormone-sensitive lipase (HSL) in the clamp) state, indicating
improved insulin signaling in WAT (Fig. 3 A and B and S/
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Appendix, Fig. S3 A-C). Consistent with these data, gAcrp30-
treated mice had reduced whole-body glycerol turnover rate in
the basal and clamp state, demonstrating that gAcrp30 treatment
reduced WAT lipolysis and improved insulin signaling in WAT
(Fig. 3C). Reduced glycerol conversion to glucose may result in
reduced hepatic glucose production and plasma glucose concen-
trations (44). However, surprisingly, there were no differences in
the whole-body fatty acid turnover rate or plasma NEFA con-
centrations (SI Appendix, Fig. S3 D and E), suggesting that
gAcrp30 may also promote WAT reesterification. Consistent with
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Fig. 2. Globular adiponectin reduces membrane DAG content and nPKC activation in liver and muscle. (A and B) Western blot images for insulin receptor
kinase phosphorylation (pY1162) in liver (n = 5-7) and skeletal muscle (n = 5) of control and gAcrp30-treated mice under the hyperinsulinemic-euglycemic
clamp condition. Quantification is shown below. (C) IRS-2-associated PI3K activity in liver. (D) IRS-1-associated PI3K activity in muscle (n =5). (E and F) Western
blot images for Akt phosphorylation (pS473) in liver (n = 5-7) and skeletal muscle (n = 5) in the clamp state. Quantification is shown below. (G) Hepatic plasma
membrane sn-1,2-DAG content. (H) Hepatic membrane/cytosolic PKCe ratio. Quantification is shown below. (/) Western blot images for insulin receptor kinase
phosphorylation (pY1160) in liver (n = 5). Quantification is shown below. (J) Membrane DAG content in skeletal muscle. (K and L) Membrane/cytosolic PKCO
and PKCe ratio in skeletal muscle. PKCO and PKCe were probed from the same membrane and therefore have the same corresponding loading controls
. (M and N) Total ceramide content in liver (n = 16) and skeletal muscle. Data are shown as mean +
dent’s t test.
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for insulin receptor kinase phosphorylation (pY1162) in WAT (n = 5-6) in the clamp state. Quantification is shown below. (B) Western blot images for Akt
phosphorylation (pS473) in WAT (n = 5-6) in the clamp state. Quantification is shown below. (C) Glycerol turnover rate under basal and hyperinsulinemic-
euglycemic conditions (n = 5-7). (D) Ratio of mitochondrial ketone oxidation and p-oxidation (Vrao) to citrate synthase flux (V¢s) in soleus muscle (n = 5-6). (E)
Fatty acid oxidation rates of solus muscles with no treatment (control), control + etomoxir, gAcrp30 treatment, gAcrp30 + etomoxir, Acrp30 treatment,
Acrp30 + etomoxir (n = 2-6). (F-H) Representative Western blot images for nontreated, gAcrp30-treated, and Acrp30-treated AMPK, ACC, and endothelial
nitric-oxide synthase phosphorylation in soleus muscle. Quantification is shown below. Data are shown as mean + SEM *P < 0.05, **P < 0.01 by two-way
ANOVA with Dunnett multiple comparisons for C. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA with Tukey multiple comparisons for E-H. *P < 0.05,

**P < 0.01 by unpaired Student's t test for other graphs.

the lack of differences in fatty acid turnover, we observed no
differences in hepatic acetyl-CoA, malonyl-CoA, or long-chain
acyl-CoA concentrations (SI Appendix, Fig. S3 F-H). Taken to-
gether, these data indicate that gAcrp30 treatment also improves
insulin signaling in WAT and may affect WAT lipolysis and
reesterification.

