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The	adipocyte-derived	hormone	adiponectin	signals	from	the	fat	storage	depot	to	regulate	metabolism	in	
peripheral	tissues.	Inversely	correlated	with	body	fat	levels,	adiponectin	reduction	in	obese	individuals	may	
play	a	causal	role	in	the	symptoms	of	metabolic	syndrome.	Adiponectin	lowers	serum	glucose	through	sup-
pression	of	hepatic	glucose	production,	an	effect	attributed	to	activation	of	AMPK.	Here,	we	investigated	the	
signaling	pathways	that	mediate	the	effects	of	adiponectin	by	studying	mice	with	inducible	hepatic	deletion	of	
LKB1,	an	upstream	regulator	of	AMPK.	We	found	that	loss	of	LKB1	in	the	liver	partially	impaired	the	ability	of	
adiponectin	to	lower	serum	glucose,	though	other	actions	of	the	hormone	were	preserved,	including	reduction	
of	gluconeogenic	gene	expression	and	hepatic	glucose	production	as	assessed	by	euglycemic	hyperinsulinemic	
clamp.	Furthermore,	in	primary	mouse	hepatocytes,	the	absence	of	LKB1,	AMPK,	or	the	transcriptional	coacti-
vator	CRTC2	did	not	prevent	adiponectin	from	inhibiting	glucose	output	or	reducing	gluconeogenic	gene	
expression.	These	results	reveal	that	whereas	some	of	the	hormone’s	actions	in	vivo	may	be	LKB1	dependent,	
substantial	LKB1-,	AMPK-,	and	CRTC2-independent	signaling	pathways	also	mediate	effects	of	adiponectin.

Introduction
The discovery of adipose tissue as an endocrine organ that can 
secrete adipokine hormones has provided new insights into the 
role of this tissue in the homeostasis of organismal nutrient 
metabolism. The identification and characterization of one such 
adipokine, adiponectin, revealed an intriguing interaction between 
adipocytes and nutrient metabolism in peripheral tissues (1, 2). 
The importance of adiponectin is heightened by the clear associa-
tion of decreased adiponectin levels in obese individuals with an 
elevated risk for insulin resistance and cardiovascular disease (3, 4)  
and the identification of adiponectin missense mutations that 
associate with increased risk for insulin resistance and coronary 
artery disease (5, 6). While the precise mechanisms by which adi-
ponectin may antagonize adverse outcomes are unclear, adminis-
tration of adiponectin is known to increase fatty acid oxidation in 
metabolic tissues, decrease hepatic glucose production, increase 
glucose uptake in muscle cell culture, and alter food intake and 
energy expenditure through central actions (5, 7–11). For these 
reasons, adiponectin-mimetic therapies have become an attractive 
potential treatment for the metabolic syndrome.

Multiple studies have found that adiponectin lowers blood glu-
cose acutely through a reduction in hepatic glucose output with 
little or no effect on glucose disposal (9, 10, 12). Adiponectin also 
reduces hepatic and serum triglyceride levels and protects from 
both alcoholic and nonalcoholic hepatic steatosis (7, 13). Reduc-
tion of adiponectin in mice leads to impaired glucose tolerance and 
elevated hepatic glucose production, further corroborating the role 
for adiponectin in normal hepatic metabolism (14). The role has 
been further established in studies showing that the reversal of 

decreased serum adiponectin levels in ob/ob mice through trans-
genic expression can dramatically improve their metabolic profile 
(15). The glucose-lowering functions of adiponectin have been 
attributed to the hepatic activation of AMPK, providing a mecha-
nistic link to a signal transduction pathway already established as 
an antagonist of hepatic glucose output and lipogenesis (16).

AMPK is an evolutionarily conserved protein kinase that serves 
as a primary cellular monitor of energy charge; conditions that 
deplete energy and thus elevate the AMP/ATP ratio activate the 
kinase and result in a decrease in anabolic and increase in cata-
bolic pathways (17). AMPK is a heterotrimeric enzyme, consist-
ing of regulatory β and γ subunits and a catalytic α subunit that 
requires phosphorylation by an upstream AMPK kinase (AMPKK) 
to achieve full activity. Once activated, AMPK phosphorylates tar-
get proteins such as acetyl-CoA carboxylase (ACC) and CREB-regu-
lated transcription coactivator (CRTC2), also known as transducer 
of regulated cAMP response element–binding protein 2 (TORC2), 
restoring the energy status through multiple mechanisms includ-
ing increased fatty acid oxidation and glucose uptake in muscle, 
and decreased hepatic lipogenesis and gluconeogenesis (16–19). 
The principle AMPKKs are the kinases STK11/LKB1 and CaMKKβ, 
which phosphorylate AMPK in its activation loop at threonine 172 
(20–23). In many cells, LKB1 is the dominant AMPKK, as its loss 
decreases basal and stimulated AMPK phosphorylation and activ-
ity (24–26). For example, deletion of LKB1 in liver elevates serum 
glucose levels and impairs glucose tolerance, which is associated 
with a significant loss of basal and metformin-stimulated AMPK 
phosphorylation (26). These data establish LKB1 as an important 
regulator of hepatic glucose production.

AMPK mediates some hepatic actions of adiponectin as evi-
denced by loss of adiponectin-induced glucose lowering in mice 
expressing a dominant negative AMPK protein in liver (27). More-
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over, AMPK and its activating kinase LKB1 are required for adi-
ponectin to reduce the expression of the lipogenic gene Srebf1c 
(28). While these studies suggest that some effects of adiponectin 
depend on AMPK, it is unclear whether this pathway accounts for 
all the actions of this adipokine. Indeed, recent studies employ-
ing genetic loss of LKB1 and AMPK activities have revealed that 
the biguanide metformin does not require these proteins for its 
effects on glucose output or gluconeogenesis (29). Moreover, the 
precise contribution of LKB1, perhaps as a regulator of AMPK-
related kinases, to adiponectin signaling remains unclear. For 
these reasons, we utilized a genetic loss-of-function approach to 
ask whether LKB1 is required in vivo for the hepatic functions of 
adiponectin. We have taken advantage of a floxed LKB1 allele to 
conditionally delete the LKB1 protein in the liver, the major tissue 

responsible for the glucose-lowering effects of adiponectin (10). 
We have found that, while a component of adiponectin’s lowering 
of hepatic glucose production is LKB1 dependent, the hormone 
still reduces hepatic glucose production and gluconeogenic mRNA 
expression in vivo in the absence of LKB1.

