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In	rodents,	acute	brain	insulin	action	reduces	blood	glucose	levels	by	suppressing	the	expression	of	enzymes	
in	the	hepatic	gluconeogenic	pathway,	thereby	reducing	gluconeogenesis	and	endogenous	glucose	produc-
tion	(EGP).	Whether	a	similar	mechanism	is	functional	in	large	animals,	including	humans,	is	unknown.	
Here,	we	demonstrated	that	in	canines,	physiologic	brain	hyperinsulinemia	brought	about	by	infusion	of	
insulin	into	the	head	arteries	(during	a	pancreatic	clamp	to	maintain	basal	hepatic	insulin	and	glucagon	lev-
els)	activated	hypothalamic	Akt,	altered	STAT3	signaling	in	the	liver,	and	suppressed	hepatic	gluconeogenic	
gene	expression	without	altering	EGP	or	gluconeogenesis.	Rather,	brain	hyperinsulinemia	slowly	caused	a	
modest	reduction	in	net	hepatic	glucose	output	(NHGO)	that	was	attributable	to	increased	net	hepatic	glu-
cose	uptake	and	glycogen	synthesis.	This	was	associated	with	decreased	levels	of	glycogen	synthase	kinase	3β		
(GSK3β)	protein	and	mRNA	and	with	decreased	glycogen	synthase	phosphorylation,	changes	that	were	
blocked	by	hypothalamic	PI3K	inhibition.	Therefore,	we	conclude	that	the	canine	brain	senses	physiologic	
elevations	in	plasma	insulin,	and	that	this	in	turn	regulates	genetic	events	in	the	liver.	In	the	context	of	basal	
insulin	and	glucagon	levels	at	the	liver,	this	input	augments	hepatic	glucose	uptake	and	glycogen	synthesis,	
reducing	NHGO	without	altering	EGP.

Introduction
The ability of  insulin to suppress hepatic glucose production 
(HGP) in vivo has been well defined (1), but the role of the CNS 
in this suppression remains controversial. The brain is an insulin-
sensitive organ, and brain insulin action has been shown to regu-
late whole-body glucose metabolism, in part, by altering pancre-
atic insulin and glucagon secretion (2–4). Obici et al., on the other 
hand, demonstrated that i.c.v. infusion of insulin could reduce glu-
cose production by approximately 30% in the rodent, even when 
insulin was clamped at a basal level, by infusing it into a periph-
eral vein while infusing somatostatin to inhibit endogenous secre-
tion (5). It should be noted that this clamp protocol would have 
eliminated the approximately 3-fold insulin gradient that normally 
exists between the portal vein and arterial blood and created insulin 
deficiency at the liver. An elevation in HGP secondary to hepatic 
hypoinsulinemia was prevented by the lack of glucagon replace-
ment during the clamp. Thus, the effect of brain insulin action was 
observed when the liver was deficient in 2 of its primary glucoregu-
latory signals. Subsequent studies, many of which used a similar 
peripheral insulin clamp design, suggested that the mechanism 
by which insulin (and other factors) acts within the hypothalamus 
to suppress HGP requires modification of vagal input to the liver 
(6–8), phosphorylation of hepatic STAT3 (9), and suppression of 

gluconeogenic gene expression (8–13). Although gluconeogenic 
gene expression was typically used as a surrogate for gluconeogen-
esis, one group was able to show that centrally mediated inhibition 
of HGP was caused by a decrease in gluconeogenesis, although it 
required a number of hours to be seen (6, 10–12), consistent with 
regulation at the genetic level. Based on the collective observations 
in rodents, it has been concluded that insulin signaling in the brain 
is a physiologically important component of the acute effect of 
insulin on HGP in vivo (14). Furthermore, aberrant hypothalamic 
insulin signaling has been suggested to contribute to the disrup-
tion of glucose homeostasis associated with the diabetic state, and 
thus may be a target with therapeutic potential (14–16).