Globular Adiponectin Treatment Promotes a Switch from Glucose to
Fat Oxidation in Skeletal Muscle. In order to determine whether the
reduction in ectopic lipid (TAG/DAG) content could be attrib-
uted to increased fatty acid oxidation in liver and muscle, we
assessed mitochondrial function in vivo and ex vivo. We
employed positional isotopomer NMR tracer analysis (PINTA)
to assess the effects of gArcp30 on in vivo hepatic citrate syn-
thase flux (Vcs, i.e., mitochondrial oxidation) and hepatic py-
ruvate carboxylase flux (Vpc, i.e., gluconeogenesis from
pyruvate) (45) and observed no significant differences in hepatic
Vpc or Vs in gAcrp30-treated mice (SI Appendix, Fig. S3 I and
J). In addition, there was no difference in the phosphorylation of
two key regulators of hepatic fatty acid oxidation and biosyn-
thesis: 5 AMP-activated protein kinase (AMPK) and acetyl-
CoA carboxylase (ACC) with gAcrp30 treatment (S/ Appendir,
Fig. S3 K and L). In summary, no differences were observed in
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hepatic mitochondrial oxidation rate or its upstream regulators
or downstream outflow (Vpc) in the gAcrp30-treated mice.
Relative rates of mitochondrial ketone oxidation and p-oxidation
(Vrao) normalized to citrate synthase flux (Vcs) were determined
in vivo in multiple tissues. gAcrp30 treatment promoted a shift away
from glucose to other substrates (fatty acids, ketones, ketogenic
amino acids) in gastrocnemius muscle (Fig. 3D), despite no effect
on liver or quadriceps muscles (SI Appendix, Fig. S3 M and N). To
further examine the effects of gAcrp30 on absolute rates of fatty
acid oxidation and glucose oxidation in muscle, we assessed rates of
'4C0O, production in isolated soleus muscle with [1-'*Cpalmitic acid
and ["“Cy]p-glucose as substrates. Consistent with the in vivo gas-
trocnemius data, both fatty acid oxidation and glucose oxidation
were increased in the Acrp30-treated and gAcrp30-treated soleus
muscles (Fig. 3E and SI Appendix, Fig. S30). To understand the
potential molecular mechanisms by which fatty acid oxidation was
increased in the soleus muscle, we measured phosphorylation of
AMPK, ACC, and endothelial nitric oxide synthase (eNOS). Pre-
vious studies have shown that there is a positive feedback loop
between nitric oxide production and AMPK activation (46). Con-
sistent with these studies, we observed significant increases in
phosphorylation of AMPK, ACC, and eNOS in the skeletal muscle
of both Acrp30-treated and gAcrp30-treated mice (Fig. 3 F-H).
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These data suggest that gAcrp30 and Acrp30 treatment activates
the eNOS/AMPK/ACC pathway and promotes a switch from glu-
cose oxidation to fatty acid oxidation in predominately slow-twitch
gastrocnemius and soleus muscles but does not impact hepatic
mitochondrial fat oxidation.

Globular Adiponectin and Full-Length Adiponectin Increase Lipoprotein
Lipase Activity and Lipid Uptake in eWAT. To determine whether
adiponectin treatment alters ectopic lipid deposition by changing
TAGe-rich lipoprotein metabolism, we performed a series of
studies assessing very-low-density lipoprotein (VLDL) production
and chylomicron clearance. We first measured the rates of hepatic
VLDL-TAG production to evaluate whether hepatic VLDL-TAG
production contributed to the reduced plasma TAG in the
gAcrp30-treated mice. No significant difference in the hepatic
VLDL-TAG production rate with gAcrp30 treatment was ob-
served (SI Appendix, Fig. S4 A and B). Then, we tested the hy-
pothesis that the reductions in TAGs and membrane DAGs in
liver and skeletal muscle may be explained by increased uptake of
lipids into WAT, thereby diverting circulating TAGs away from
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storage in liver and skeletal muscle. Consistent with the hypoth-
esis, plasma lipid clearance was increased during an oral lipid
tolerance test in the gAcrp30-treated mice (Fig. 4 4 and B).
gAcrp30 treatment promoted increased lipid uptake in eWAT
despite no significant difference in lipid uptake in s.c. WAT
(sWAT) or skeletal muscle (Fig. 4 C and D and SI Appendix,
Fig. S4C).