We have also utilized primary mouse hepatocytes in vitro to 
further characterize adiponectin-dependent control of glucose 
metabolism. One postulated mechanism for LKB1 and AMPK 
modulation of gluconeogenic mRNAs is through antagonism of 
the cAMP-responsive CREB signaling system at the level of the 
coactivator CRTC2. AMPK and other LKB1-dependent kinases 
phosphorylate and inactivate CRTC2, leading to reductions in the 
transcription of the Ppargc1a, Pck1, and G6pc genes (19). We there-
fore tested to determine whether the LKB/AMPK/CRTC2 signaling 

Figure 1
Loss of hepatic LKB1 leads to elevated serum glucose in fasted and fed–ad libitum mice. LKB1lox/lox mice were infected with adeno-associated 
virus expressing either GFP or Cre recombinase 16 days prior to study. Mice were either fasted for 18 hours prior to sacrifice or fed ad libitum 
and sacrificed at 10 am. We quantified (A) blood glucose values and (B) serum insulin values from mice under the indicated conditions. (C) 
Liver tissue was extracted and Western blotted for phosphorylated Akt (T473), total Akt, phosphorylated Foxo1 (T26), total Foxo1, and total 
LKB1 protein. A.L., ad libitum. (D and E) Western blots were quantified and the phosphorylated/total Akt and Foxo ratio is shown. Total hepatic 
(F) triglycerides and (G) protein were quantified and (H) liver weight/body weight ratio calculated. *P < 0.05, GFP versus Cre; ‡P < 0.05, fasting 
versus fed. All results are expressed as the mean, and error bars represent SEM.
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pathway was required for adiponectin-controlled gluconeogenic 
mRNA expression and glucose production in primary hepatocytes. 
Using cells isolated from LKB1-, AMPK α–, or CRTC2-null livers, 
we found that the LKB1/AMPK/CRTC2 signaling axis is not nec-
essary for regulation of glucose output or transcript levels of glu-
coneogenic enzymes in response to adiponectin, suggesting that 
adiponectin regulates hepatic metabolism by an LKB1-, AMPK-, 
and CRTC2-independent pathway.

Results
Conditional deletion of hepatic LKB1 results in elevated blood glucose levels.  
To evaluate the role of hepatic LKB1 in adiponectin action, we 
deleted acutely the STK11/LKB1 gene in the liver by viral delivery 
of the Cre recombinase to adult mice that were homozygous for 
a floxed allele of LKB1 (30) and evaluated their metabolic pheno-
type. Glucose tolerance tests performed at varied intervals after 
viral delivery of Cre recombinase revealed a sustained glucose 
intolerance that was evident 11 days after infection (Supplemen-
tal Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JCI45942DS1), as previously reported (26); loss 
of hepatic LKB1 in AAV-Cre–treated mice led to elevated serum 
glucose levels under both fasted and fed conditions (Figure 1A). 
Consistent with elevated blood glucose levels, serum insulin val-
ues trended to be increased in the absence of hepatic LKB1 and 

there was an elevation in hepatic Akt and Foxo1 phosphoryla-
tion under both fasted and fed conditions (Figure 1, B–E). Loss 
of hepatic LKB1 did not lead to alteration in liver triglycerides, 
protein, or the liver–to–body weight ratio under these conditions 
compared with AAV-GFP–treated control mice (Figure 1, F–H), 
suggesting that after removal of LKB1, the primary hepatic phe-
notype is altered glucose homeostasis.

Conditional deletion of hepatic LKB1 partially abrogates the glucose-low-
ering effects of adiponectin. To assess the requirement for LKB1 in 
adiponectin action, we injected adiponectin i.p. and monitored the 
blood glucose levels of these mice for 8 hours. We were unable to 
detect phosphorylation of AMPK in response to this adiponectin 
treatment in either the presence or absence of LKB1 (Figure 2A).  
Nonetheless, this dose of adiponectin was active, as Ad-GFP–
infected LKB1lox/lox mice responded to adiponectin treatment with 
a significant reduction in serum glucose levels when compared 
with PBS-injected control mice, which displayed an increase from 
baseline, presumably due to the stress of the injection (Figure 2B).  
Serum glucose levels in adiponectin-treated, Ad-Cre–infected 
LKB1lox/lox mice were only partially lowered (Figure 2B). When the 
data from the adiponectin-treated mice were normalized to the 
PBS treatment group from corresponding genotypes, the depen-
dence on LKB1 became more obvious (Figure 2C). These data 
largely replicate the adiponectin resistance produced by expression 
of a dominant inhibitory mutant of AMPK in liver (27).