Data from studies in humans and large animals, however, sug-
gest that insulin signaling in the hypothalamus may not play a 
role in the control of HGP in such species. The regulation of HGP 
by insulin is maintained in human recipients of liver transplants 
and in dogs subjected to hepatic denervation (17, 18). Moreover, 
HGP in dogs is exquisitely sensitive to small changes in portal vein 
insulin levels, even when the arterial plasma insulin level (and thus 
the brain insulin level) remains basal (19). In fact, insulin’s direct 
hepatic effect has been established as being dominant (relative to 
all of its actions in nonhepatic tissues) in regulating HGP (20). It 
is possible that the suppression of HGP by i.c.v. insulin in rodents 
was only apparent because of the context in which it was stud-
ied (i.e., supraphysiological brain insulin levels, nonphysiologic 
access to CNS insulin receptors, and/or hepatic hypoinsulinemia 
and glucagonopenia). Thus, our aim was to determine whether the 
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insulin-brain-liver signaling pathway is intact and relevant to the 
acute (<4 hours) suppression of HGP in conscious canines. In the 
first set of experiments, we created pharmacological brain hyper-
insulinemia by i.c.v. insulin infusion in dogs undergoing a portal 
vein basal hormone clamp. Although these experiments confirmed 
that in dogs, as in rodents, hypothalamic insulin signaling can 
mediate transcriptional events within the liver, they left unclear 
the physiologic relevance of this insulin-brain-liver axis as a result 
of  the nonphysiologic nature of  i.c.v.  insulin administration. 
Thus, in a second protocol, we infused insulin directly into the 
arteries that perfuse the brain, thereby creating a physiologic rise  
(10-fold) in brain insulin via its physiological route of delivery, 
while again maintaining basal insulin and glucagon levels at the 
liver. To confirm that any observed effects were the result of brain 
insulin action, in a separate group we blocked brain insulin signal-
ing by i.c.v. infusion of a PI3K inhibitor.

Results
Insulin delivery i.c.v. In the i.c.v. protocol, arterial and hepatic sinu-
soidal insulin and glucagon levels were clamped at basal values in 
18-hour fasted animals by peripheral infusion of somatostatin and 
infusion of the pancreatic hormones into the portal vein (Figure 1),  
after which either artificial cerebrospinal fluid (aCSF) or insulin 
in aCSF was infused into the third ventricle. Insulin infusion i.c.v. 
created a marked increase in CSF insulin levels (sampled after 
the termination of the study) relative to levels in the aCSF group  
(69.5 ± 9.3 μU/ml vs. 0.3 ± 0.1 μU/ml). There were no differences 
in arterial plasma nonesterified fatty acid (NEFA), cortisol, or cat-
echolamine levels (Supplemental Table 1; supplemental material 
available online with this article; doi:10.1172/JCI45472DS1), nor 
were there differences in the blood levels of any gluconeogenic 
substrate (Supplemental Table 2).

Euglycemia was effectively maintained by low rates of glucose 
infusion in both groups (Figure 2, A and B). Net hepatic glucose 
output (NHGO), tracer-derived endogenous glucose production 
(EGP), glucose rate of disappearance (Rd; a measure of glucose 

utilization), and glucose clearance tended to decrease relative to 
the basal period in the aCSF group as the animals progressed into 
the fasted state (Figure 2, C–F). Infusion of insulin into the third 
ventricle had no effect on EGP, glucose Rd, or glucose clearance. 
By the fourth hour, NHGO was slightly lower and the glucose 
infusion rate was slightly higher in the i.c.v. insulin group, but the 
differences were not significant.

At the molecular level, i.c.v. insulin infusion did not alter hepatic 
Akt or FOXO1 phosphorylation (Figure 3, A and B). On the other 
hand, it did activate several components of the canonical insulin-
hypothalamic-liver signaling axis established in rodents. Relative 
to control animals, i.c.v. insulin treatment resulted in 3.6- and  
2.9-fold elevations of hypothalamic phospho-Akt and hepatic 
phospho-STAT3, respectively  (Figure 3, C and D), along with 
58%, 43%, and 30% reductions in hepatic PEPCK, G6Pase, and 
PC mRNA levels, respectively (Figure 3E). These changes in gene 
transcription resulted in small but nonsignificant reductions in 
PEPCK and PC protein levels (12%–15%; P < 0.10; Figure 3F).