Lipoprotein lipase (LPL) plays an important role in the
clearance of plasma TAG and the import of TAG-derived fatty
acid to muscle and heart for utilization and adipose tissues for
storage (47). We measured plasma and tissue-specific LPL ac-
tivity to assess whether gAcrp30 alters adipose chylomicron
clearance via alterations in LPL activity. gAcrp30-treated mice
have increased heparin-releasable LPL activity in plasma and
increased LPL activity in eWAT and heart (Fig. 4 E-G). In
contrast, there were no significant effects of gAcrp30 treatment
on sWAT, brown adipose tissue (BAT), or skeletal muscle LPL
activity (Fig. 4H and SI Appendix, Fig. S4 D and E).

It has previously been shown that Acrp30 also reduces plasma
and tissue TAG content in mice liver and skeletal muscle (48,
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Fig. 4. Globular adiponectin and full-length adiponectin increase lipoprotein lipase activity and lipid uptake in epidydimal WAT. (A) Plasma TAG concen-
trations of control and gAcrp30-treated mice during oral lipid tolerance test. (B) Area under the plasma TAGs curve of control and gAcrp30-treated mice. (C
and D) TAG uptake in epidydimal WAT (n = 8-10) and s.c. WAT of control and gAcrp30-treated mice. (E) Postheparin plasma LPL activity of control and
gAcrp30-treated mice (n = 5). (F) eWAT LPL activity of control and gAcrp30-treated mice (n = 5). (G) Heart LPL activity of control and gAcrp30-treated mice.
(H) s.c. white adipose LPL activity of control and gAcrp30-treated mice (n = 5). (/) Plasma TAG concentrations of control and Acrp30-treated mice during oral
lipid tolerance test. (J) Area under the plasma TAGs curve of control and Acrp30-treated mice. (K and L) TAG uptake in eWAT and sWAT of control and
Acrp30-treated mice. (M) Postheparin plasma LPL activity of control and Acrp30-treated mice. (N) eWAT LPL activity of control and Acrp30-treated mice. (O)
Brown adipose tissue LPL activity of control and Acrp30-treated mice. (P) s.c. white adipose LPL activity of control and Acrp30-treated mice. Data are shown as
mean + SEM *P < 0.05, ***P < 0.001 by unpaired Student’s t test.
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49). To determine whether the decreased TAG content by
Acrp30 could be explained by similar mechanisms as gAcrp30
treatment, we performed continuous s.c. Acrp30 infusions (10
pg/d) in HFD-fed mice for 2 wk and a series of studies assessing
chylomicron clearance and LPL activity. As expected, plasma
TAG was decreased with Acrp30 treatment (Fig. 41). Analogous
to what we observed in gAcrp30 treated mice, 2-wk Acrp30
treatment increased lipid clearance during the oral lipid toler-
ance test and improved lipid uptake in eWAT, without signifi-
cant difference in lipid uptake in SWAT or skeletal muscle
(Fig. 4 I-L and SI Appendix, Fig. S4F). Acrp30 infusion also
increased heparin-releasable plasma LPL activity and increased
LPL activity in eWAT and BAT (Fig. 4 M-0). No significant
differences in sSWAT, heart, and muscle were observed (Fig. 4P
and SI Appendix, Fig. S4 G and H). Taken together, these data
demonstrate that both full-length and globular adiponectin
treatment enhances lipid uptake in eWAT, which may be at-
tributed to localized stimulation of LPL activity in eWAT.