LKB1 excision in liver partially blocks the effects of adiponectin on hepatic 
glucose production. We were concerned that the elevated glucose lev-
els of hepatic LKB1-deficient mice at the beginning of the adipo-
nectin treatment might have confounded interpretation of these 
experiments, as hyperglycemia could lead to effects unrelated to 
deletion of LKB1. We therefore sought to control for these high 
glucose levels by comparing the effects of adiponectin in Ad-Cre–  
and Ad-GFP–infected LKB1lox/lox mice that were “clamped” at 
euglycemia by infusion of insulin and glucose. This experiment 
also allowed the direct measurement of hepatic glucose output. 
Mice infected with Ad-Cre again showed a dramatic loss of LKB1 
protein (Figure 3A). Consistent with previous results in wild-type 
mice, intravenous infusion of adiponectin into Ad-GFP–infected 
LKB1lox/lox mice for the 2-hour duration of the clamp procedure 
resulted in an increased glucose infusion rate, which was mediated 
by a reduction in hepatic glucose production with no significant 
change in the rate of glucose disposal (ref. 10; Figure 3, B, C, E, 
and F). Ad-Cre–infected LKB1-deficient mice exhibited a slightly 
lower glucose infusion rate and a statistically significant elevation 
of hepatic glucose production and no change in the rate of glucose 
disposal or tissue uptake, establishing a role for hepatic LKB1 in 

Figure 2
Hepatic loss of LKB1 leads to reduced efficacy of adiponectin. LKB1lox/lox  
mice were infected with adenovirus expressing either GFP or Cre 
recombinase 16 days prior to study. (A) Western blots of liver tissue  
8 hours after injection with either PBS or 34 μg/g body weight adiponec-
tin (adipo) showing excision of LKB1 protein and concomitant reduc-
tion in AMPK T172 phosphorylation. (B) Blood glucose levels were 
obtained from infected mice injected i.p. with either PBS or 34 μg/g  
body weight adiponectin. (C) Fold change in blood glucose levels of 
adiponectin versus PBS injected at the indicated time point. *P < 0.05 
versus PBS treatment of same genotype at equivalent time points;  
‡P < 0.05 GFP versus Cre. All results are expressed as the mean, and 
error bars represent SEM.
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basal glucose metabolism (Figure 3, B, C, E, and F). Surprisingly, 
adiponectin infusion in the LKB1-deficient mice still suppressed 
hepatic glucose production; however, this reduction was less than 
that produced by adiponectin in control animals (50% vs. 27% 
reduction [P < 0.01] in Ad-GFP vs. Ad-Cre animals, respectively), 
suggesting that there are both LKB1-dependent and -independent 
components of adiponectin-induced reduction of hepatic glucose 
production (Figure 3, C and D). However, as noted above, the 
major impact of hepatic LKB1 deletion was to increase basal glu-
cose output in the absence of exogenous adiponectin (Figure 3C).

Loss of LKB1 affects basal gene expression but not the effects of adipo-
nectin. To elucidate the mechanism by which LKB1 mediates the 
adiponectin-dependent reduction in hepatic glucose produc-
tion, we studied the effect of i.p. injection of adiponectin on 
gene expression of a group of genes encoding proteins relevant 
to metabolic phenotypes of the liver. In control, Ad-GFP–infected 
LKB1lox/lox animals, treatment with adiponectin reduced the mRNA 
of gluconeogenic and lipogenic genes Ppargc1a, G6pc, Pck1, Srebf1c, 
Acaca, Acly, and Fasn, consistent with the effect of the hormone in 
suppressing the anabolic program (Figure 4). In Ad-Cre–infected 
LKB1lox/lox animals, the loss of hepatic LKB1 increased the basal 
expression of many of the genes, including Ppargc1a, G6pc, Srebf1c,  
Acaca, Acly, and Fasn (Figure 4). These data emphasize that the 
degree of recombination and consequent reduction in LKB1 is 
sufficient to have biological consequences in vivo. Treatment of 
these mice with adiponectin markedly reduced the transcripts 
encoding these anabolic genes, but surprisingly, excision of LKB1 

by infection with Ad-Cre was largely without effect on the action of 
adiponectin (Figure 4). These data indicate that LKB1 is required 
for maintenance of basal gene expression but is dispensable for 
signaling by adiponectin to the nucleus. Again, to eliminate the 
potential confounding effects of hyperglycemia, mRNA encoding 
gluconeogenic proteins was measured in livers at the termination 
of the euglycemic, hyperinsulinemic clamps. Under these condi-
tions, loss of LKB1 resulted in significantly increased levels of 
Ppargc1a, Pck1, and G6pc mRNA, which were nonetheless reduced 
by adiponectin treatment independent of the presence of hepatic 
LKB1 (Supplemental Figure 2, B–D).

Activation of AMPK by adiponectin is rapid, modest, and accompanied 
by elevated AMP levels. Prior work has suggested that adiponectin 
exerts its effects on AMPK through an increase in intracellular 
AMP, though this remains controversial (27, 31). To examine this 
question in primary hepatocytes, a physiological target tissue for 
adiponectin, we quantified the intracellular adenine nucleotide lev-
els following treatment with adiponectin and other known AMPK 
activators. Traditional AMPK activators led to a robust increase 
in AMPK phosphorylation at T172 in primary hepatocytes in a 
time-dependent manner that was accompanied by a concomitant 
increase in cellular AMP levels, and at latter time points alterations 
in ADP and ATP levels (excluding AICAR [5-Aminoimidazole-4-
carboxamide ribonucleotide] and its monophosphorylated species 
ZMP) (Supplemental Figure 3). In contrast, adiponectin treatment 
elicited a modest and transient activation of AMPK, which peaked 
after 5 minutes, and was also correlated with a transient elevation 

Figure 3
Hepatic loss of LKB1 alters adiponectin’s effects on hepatic glucose production. Hyperinsulinemic, euglycemic clamp studies of adenovirus-
infected LKB1lox/lox mice infused i.v. with PBS or 50 ng/min/g body weight of adiponectin were performed as indicated in Methods. Each group 
consisted of 4 mice. (A) Western blots from liver collected from mice following clamp experiments exhibiting loss of LKB1 protein. (B) Glucose 
infusion rate (GIR) and (C) hepatic glucose production (HGP) rate determined from clamped animals. (D) The fold reduction in hepatic glucose 
production due to adiponectin infusion was calculated for both groups of mice. (E) The rate of glucose disposal (Rd) and (F) rate of glucose 
uptake into white adipose tissue (WAT) and skeletal muscle (SkMus) for each group. *P < 0.05, PBS versus adiponectin; ‡P < 0.05, GFP versus 
Cre. All results are expressed as the mean, and error bars represent SEM.
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in cellular AMP levels. We did not observe any alterations in phos-
phorylation of LKB1 after treatment with these AMPK activators 
(Supplemental Figure 3A).