Thus, in this first set of experiments, we confirmed that the insu-
lin-brain-liver pathway delineated in rodents was conserved in 18-
hour fasted canines and was activated by i.c.v. administration of 
insulin in the presence of basal hepatic insulin and glucagon lev-
els. While i.c.v. insulin suppressed gluconeogenic gene expression 
in the liver, it did not significantly alter HGP.

Insulin delivery via carotid and vertebral arteries. Having shown this 
central signaling mechanism to exist in the dog, we next assessed 
whether a physiologic increase in brain insulin could bring about 
signaling changes in the liver and alter hepatic glucose metabolism 
in the context of a baseline pancreatic clamp (basal hepatic insu-
lin and glucagon). This required the infusion of insulin bilaterally 
into the arteries perfusing the brain (carotid and vertebral). Unlike 
i.c.v. infusion, head artery insulin infusion created brain hyper-
insulinemia that was physiologic both in magnitude (~10-fold)  
and route of delivery (plasma) while still maintaining basal insu-
lin levels in the hepatic sinusoids. We also extended the fast to  
42 hours in order to increase the relative contribution of gluco-

Figure 1
Plasma insulin and glucagon concen-
trations in dogs subjected to the i.c.v. 
insulin protocol. As illustrated above 
the graphs, 18-hour fasted conscious 
dogs received peripheral infusion of 
somatostatin (SRIF) and were main-
tained on a pancreatic clamp at basal 
levels of hepatic insulin and glucagon, 
then exposed to i.c.v. infusion of either 
aCSF or aCSF plus insulin. (A) Arterial 
plasma insulin. (B) Hepatic sinusoidal 
plasma insulin. (C) Arterial plasma glu-
cagon. (D) Hepatic sinusoidal plasma 
glucagon. Values are mean ± SEM.  
n = 5 per group.
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neogenesis to HGP and thus enhance our ability to detect the 
effect of a change in gluconeogenesis, should one occur. Concur-
rent i.c.v. administration of the PI3K inhibitor LY294002 (LY) or 
aCSF was performed to confirm that the effects of brain insulin 
action on the liver were the result of hypothalamic insulin signal-
ing. Thus, the head artery insulin infusion protocol used 4 dis-
tinct treatment groups: saline plus i.c.v. aCSF control (referred 
to herein as CTR), saline plus i.c.v. LY (CTR+LY), selective head 
hyperinsulinemia plus i.c.v. aCSF (HI), and selective head hyper-
insulinemia plus i.c.v. LY (HI+LY).

Hepatic  sinusoidal  and  hepatic  vein  plasma  insulin  levels 
remained basal throughout the experiment in all 4 groups (Figure 4,  
A and B). Arterial and jugular vein insulin concentrations also 
remained at basal levels in the CTR and CTR+LY groups (Figure 4,  
C and D). Conversely,  insulin  infusion  into  the head arteries 
brought about 3- and 10-fold increases in arterial (non-head) and 
jugular vein insulin levels, respectively. Since the brain does not 
extract detectable amounts of insulin (21), the jugular vein insulin 
concentrations can be taken to reflect arterial insulin levels per-
fusing the brain. Glucagon was replaced at basal levels in all ani-
mals (Figure 4E). The decreases in circulating NEFA levels and net 
hepatic NEFA uptake, which would normally occur as a result of 
the arterial hyperinsulinemia (19, 22–25), were prevented by infu-
sion of Intralipid plus heparin (initiated at 0 minutes) in the HI 
and HI+LY groups. As a result, arterial NEFA concentrations, as 
well as net hepatic NEFA uptake, were maintained near basal val-

ues in all groups (Figure 4F and Supplemental Figure 1). Arterial 
glycerol concentrations and net hepatic glycerol uptake were basal 
in CTR and CTR+LY animals (Supplemental Figure 1), but rose 
slightly when Intralipid was given (HI and HI+LY). Arterial con-
centrations of catecholamines and cortisol were similar and basal 
in all groups (Supplemental Table 3). Likewise, arterial levels and 
net hepatic balances of gluconeogenic amino acids and lactate did 
not differ between groups (Supplemental Table 4).