Discussion

WAT is not only a critical energy storage depot, but it also acts as
an endocrine organ sensing metabolic signals and secreting hor-
mones and adipocytokines (e.g., leptin and adiponectin) that
regulate whole-body energy homeostasis (50-53). Consistent with
previous reports (14, 15, 17), we have demonstrated that admin-
istration of globular adiponectin results in an improvement in
whole-body glucose homeostasis. Despite great interest in adipo-
nectin, the mechanism by which adiponectin reverses insulin re-
sistance remains unclear. To address this question, we performed
a comprehensive series of studies including hyperinsulinemic-
euglycemic clamp studies combined with stable-labeled and
radio-labeled isotopic tracers to characterize adiponectin’s effects
on endogenous glucose production and tissue-specific insulin
sensitivity and followed these studies up by measuring bioactive
lipid metabolites and cellular insulin signaling phosphorylation
events in liver, skeletal muscle, and WAT.

Adiponectin receptor associated ceramidase activity, promot-
ing decreased total hepatic ceramide content and ceramide-
induced insulin resistance, has been proposed to mediate adi-
ponectin’s insulin-sensitizing properties (18). However, in con-
trast to this hypothesis, we dissociated changes in total ceramide
content in the liver and skeletal muscle from gAcrp30-induced
improvements in liver and muscle insulin sensitivity. We also did
not observe any significant differences in the content of specific
ceramide species (C16:0 and C18:0), which have been specifically
hypothesized to mediate insulin resistance in rodents (42, 43).
While gAcrp30 treatment did not cause a reduction in total tis-
sue ceramide content or in changes in C16:0 or C18:0 ceramides,
it did result in reductions in several hepatic ceramide species
(C16:0, C20:0, C22:0, C24:0, and C24:1) in the plasma mem-
brane, which correlated with improved insulin sensitivity in liver.
Whether these specific plasma membrane-associated ceramide
species also contributed to alterations in insulin action will need
to be examined in future studies.

Nevertheless, ceramide-induced insulin resistance is thought
to alter downstream insulin signaling at the level of Akt; how-
ever, we observed that gAcrp30 improved insulin action at the
level of the insulin receptor, which is not compatible with the
putative mechanisms by which adiponectin is thought to mediate
insulin resistance at the level of AKT2 phosphorylation.

In contrast with ceramide-induced insulin resistance, DAG-
PKCe-induced insulin resistance can explain improved insulin
signaling at the level of the insulin receptor. By this mechanism,
sn-1,2-DAG accumulation in the plasma membrane of liver and
muscle results in nPKC translocation from the cytoplasm to the
plasma membrane, leading to decreased insulin signaling at the
level of the insulin receptor due to PKCe activation and at the
level of IRS-1-associated and IRS-2-associated PI3-kinase due
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to PKCO activation (25, 26, 30). We observed that 2 wk of
gAcrp30 treatment reduced plasma membrane sn-1,2-DAG in
liver and membrane-associated DAG in muscle, leading to de-
creased PKCe activity in liver and both PKCO and PKCe activity
in skeletal muscle. As a result, insulin signaling at the level of
insulin receptor kinase increased in both of these tissues. As
such, the effect of globular adiponectin on tissue-specific insulin
action appears to occur through reductions in liver and muscle
plasma membrane DAG content, resulting in reduced PKCe
activation in liver and reduction in both PKCe and PKC6 acti-
vation in skeletal muscle.