LKB1 is required for adiponectin-dependent activation of AMPK in pri-
mary hepatocytes. The effect of adiponectin on lowering hepatic 
glucose production could be exerted through adiponectin recep-
tors on hepatocytes or nonautonomously via pathways involving 
communication from other organs. To address this question, we 
isolated primary hepatocytes from LKB1lox/lox mice injected with  
Ad-GFP or Ad-Cre to assess the direct effects of adiponectin in vitro. 
AICAR, phenformin, and adiponectin all promoted phosphoryla-
tion of AMPK to varying degrees (Figure 5A). Injection of Ad-Cre 21 
days prior to isolation of hepatocytes led to a substantial reduction 
in LKB1 as well as complete abrogation of adiponectin-, AICAR-, 
and phenformin-stimulated phosphorylation of AMPK and its tar-
get protein Raptor (Figure 5A). A modest phosphorylation of the 
AMPK substrate ACC persisted in LKB1-deficient cells, likely due 
to the presence of a small number of uninfected hepatocytes. These 
results indicate that LKB1 is the predominant upstream AMPKK 
in primary hepatocytes in response to these agonists in vitro and 

is required for adiponectin-dependent phosphorylation of AMPK. 
Moreover, these data again highlight the transient and modest acti-
vation of AMPK following adiponectin treatment when compared 
with other pharmacological AMPK activators.

LKB1 is not required for adiponectin-modulated gene expression and glucose 
production in primary hepatocytes. As presented above, loss of liver LKB1 
had minimal effect on adiponectin-induced changes in hepatic gene 
expression in vivo. To determine whether this function of adiponectin 
represented a cell-autonomous effect of the hormone independent 
of hepatic LKB1, we evaluated the consequences of treating isolated 
hepatocytes with adiponectin. By 6 hours after addition of adiponec-
tin, the transient increase in AMPK phosphorylation was ended, in 
contrast to the sizeable response to AICAR or phenformin (Figure 5B).  
In hepatocytes from control Ad-GFP–infected LKB1lox/lox animals, 
treatment with the nonhydrolyzable cyclic AMP analogue dibutyr-
yl-cAMP (db-cAMP) increased markedly the accumulation of G6pc, 
Ppargc1a, and Pck1 mRNA, and this was antagonized by adiponectin 
or AICAR, with the latter being a more potent inhibitor (Figure 5,  
C–E). LKB1-deleted hepatocytes exhibited elevated basal mRNA levels 
for Pck1, G6pc, and Ppargc1a, and db-cAMP further increased the mRNA 

Figure 4
Adiponectin-induced gene expression following adiponectin tolerance test is not LKB1 dependent. Adenovirus-infected LKB1lox/lox mice were 
injected i.p. with PBS or 34 μg/g body weight adiponectin, and 6 hours later, their livers were collected for mRNA analysis. The indicated mRNAs 
were quantified and expressed relative to Tbp mRNA levels. The data are represented normalized to the GFP-infected, PBS-injected group.  
*P < 0.05 PBS versus adiponectin; ‡P < 0.05 GFP versus Cre. All results are expressed as the mean, and error bars represent SEM.
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Figure 5
Adiponectin signaling in LKB1-deficient primary hepatocytes. (A) Primary hepatocytes isolated from adenovirus-infected LKB1lox/lox mice were 
treated with 30 μg/ml adiponectin (Adipo) for 5 or 15 minutes, 1 mM AICAR for 1 hour, or 1 mM phenformin (Phen) for 1 hour, and Western 
blots examining AMPK phosphorylation (pAMPK), total and phosphorylated ACC (tACC and pACC), total and phosphorylated Raptor (tRaptor  
and pRaptor), and LKB1 proteins were performed. (B) Western blots from hepatocytes isolated from adenovirus-infected LKB1lox/lox mice 
were treated with 30 μg/ml adiponectin, 500 μM AICAR, and 100 μM db-cAMP for 6 hours and probed for CRTC2, total AMPK (tAMPK) and 
phosphorylated AMPK, LKB1, total and phosphorylated ACC, and tubulin. (C–E) Primary hepatocytes isolated from adenovirus-infected 
LKB1lox/lox mice were treated with 30 μg/ml adiponectin, 500 μM AICAR, and 100 μM db-cAMP for 6 hours. Total RNA was isolated and (C) 
Ppargc1a, (D) Pck1, and (E) G6pc mRNA was quantified and expressed relative to cyclophilin A mRNA and normalized to basal mRNA from 
GFP-infected hepatocytes. *P < 0.05 vs. db-cAMP; ‡P < 0.05 GFP versus Cre. (F) Primary hepatocytes isolated from adenovirus-infected 
LKB1lox/lox mice were treated with 30 μg/ml adiponectin, 500 μM AICAR, and 100 μM db-cAMP for 6 hours in glucose-free medium, and glu-
cose production was measured and normalized to total protein. *P < 0.05 vs. untreated with adiponectin or AICAR. All results are expressed 
as the mean, and error bars represent SEM.
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levels for the latter 2 genes (Figure 5, C–E). Importantly, in LKB1-defi-
cient hepatocytes, the effect of adiponectin and AICAR on reducing 
Ppargc1a and G6pc gene expression was retained. The lack of effect on 
Pck1 expression was most likely due to the much-reduced response 
to db-cAMP. In addition to decreasing the mRNA of gluconeogen-
ic genes, adiponectin and AICAR reduced glucose production by 
hepatocytes isolated from LKB1lox/lox mice infected with either Ad-GFP  
or Ad-Cre (Figure 5F). db-cAMP stimulated glucose production 

modestly, but again this was decreased by adiponectin or AICAR in 
both wild-type hepatocytes and those deficient in LKB1 (Figure 5F). 
These data indicate that LKB1 is not required for cell-autonomous 
suppression of gluconeogenic gene expression or glucose output by 
adiponectin in primary hepatocytes.