Euglycemia was maintained in all groups by i.v. glucose infu-
sion (Figure 5A). We assessed glucose flux in vivo by measuring 
NHGO (the difference between HGP and hepatic glucose uptake) 
and the net rate of G6P formation from both the gluconeogenic/
glycolytic and the glycogenolytic/glycogen synthetic pathways (net 
hepatic gluconeogenic [NHGNG] and net hepatic glycogenolytic 
[NHGLY] flux, respectively). We also infused [3-3H] glucose and 
2H2O to allow us to calculate EGP and to estimate both the gluco-
neogenic and glycogenolytic contribution to this production rate. 
There were no differences in NHGO or EGP between the basal 
sampling period (–90 to –60 minutes) and the period during which 
i.c.v. infusion of either aCSF or LY was initiated (–60 to 0 minutes). 
Therefore, the basal control period was considered to be –90 to  
0 minutes. NHGO rates during this period were 1.17 ± 0.18, 1.48 ± 0.14,  
1.60 ± 0.13, and 1.22 ± 0.08 mg/kg/min in CTR, CTR+LY, HI, 
and HI+LY animals, respectively. During the experimental period  
(0–240 minutes), NHGO was not altered in either CTR or CTR+LY 
animals. On the other hand, infusion of insulin into the head even-

Figure 2
Effect of the i.c.v. insulin protocol on glucose flux. Insulin did not significantly alter arterial plasma glucose (A), glucose infusion rate (B), NHGO 
(C), EGP (D), glucose Rd (E), and glucose clearance (F) relative to aCSF controls. Values are mean ± SEM. n = 5 per group.
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tually suppressed NHGO, so that during the last hour of the clamp, 
it was reduced by 0.62 ± 0.27 mg/kg/min (P < 0.05, HI vs. basal 
period and vs. all other groups; Figure 5B). The suppressive effect 
of elevated head insulin on NHGO was blocked by concurrent 
inhibition of brain PI3K in the HI+LY group. NHGNG flux was 
unaffected by head insulin infusion (Figure 5C), whereas NHGLY 
flux decreased by 0.63 ± 0.21 mg/kg/min (P < 0.05; Figure 5D).  
This decrease was also blocked by brain PI3K inhibition.

Tracer-derived EGP remained at near-basal levels in all groups for 
the duration of the experiment (Figure 6A). Whole-body glucose Rd 
and clearance also remained basal, while glucose infusion remained 
near 0, in CTR and CTR+LY animals (Figure 6, B–D). On the other 
hand, glucose Rd, clearance, and infusion rate all increased in the HI 
and HI+LY groups as a result of the rise in arterial insulin. Whole-
body gluconeogenesis and glycogenolysis were assessed using 2H2O; 
no changes were detected (Figure 6, E and F). Taken together, these 
data support the notion that brain insulin action can modestly sup-
press NHGO by enhancing hepatic glucose uptake and glycogen 
synthesis, but that it does not suppress HGP or gluconeogenesis.

At the molecular level, hepatic Akt and FOXO1 phosphorylation 
and hepatic gene expression of key gluconeogenic regulators (SRC1, 

SRC2, PGC1α, and FOXO1) did not differ among groups (Figure 7,  
A and B, and Supplemental Figure 2). Hypothalamic phospho-
Akt and hepatic phospho-STAT3 were not elevated in the CTR 
and CTR+LY groups, but increased 3- and 1.7-fold, respectively, in 
response to head insulin infusion (Figure 7, C and D). These increas-
es were prevented by brain PI3K inhibition. Hepatic mRNA levels of 
PEPCK, G6Pase, and PC and hepatic protein levels of PEPCK and 
PC were decreased by elevated head insulin, and these decreases were 
prevented with concurrent i.c.v. LY infusion (Figure 7, E and F).