In both in vitro and ex vivo studies, adiponectin has been
suggested to reduce TAG content in the liver and muscle by
enhancing fatty acid oxidation in an AMPK-dependent manner
(7,12, 14, 54, 55). However, Yamauchi et al. found that globular
adiponectin cannot activate hepatic AMPK signaling pathways
(48). No competing hypothesis has yet been published, and so
the underlying physiological mechanisms by which gAcrp30 re-
duces hepatic TAG are still debated. Further complicating this
question, most mechanistic studies examining adiponectin’s
mechanism of action have been performed purely in vitro and
ex vivo, whereas in vivo studies are critical to understand the
complex interorgan cross-talk that regulates metabolic physiol-
ogy. Reduced ectopic lipid content in liver and skeletal muscle
may be due to several factors including 1) decreased NEFA flux
to these tissues from reduced WAT lipolysis; 2) increased rates of
tissue mitochondrial fatty acid oxidation; and 3) decreased lipid
delivered to tissues from circulating lipoproteins. We evaluated
each of these potential mechanisms for the gAcrp30-induced re-
ductions in ectopic lipids in HFD-fed mice using a comprehensive
series of in vivo metabolic studies. While gAcrp30 appeared to
suppress rates of WAT lipolysis, as reflected by reduced rates of
glycerol turnover and increased WAT insulin sensitivity, as reflected
by increased insulin-stimulated glucose uptake, it did not affect
whole-body fatty acid turnover potentially due to compensatory
changes in reesterification. Additionally, hepatic mitochondrial fatty
acid oxidation and the regulation of fat oxidation in liver were
unchanged. In gastrocnemius and soleus muscle, gAcrp30 treatment
increases muscle fatty oxidation in vivo and ex vivo, an effect that
was correlated with increased phosphorylation of ACC in a manner
consistent with previously described eNOS/AMPK-dependent reg-
ulation of ACC (46). This increase in skeletal muscle fatty acid
oxidation could account, in part, for the reduced ectopic lipid de-
position seen in several tissues in gAcrp30-treated mice and the
improvement in muscle insulin sensitivity.

In addition to promoting increased muscle fatty acid oxida-
tion, we also found that both gAcrp30 and Acrp30 treatment
reduces ectopic lipid (TAG/plasma membrane DAG) accumu-
lation in liver and skeletal muscle by improving WAT TAG up-
take and further increasing WAT storage capacity. Adiponectin-
treated mice displayed increased LPL activity in postheparin
plasma and eWAT and improved adipose postprandial tri-
acylglycerol uptake. These results are consistent with our ob-
servations that 2 wk of gAcrp30 or Acrpt30 treatment increased
eWAT mass but did not change total fat mass, as assessed by
'"H NMR.

Our findings also imply an important role for decreased
plasma adiponectin in the development of lipid-induced liver
and skeletal muscle insulin resistance. In humans and monkeys,
plasma adiponectin levels correlate significantly with whole-body
insulin sensitivity (56, 57). Overexpression or administration of
adiponectin in mice results in a decrease in hyperglycemia and
improvement in systemic insulin sensitivity (7, 58), whereas
adiponectin-deficient mice exhibit impaired insulin sensitivity
and are prone to diabetes (8, 59). Tying all of this together,
circulating adiponectin may be a reflection of the presence of
functioning adipose tissue, a part of the machinery the WAT
uses in its fat-storing operation. In normal physiology, healthy
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adipose tissue secretes sufficient adiponectin to promote storage
of circulating TAG in WAT and signal a shift to increase fatty
acid oxidation in skeletal muscle. However, in obesity, as adipose
tissue has limited storage capacity, WAT secretion of adipo-
nectin decreases. This derangement in fat storage and muscle fat
oxidation may then lead to increased ectopic lipid (TAGs/plasma
membrane DAGs) accumulation in liver and skeletal muscle and
the subsequent development of insulin resistance in these organs
leading to the metabolic syndrome, hepatic steatosis/NASH, and
atherosclerosis.

Taken together, these results suggest that chronic adiponectin
administration ameliorates insulin resistance in an HFD-fed
mouse model of obesity, NAFLD, and insulin resistance by two
major mechanisms. First, adiponectin treatment promotes in-
creased WAT LPL activity, which may lead to increased uptake
of TAG into WAT, thus diverting circulating TAG away from
storage in liver and skeletal muscle. Second, adiponectin treat-
ment promotes increased fatty acid oxidation in skeletal muscle,
which, in turn, may be attributed to the activation of AMPK and
eNOS. These two effects of adiponectin, in turn, lead to reduc-
tions in liver and muscle plasma membrane-associated sn-1,2-
DAG content, resulting in decreased PKCe activity in liver and
decreased PKCe and PKCO in muscle resulting in increased in-
sulin signaling and insulin action in these tissues. Furthermore,
adiponectin-induced improvement in liver and muscle insulin
sensitivity in insulin-resistant, HFD-fed mice occurred indepen-
dently of changes in total ceramide content in these tissues.
Taken together, these studies provide insights into the mecha-
nisms by which adiponectin reverses HFD-induced liver and
muscle insulin resistance in mice.