AMPK is not required for adiponectin-modulated gene expression in 
primary hepatocytes. To determine whether the LKB1-independent 
effects of adiponectin on gluconeogenic gene expression were 

Figure 6
Adiponectin signaling in AMPK α1/α2–deficient primary hepatocytes. (A) Western blots from hepatocytes isolated from AAV-TBG-GFP– or  
AAV-TBG-Cre–infected Ampkα1lox/lox;Ampkα2lox/lox mice were treated with 30 μg/ml adiponectin, 500 μM AICAR, and 100 μM db-cAMP for 6 hours  
and probed for CRTC2, total and phosphorylated AMPK, total and phosphorylated ACC, and total and phosphorylated Raptor. (B–D) Primary 
hepatocytes isolated from AAV-TBG-GFP– or AAV-TBG-Cre–infected Ampkα1lox/lox;Ampkα2lox/lox mice were treated with 30 μg/ml adiponectin, 
500 μM AICAR, and 100 μM db-cAMP for 6 hours. Total RNA was isolated and (B) Ppargc1a, (C) Pck1, and (D) G6pc mRNA was quantified 
and expressed relative to cyclophilin A mRNA and normalized to basal mRNA from GFP-infected hepatocytes. *P < 0.05 versus db-cAMP. (E) 
Primary hepatocytes isolated from AAV-TBG-GFP– or AAV-TBG-Cre–infected Ampkα1lox/lox;Ampkα2lox/lox mice were treated with 30 μg/ml adi-
ponectin, 500 μM AICAR, and 100 μM db-cAMP for 6 hours in glucose-free medium. Glucose production was measured and normalized to total 
protein. *P < 0.05 versus untreated with adiponectin or AICAR. All results are expressed as the mean, and error bars represent SEM.
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nonetheless being mediated by AMPK, we performed studies in 
primary hepatocytes lacking both the α1 and α2 isoforms of 
AMPK (Prkaa1 and Prkaa2). Recombination of the floxed AMPK 
α1 and α2 isoforms by hepatocyte-specific expression of the Cre 
recombinase led to a complete loss of detectable AMPK α pro-
tein and phosphorylation and largely prevented the phosphory-
lation of the AMPK substrates ACC and Raptor (Figure 6A). In 
AAV-TBG-GFP–infected Ampkα1lox/lox;Ampkα2lox/lox hepatocytes, 
db-cAMP elevated Ppargc1a, Pck1, and G6pc mRNA levels, which 
were reduced by adiponectin and AICAR. In contrast to LKB1-
deficient hepatocytes, depletion of AMPK activity by infection 
of liver with AAV-TBG-Cre did not increase basal gluconeo-
genic gene expression, supporting the importance of Lkb1 
targets other than AMPK in the regulation of hepatic glucose 
metabolism (Figure 6, B–D). AMPK-deficient hepatocytes still 
responded to db-cAMP with increased Ppargc1a, Pck1, and G6pc 
mRNA, and adiponectin and AICAR antagonized this effect. 
In hepatocytes from Ampkα1lox/lox;Ampkα2lox/lox mice infected 
with AAV-GFP, both adiponectin and AICAR decreased both 
basal and db-cAMP–stimulated glucose production, and this 
was unchanged in hepatocytes isolated from mice infected with 
AAV-Cre (Figure 6E).

Loss of CRTC2 fails to prevent adiponectin- and AICAR-induced 
reductions in cAMP-stimulated gene expression. The CREB coactiva-
tor protein CRTC2 is phosphorylated and inhibited by AMPK 
family kinases and has been proposed as a mediator of LKB1-
AMPK regulatory input into CREB-dependent transcription 
(19). Treatment of hepatocytes with db-cAMP increased the 
electrophoretic mobility of CRCT2, presumably due to cAMP-
dependent dephosphorylation, and this effect was partially 
reversed by AICAR but not adiponectin (Figure 5B, Figure 6A, 
and Supplemental Figure 4A). Removal of hepatic LKB1 con-
verted the CRTC2 protein to the higher mobility, unphosphory-
lated state even in the absence of db-cAMP, and this was not 
changed by AICAR or adiponectin, consistent with recent stud-
ies examining CRTC2 in LKB1-deficient hepatocytes (Figure 5B 
and refs. 19, 29, 32). However, interconversion of the 2 forms 
of CRCT2 by db-cAMP or AICAR was not required for regula-
tion of at least some CREB target genes (Figure 5C). In contrast 
to LKB1, loss of AMPK had no effect on the basal mobility of 
CRTC2 or its response to db-cAMP, but led to impairment in 
the AICAR-induced reversal of increased mobility (Figure 6A). 
Nonetheless, AICAR regulated CREB target genes in the absence 
of AMPK (Figure 6, B–D).

The studies described above showed that CRTC2 mobility did 
not correlate with adiponectin and AICAR modulation of glu-
coneogenic gene expression; to determine genetically the depen-
dence of the inhibitory actions of AICAR and adiponectin on 
CRTC2, we measured gluconeogenic gene expression in primary 
hepatocytes isolated from CRTC2-null mice (33). Loss of CRTC2 
protein had no effect on phosphorylation of AMPK or ACC in 
response to glucagon, AICAR, or adiponectin (Supplemental 
Figure 4A). As reported previously, CRCT2-deficient hepatocytes 
were markedly impaired in glucagon-dependent expression of glu-
coneogenic genes, consistent with the importance of this coacti-
vator to their transcription (33). Nonetheless, the regulation of 
some of these genes by AICAR and adiponectin was preserved 
(Supplemental Figure 4, B–D). These results suggest that CRTC2 
is dispensable for AICAR- and adiponectin-induced suppression 
of cAMP-stimulated gene expression.