Materials and Methods

Animals. All rodent studies were approved by the Yale University Institutional
Animal Care and Use Committee. Male C57BL/6J mice (Jackson Laboratory)
were group housed at the animal care facility at Yale University Animal
Research Center and maintained under controlled temperature (23 °C) and
lighting (12:12 h light/dark cycle, lights on at 7:00 A.M.) with free access to
water and food. Diet-induced obesity studies were carried out by feeding
mice a HFD (60% calories from fat, Research Diets D12492). To study the
effects of adiponectin treatment, following 2 wk or 10 wk of HFD, mini-
osmotic pumps (Alzet) containing recombinant mouse globular adiponectin
protein (Abcam), recombinant mouse full-length adiponectin (Abcam), or
vehicle (saline) were implanted s.c.. Adiponectin was released at a rate of 2.5
pg/d (globular adiponectin) or 10 pg/d (full-length adiponectin) for 14 d
based on previous literature (14, 48). Food and water intake measurements
and indirect calorimetry were performed using Columbus Lab Animal
Monitoring System metabolic cages (Columbus Instruments). During this
time, food intake and body weight were regularly monitored. The mice used
for euglycemic clamp and in vivo tracer studies underwent surgery under
isoflurane anesthesia to place catheters in the jugular vein and single-
housed mice were allowed to recover 6-7 d before planned experiments.

Hyperinsulinemic-Euglycemic Clamps. Clamps were performed as previously
described (26, 60). Briefly, after an overnight fast, a 120-min basal infusion
with [3-3H] glucose (PerkinElmer) at a rate of 0.05 pCi/min, [1,1,2,3,3-Ds]
glycerol (Sigma Aldrich) at a rate of 1.5 pmol/(kg-min) and potassium ['3C6]
palmitate (Cambridge Isotopes) at a rate of 0.7 pmol/(kg-min) was per-
formed. After the basal period, mice underwent a 140-min hyperinsulinemic-
euglycemic clamp by infusing [3-*H] glucose, [1,1,2,3,3-Ds] glycerol, and
potassium ['3Cq6] palmitate at the rates indicated above, and in the last
55 min of the clamp period, 2»deoxy—[1—14C] glucose (2-DG) (PerkinElmer) was
given to estimate tissue-specific glucose uptake. Twenty percent dextrose
(Hospira) at a variable rate and insulin at a rate of 3 mU/[kg-min] was infused
through the jugular venous catheter to maintain a steady-state plasma
glucose concentration of ~120 mg/dL. Plasma glucose concentrations were
measured every 10-15 min during the hyperinsulinemic-euglycemic clamp
period. At the end of the study, mice were euthanized with intravenous (i.v.)
pentobarbital and tissues were obtained following the clamp study using
freeze clamps precooled in liquid nitrogen. The specific activity of glucose
was measured in plasma samples collected at the steady state during basal
and clamp by liquid scintillation counting.
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Flux Measurement. Positional isotopomer NMR tracer analysis (PINTA) was
applied to measure rates of hepatic mitochondrial citrate synthase flux (Vcs)
and pyruvate carboxylase flux (Vpc) as previously described (45). Infusion of
[3-H] glucose (PerkinElmer) at a rate of 0.05 uCi/min and [3-'3C] sodium
lactate (Cambridge Isotopes) at a rate of 40 umol/(kg-min) was performed
for a total of 120 min to measure Vpc/Vcs and Vpc/Vegp as we previously
described (45).