Discussion
Adiponectin has been implicated as a major protective factor 
against the adverse metabolic and cardiovascular consequences 
of obesity, though its role in normal physiology is still being 
elucidated (3, 4). In this study, we have evaluated the role of the 
LKB1/AMPK/CRTC2 signaling pathway in the hepatic actions 
of adiponectin, utilizing a loss-of-function approach for stud-
ies both in vivo and in vitro. Consistent with previous work, we 
found LKB1 relevant to the effects of adiponectin in the liver, but 
also uncovered a complex interplay between both LKB1-depen-
dent and -independent pathways that control the effects of the 
hormone on hepatic glucose output. Deletion of hepatic LKB1 by 
viral expression of Cre recombinase elicited an increase in serum 
glucose, gluconeogenic gene expression, and hepatic glucose pro-
duction, and impaired the adiponectin-dependent decrease in 
serum glucose, largely due to a diminished capacity of adiponec-
tin to lower hepatic glucose production. Surprisingly, this was not 
due to impairment in adiponectin-induced reductions in gluco-
neogenic gene expression; while loss of hepatic LKB1 resulted in 
elevated basal gene expression, the reduction following adiponec-
tin treatment was largely preserved. The deletion of LKB1, AMPK 
α proteins, and CRTC2, a signaling pathway in the hepatocyte-
linking energy charge to gluconeogenic gene expression, failed to 
prevent the reduction of glucose output or gluconeogenic gene 
expression by adiponectin. Taken together, these data suggest 
that adiponectin can function through multiple pathways to 
reduce hepatic glucose output: an LKB1-dependent pathway and 
an LKB1-, AMPK-, and CRTC2-independent pathway that may 
involve cAMP-dependent changes in the gene expression of key 
gluconeogenic genes such as Pck1 and Gpc.

Recent studies have suggested that the adiponectin receptors, 
AdipoR1 and AdipoR2, contain intrinsic ligand-stimulated ceram-
idase activity independent of LKB1 (34). Elevated hepatic ceramide 
is associated with many of the phenotypes characteristic of insu-
lin-resistant states, including increased hepatic glucose output 
and elevated triglyceride levels (35, 36). Ceramide directly antago-
nizes insulin action, largely by preventing phosphorylation and 
activation of Akt (34). Thus, adiponectin-dependent reductions in 
ceramide could have an insulin-sensitizing effect, accounting for 
its action to reduce hepatic glucose output independent of LKB1/
AMPK/CRTC2 signaling (12, 37). However, analysis of gene expres-
sion following adiponectin treatment in LKB1-null livers revealed 
a pattern inconsistent with simple insulin sensitization, as not all 
changes in mRNA levels behaved as expected for enhanced insulin 
signaling. For example, adiponectin induced a decrease in Srebf1c 
and increase in Igfbp1 mRNA levels (Figure 4), precisely the oppo-
site of how insulin regulates these genes (38). Thus, it is likely that 
adiponectin signals through a distinct specialized pathway rather 
than exclusively enhancing the actions of insulin. Other models 
of AMPK-independent adiponectin signaling postulate coupling 
of AdipoRs to the adaptor protein APPL1 (31, 39) or activation 
of p38 MAPK and PPARα (40–43). It is unclear, however, whether 
these mechanisms are functional in liver.

As shown here and previously, adiponectin increases intracellular 
AMP levels, which, based on its effects on the key points of glyco-
lytic and gluconeogenic flux, could account for the LKB1-inde-
pendent reduction in glucose production (44). Indeed, in a recent 
study, exposure of LKB1- and AMPK-null hepatocytes to a varied 
array of pharmacological activators of AMPK implicated the AMP/
ATP ratio but not AMPK activation as critical to the effects of these 
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compounds on both hepatic glucose output and gluconeogenic 
gene expression (29). Importantly, in contrast to the major altera-
tions in AMP/ATP ratio produced by the drugs reported in Foretz 
et al. (29), our studies revealed only a transient alteration of cellular 
nucleotide levels following adiponectin treatment (Supplemental 
Figure 3, B–D); it is therefore unlikely that adiponectin-dependent 
changes in glucose output and gene expression can be attrib-
uted to alterations in adenosine nucleotide levels, which Foretz 
et al. (29) suggested mediate the AMPK-independent actions of  
biguanides such as metformin.

While our data reveal that loss of hepatic LKB1 reduces the effica-
cy of adiponectin to lower blood glucose levels and hepatic glucose 
production, we are unable to determine whether this is due to an 
LKB1-dependent, cell autonomous signaling defect or is secondary 
to the metabolic abnormalities induced by deletion of hepatic LKB1 
(45). Adiponectin delivered directly into the central nervous system 
increased energy expenditure and peripheral fatty acid oxidation 
in one study and led to increased food intake in another (9, 10).  
It is possible that some of the effects of adiponectin in liver are 
also mediated by central actions of adiponectin and therefore 
independent of the liver LKB1/AMPK/CRTC2 pathway. In the cur-
rent study, the fact that in the intact mouse and isolated primary 
hepatocytes, adiponectin regulated gene expression in the absence 
of the LKB1/AMPK/CRTC2 axis suggests strongly the presence of 
a cell-autonomous mechanism for adiponectin’s regulation of glu-
coneogenic gene expression independent of this pathway.