The ratio of pyruvate dehydrogenase flux to citrate synthase flux (Vppu/
Vcs) was used to indicate tissue-specific metabolic substrate oxidation after a
2-h infusion of [1,2,3,4,5,6-'3Cglglucose (16.7 pmol/[kg-min] prime for 5 min,
5.6 pumol/[kg-min] continuous infusion) as previously described (61). Briefly,
Vppr/Vcs Was measured as the ratio of [4,5-'>C,lglutamate/['3C5]alanine.
['*C5lalanine enrichment was measured by gas chromatography-mass
spectrometry (GC/MS) and [4,5-'3C,]glutamate enrichment was measured by
liguid chromatography-tandem mass spectrometry (LC-MS/MS) as previously
described (29).

[1,1,2,3,3-Dslglycerol and ['3Ci¢]palmitate enrichments were measured
using GC/MS as previously described (61). Briefly, glycerol turnover =
([1,1,2,3,3-Ds] glycerol tracer enrichment/[1,1,2,3,3-Ds] glycerol plasma en-
richment — 1) x infusion rate. Palmitate turnover = (['*C;¢] palmitate tracer
enrichment/['3Cy¢] palmitate plasma enrichment — 1) x infusion rate. Fatty
acid turnover = Palmitate turnover rate/(palmitate/total fatty acids).

Palmitate and Glucose Oxidation Measurement Ex Vivo. Ex vivo muscle oxi-
dation measurements were performed as previously described (62) with
minor modifications. Briefly, mice were fasted overnight (12 h) before the
procedure. Animals were euthanized during tissue collection under iso-
flurane anesthesia; intact soleus muscles were rapidly removed and pinned
in stainless steel clips to maintain resting tension. Muscles were pre-
incubated in Krebs-Ringer bicarbonate buffer (KRBB), with 10 mM glucose
and 0.5% BSA, pH 7.4, at 35 °C, for 30-45 min. Soleus muscles were then
incubated in the same buffer containing either radiolabeled palmitic acid
(0.1 mM palmitic acid [Sigma Aldrich] and 0.2 pCi/mL [1-"*C]palmitic acid
[PerkinElmer]) or radiolabeled glucose (10 mM glucose [Sigma Aldrich] and
0.2 pCi/mL ['*Cg]p-glucose [PerkinElmer]) for 1 h. *CO, produced was trap-
ped in NaOH (0.3 mL at 2 N) during incubation. Muscles were removed,
washed in cold saline for 1 min, blotted on filter paper, and weighed. In-
cubation vials were tightly capped, and 0.5 mL of 2 N HCl was added directly
to the KRBB using a syringe; vials were incubated for 2 h at 37 °C. *CO,
absorbed in NaOH solution was then quantified by scintillation counting.

Biochemical Analysis. Plasma glucose was measured enzymatically using a YSI
Glucose Analyzer (YSI). Plasma insulin concentrations were measured by RIA
(EMD Millipore) at the Yale Diabetes Research Center. Plasma NEFA and TAG
concentrations were measured by standard spectrophotometric assays (NEFA:
Wako Diagnostics; TAG: Sekisui/Fujifilm). Plasma adiponectin (full-length and
globular adiponectin) concentrations were measured by enzyme-linked im-
munoassay (ELISA) (Abcam).

Tissue Analysis. Liver DAG stereoisomers in five subcellular compartments
were measured as previously described (40, 63). Briefly, liver tissues were first
homogenized with a Doucne-type homogenizer in cold (4 °C) TES buffer
(250 mM sucrose, 10 mM Tris at pH 7.4, 0.5 mM EDTA). Then, the homog-
enate was centrifuged (at 12,000 rpm with SS-34 rotor or 17,000 X g, 15 min,
4 °C) to obtain pellet A and supernatant A. The top lipid layer was collected
as the lipid droplet fraction. The supernatant A was washed, centrifuged,
and then resuspended in TES buffer and gently layered on top of 1.12 M
sucrose buffer cushion in ultracentrifuge tubes. Then it was centrifuged (at
35,000 rpm with TLS-55 rotor or 105,000 x g, 20 min, 4 °C) to obtain pellet B,
interface B, and supernatant B. The interface B was collected, washed, and
centrifuged to get plasma membrane fraction. The pellet B was washed and
centrifuged to obtain mitochondria fraction. The supernatant B was
centrifuged (at 65,000 rpm with Ti-70.1 rotor or 390,000 x g, 75 min, 4 °C) to
separate pellet C and supernatant C. Pellet C was washed, centrifuged, and
collected as the endoplasmic reticulum fraction. Supernatant C was collected
as the cytosol fraction. DAG and ceramide concentrations (30), hepatic long-
chain acyl-CoA (30), acetyl-CoA, and malonyl-CoA (60) were measured as
previously described.

Tissue TAG content was measured by a standard kit (Sekisui/Fujifilm) after
extraction by the method of Bligh and Dyer (64). For nPKC translocation,
cytoplasm and plasma membrane fractions were separated by ultracentri-
fugation as previously described (65, 66).

Insulin Signaling and Western Blotting. IRS-1- and IRS-2-associated PI3K ac-
tivity were determined as previously described (38). Briefly, IRS-1- and
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IRS-2-associated PI3K activities were measured in liver and muscle extracts
after immunoprecipitation with IRS-1 antibody (BD Transduction Laboratories)
or IRS-2 antibody (Cell Signaling)/agarose conjugate overnight at 4 °C. Then, the
incorporation of 32P into Pl to yield phosphatidylinositol-3-monophosphate was
measured to determine the IRS-1- and IRS-2-associated PI3K activity.

Proteins from tissue lysate were separated by 4-12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS/PAGE) (Invitrogen) and then
transferred onto polyvinylidene difluoride membranes (Millipore). After
blocking in 5% bovine serum albumin (BSA)/Tris-buffered saline with Tween
(TBST) (10 mM Tris, 100 mM Nacl, and 0.1% Tween-20) solution, membranes
were incubated overnight at 4 °C with antibodies obtained from Cell Sig-
naling Technology (pIRK-Y1162, IRK, GAPDH, pAkt-5473, Akt, pJNK, peNOS,
AMPK, pAMPK, ACC, pACC, Perilipin, ATGL, pHSL, and HSL), BD Transduction
Laboratories (PKCg, PKCO, and eNOS), Shulman Lab (pIRK T1160) (40), EMD
Millipore (JNK), VALAsciences (pPerilipin), and Abcam (Na/K ATPase and
pATGL). After washing with TBST, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies and detection was per-
formed with enhanced chemiluminescence. For assaying the IRK-T1160
phosphorylation, after protein concentration quantitation, protein samples
were first immunoprecipitated by Dynabeads M-270 Epoxy (Invitrogen)
conjugated with D2 anti-IR alpha-subunit antibody. The primary antibody
solution was diluted 1:100-1:200 for pIRK-T1160 detection.

Hepatic VLDL-TG Production. Hepatic VLDL-TG production was assessed as
previously described (67). In order to determine the basal plasma TAG level,
after overnight fasting, blood samples were collected. Mice were injected
intraperitoneally with poloxamer 407 (1 g/kg of body weight; Sigma Aldrich)
to inhibit tissue LPL activity, and blood samples were collected at 1, 2, 3, and
4 h after injection. The VLDL-TG production rate was calculated by the re-
sultant increase in plasma TAG concentrations.

Oral Lipid Tolerance Test and Tissue-Specific Lipid Uptake. Lipid clearance and
tissue-specific uptake were measured by using [9,10-3H] triolein as previously
described (67, 68). After overnight fasting, mice received a gavage of a mixed
meal: 10 pl/g 10% dextrose in Intralipid (20%; Abbott Laboratories) conju-
gated with 10 uCi of [9,10-3H]triolein (PerkinElmer). Blood was collected by tail
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