A potential trivial explanation for LKB1-independent effects in 
vivo is incomplete excision of LKB1, or proliferation of LKB1-posi-
tive, uninfected hepatocytes retaining an intact LKB1lox allele. We 
consider this explanation unlikely for a number of reasons. The 
greater than 16-day interval between viral infection and experi-
ments provided sufficient time for turnover of LKB1 protein and 
mRNA, as corroborated by the substantial reduction in LKB1 
protein and phosphorylated AMPK as assessed by immunoblot in 
livers and primary hepatocytes. More importantly, even though 
much or all of adiponectin’s action in vivo was preserved after 
infection with Ad-Cre, nonetheless there was a significant increase 
in basal glucose production, emphasizing the efficacy of the dele-
tion. In addition, in hepatocytes isolated from LKB1lox/lox mice 
injected with Ad-Cre, adiponectin was completely blocked in its 
ability to stimulate phosphorylation of AMPK. Given the dramatic 
decrease in LKB1 protein and the binary nature of allelic recombi-
nation, any residual LKB1 is likely to represent a small number of 
uninfected LKB1lox/lox hepatocytes rather than low-level expression 
in all cells and is therefore unlikely to account for the persistent 
adiponectin-dependent glucose lowering, reduced hepatic glucose 
output, and regulation of gene expression in vivo and in vitro in 
LKB1-deficient hepatocytes.

Our studies confirm previous reports that the hepatic loss of 
LKB1 produces a reduction in basal AMPK phosphorylation with 
elevated serum glucose levels and impaired glucose tolerance (26). 
Surprisingly, this elevation in blood glucose was not caused by 
hepatic insulin resistance as determined by the continued ability of 
insulin to regulate Akt and Foxo phosphorylation as well as insu-
lin-responsive Srebp1c target genes (Figure 1, A–E, and Figure 4).  
This result indicates that LKB1 activity suppresses hepatic glucose 
output utilizing a pathway either parallel to or downstream of 
Akt/Foxo. Mice lacking hepatic LKB1, like those expressing liver-
specific dominant negative AMPK, have elevated blood glucose 
levels (Figure 1A and refs. 27, 46); interestingly, it has recently been 

shown that the hepatic-specific deletion of AMPK α subunits does 
not recapitulate the hyperglycemia phenotype, raising the possibil-
ity that dominant negative AMPK can inhibit LKB1 targets other 
than AMPK (27, 29). Thus, LKB1-dependent kinases other than 
AMPK, such as SIK2, almost certainly contribute to the mainte-
nance of basal glycemia. In contrast, it is unlikely that these kinases 
account for hepatic responsiveness to adiponectin or AICAR in the 
absence of AMPK, as deletion of AMPK also leads to loss of phos-
phorylation of the canonical AMPK substrates Raptor and ACC 
(Figure 6A). Surprisingly, whereas deletion of hepatic Lkb1 leads 
to increased hepatic glucose output, it actually antagonizes the 
ability of db-cAMP to activate Pck1 gene expression (Figure 5D).  
It is unclear whether this reflects a requirement for a Lkb1-depen-
dent pathway in glucagon signaling or represents a novel feedback 
response to prolonged elevated glucose production.

We have presented 2 pieces of evidence that suggest that the 
transcriptional regulator CRTC2 is not a primary input for both 
AICAR and adiponectin repression of PKA-stimulated gene expres-
sion. First and most importantly, hepatocytes from CRTC2-null 
mice demonstrated a robust AICAR- and adiponectin-induced 
repression of the principal PKA target gene, Ppargc1a (Supplemen-
tal Figure 4B). Second, both LKB1- and AMPK α–null hepatocytes 
exhibited a lack of correlation between CRTC2 electrophoretic 
mobility and adiponectin- and AICAR-mediated repression of  
db-cAMP–stimulated gluconeogenic mRNA expression (Figure 5C 
and Figure 6B). Consistent with the role of CRTC2 as function-
ing downstream of LKB1 to coactivate CREB activity, LKB1-null 
cells exhibited dephosphorylated CRTC2 and high basal gluconeo-
genic gene expression (Figure 5, B and C), and CRTC2-null cells 
had reduced glucagon-stimulated gene expression (Supplemental 
Figure 4B), as reported previously (33). Whereas other studies have 
implicated AMPK or SIK2 phosphorylation of CRTC2 as an impor-
tant mechanism for repression of the CREB-signaling pathway, our 
results suggest that other unknown LKB1-, AMPK-, and CRTC2-
independent mechanisms also contribute to gluconeogenic gene 
expression by adiponectin and other canonical AMPK activators 
(19, 45). The effect of these activators is likely to be downstream of 
PKA signaling, as both adiponectin and AICAR failed to suppress 
both glucagon- and db-cAMP–induced PKA phosphorylation of 
target proteins (Supplemental Figure 5).

In summary, our data support a role for LKB1 in some of the 
hepatic actions of adiponectin, showing that the AMPKK LKB1 
is required for adiponectin’s full glucose-lowering effect. These 
studies, however, also indicate an LKB1-independent pathway 
that persists in LKB1-deficient livers, in which adiponectin regu-
lates the suppression of glucose output and gluconeogenic gene 
expression. As the latter effect of adiponectin does not require 
LKB1, AMPK, or CRTC2 in primary hepatocytes, we propose a 
cell-autonomous pathway by which adiponectin controls both 
gluconeogenic gene expression and hepatic glucose output inde-
pendently of these signaling molecules.

Methods
Mice. LKB1lox/lox mice were provided by R.A. DePinho (Harvard Medical 
School, Boston, Massachusetts, USA) (30). Mice were housed in a facility 
on a 12-hour light/12-hour dark cycle with free access to food and water. 
All procedures were reviewed and approved by the Institutional Animal 
Care and Use Committee at the University of Pennsylvania. The derivation 
of the AMPK α and CRTC2 (TORC2) mice has been described previously 
(33, 47). Mice were genotyped as described. Blood glucose values were mea-
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sured with OneTouch Ultra glucose analyzer. Serum insulin was measure 
using the QuantiChrom ultrasensitive insulin ELISA. Hepatic triglycerides 
were measured using the Infinity triglyceride reagent (Thermo). Proteins 
were quantified by BCA assay (Pierce).

Viruses and infections. Adenoviruses expressing Cre recombinase and GFP 
(Ad-Cre and Ad-GFP) and Adeno-associated viruses expressing Cre recom-
binase or GFP from a TBG promoter (AAV-TBG-Cre and AAV-TBG-GFP) 
were amplified in the University of Pennsylvania Gene Therapy Vector 
Core. Mice were infected with the indicated viruses by retroorbital injec-
tion, and studies were performed 16–22 days after infection.

Production of adiponectin. Adiponectin was produced as previously 
reported using 293 cells (12) and was primarily present in HMW (High 
Molecular Weight) form, with some hexameric and trimeric protein 
also present (Supplemental Figure 6). Adiponectin preparations were 
assessed for activity through glucose-lowering effects in wild-type mice. 
Cell culture adiponectin activity was confirmed by immunodepletion of 
AMPK-activating efficacy from adiponectin protein preparations using 
anti-adiponectin antibodies.

Acute in vivo effects of adiponectin. Mice were fasted for 1 hour (9 am–10 am), 
tail blood glucose was measured using a glucometer (OneTouch Ultra), 
adiponectin 34 μg/g body weight or vehicle was injected i.p., and tail-blood 
glucose was monitored at the indicated times. For Western blotting and 
RNA studies, mice were fasted for 1 hour (9 am–10 am), and adiponectin 
(34 μg/g) or vehicle was injected i.p.; mice were then sacrificed by cervical 
dislocation and their livers were rapidly freeze clamped and processed for 
subsequent studies.

Hyperinsulinemic euglycemic clamp. Clamp experiments were performed in 
the Diabetes and Endocrinology Research Center (DERC) Mouse Pheno-
typing, Physiology and Metabolism Core as previously reported (48).

Gene expression analysis. For tissues, mice were sacrificed following the 
indicated treatments and tissues were rapidly frozen in precooled metal 
clamps and frozen in liquid nitrogen. RNA was extracted from 100 mg 
of tissue with Trizol (Invitrogen) in a TissueLyser, and RNA reverse tran-
scribed to cDNA using a RetroScript kit (Ambion). The following qPCR 
primers were used: qPCR primers: G6Pase, ATGAACATTCTCCATGACTTT-
GGG and GACAGGGAACTGCTTTATTATAGG; PEPCK, GTGGGAGT-
GACACCTCACAGC and AGGACAGGGCTGGCCGGGACG; PGC1α, 
GAGAATGAGGCAAACTTGCTAGCG and TGCATGGTTCTGAGTGC-
TAAGACC; cyclophilin A, TGGAGAGCACCAAGACAGACA and TGCCG-
GAGTCGACATGAT. For global gene analysis, a custom TaqMan low-den-
sity array was used to quantify a panel of metabolically important genes in 
liver on an ABI instrument. For primary hepatocytes, cells were plated over-
night in M199 medium containing 0.05% BSA, 100 nM dexamethasone, 
100 nM T3, and 1 nM insulin. After 36 hours, the medium was refreshed 
and the indicated treatments were delivered. Cells were lysed 6 hours  
after treatment, and RNA was extracted then reverse transcribed to cDNA 
using a RetroScript kit (Ambion). cDNA was analyzed by quantitative PCR 
using the indicated primers.

Primary hepatocytes. Primary hepatocytes were isolated from mice using 
a modified 2-step perfusion method (49) using Liver Perfusion Media and 
Liver Digest Buffer (Invitrogen). Cells were plated in collagen I–coated 6- or 
12-well plated (at 2 or 1 million cells per well, respectively) in M199 medium  

plus 10% FBS plus penicillin/streptomycin. After 3 hours of attachment, 
the medium was replaced with the appropriate assay medium.

Quantification of adenine nucleotides in primary hepatocytes. Primary hepatocytes 
isolated as described above were plated on 6-cm collagen-coated Petri dishes 
and 24 hours after isolation were treated with compounds as indicated. Cells 
were scraped from the plate into ice-cold PBS, rapidly pelleted with low-
speed centrifugation, and lysed with 0.5 M perchloric acid. The soluble frac-
tion was neutralized with 0.25 volumes 2M KOH, 1M PO4, pH 7.8, filtered 
with syringe-tip 0.45-μm filters (Millipore), and frozen in liquid nitrogen. 
Total protein was measured from perchloric acid–precipitated materials by 
solubilization in 6 M urea followed by BCA assay. Perchloric acid–soluble 
materials were separated by isocratic elution in an ion-pairing reverse-phase 
HPLC system (buffer used was 200 mM KH2PO4, pH 6.25, 5 mM tetrabutyl-
ammonium phosphate [TBAP], 3% acetonitrile). AMP, ADP, and ATP peak 
areas were calculated and converted to molar amounts through comparison 
with standard curves generated from quantification of known quantities of 
pure nucleotides separated under identical conditions.

Glucose output. Hepatocytes isolated from mice fasted overnight were 
plated onto collagen-coated 12-well plates at a density of 5 × 105 cells/well 
in serum-free M199 medium. After cells had attached (2 hours), the medi-
um was changed to glucose and phenol red–free DMEM with the addition 
of 10 mM lactate, 1 mM pyruvate, 5 mM glutamine, and compounds as 
indicated. Cells were incubated for 6 hours and medium collected. Total 
protein was extracted with 1% Triton X-100 and quantified by BCA assay 
(Pierce). Medium glucose was assayed using a hexokinase-based glucose 
assay (Sigma-Aldrich).

Statistics. All 2-group comparisons were deemed statistically significant 
by unpaired 2-tailed Student’s t test if P < 0.05. All in vitro studies are either 
compilation of 3 independent experiments or representative of 3 indepen-
dent experiments. Number of mice used in each in vivo condition is indi-
cated in the figure legends.
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