The effect of brain insulin action on NHGLY flux only became 
apparent after several hours, suggestive of genetic regulation. 
While head insulin had no discernable effect on glycogen syn-
thase (GS) or glycogen phosphorylase (GP) mRNA expression, it 
increased glucokinase (GK) mRNA 3-fold, without increasing GK 
protein expression (Figure 8, A and B). On the other hand, hepatic 
GS kinase 3β (GSK3β) mRNA expression was decreased approxi-
mately 40% when head insulin was elevated. This correlated with 
a corresponding decrease in both GSK3β protein and GS phos-
phorylation (Figure 8, C and D). It must be noted that the level of 
phosphorylated GSK3β was not altered by head insulin (Figure 8C),  
which suggests that the reduction of GSK3β’s ability to phosphor-
ylate and inhibit GS was entirely a function of reduced nonphos-
phorylated GSK3β protein levels. Concurrent i.c.v. infusion of LY 
blocked the effects of head insulin on hepatic GSK3β protein and 
mRNA expression as well as GS phosphorylation.

Finally, we assessed the effect of brain hyperinsulinemia on 
hepatic glucose metabolism in dogs subjected to hepatic denerva-
tion 2 weeks prior to study (referred to herein as HI+DN; n = 4). 
We assayed norepinephrine levels in terminal liver biopsies as an 
index of hepatic neural input. Relative to nondenervated animals, 
hepatic norepinephrine levels decreased 86% in HI+DN livers, 
indicative of substantial but incomplete removal of nerve input to 
the liver. Brain hyperinsulinemia (~10-fold) in the HI+DN group 
(with liver insulin, glucagon, and NEFA clamped at basal) resulted 
in increased hypothalamic Akt phosphorylation similar to that of 
the HI group (Supplemental Tables 5 and 6). However, 86% hepatic 
denervation only partially blunted the ability of brain insulin to 
increase liver STAT3 phosphorylation and to suppress gluconeo-
genic gene expression, and failed to alter the effects on GSK3β pro-
tein and GS phosphorylation levels (Supplemental Table 6). As a 
result, the suppression of NHGO was similar between the HI and 
HI+DN groups (Supplemental Tables 5 and 6).

Discussion
We have shown, for the first time to our knowledge in a large 
animal model, that acute physiologic elevation of brain insulin 
(brought about in the presence of basal hepatic insulin and gluca-
gon levels) can activate insulin signaling in the hypothalamus and 
mediate alterations in the liver, as evidenced by STAT3 phosphory-
lation and suppression of PEPCK and G6Pase mRNA expression. 
Furthermore, selective brain insulin action also altered the genetic 

Figure 3
Effect of the i.c.v. insulin protocol on hepatic and hypothalamic insulin 
signaling and gluconeogenic enzyme expression. (A–F) Insulin did not 
alter hepatic phosphorylation of Akt (A) or FOXO1 (B), but did stimulate 
hypothalamic phosphorylation of Akt (C) and hepatic phosphorylation 
of STAT3 (D), resulting in decreases in gluconeogenic mRNA expres-
sion (E). (F) Insulin did not significantly alter gluconeogenic enzyme 
protein levels. Values are means ± SEM. n = 5. *P < 0.05 vs. aCSF.
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regulation of PC, GK, and GSK3β in the liver, which we believe to 
be novel findings. The suppression of GSK3β mRNA was corre-
lated with reductions in GSK3β protein levels and GS phosphory-
lation, which in turn were associated with decreased NHGO attrib-
utable to enhanced hepatic glycogen synthetic flux. All of these 
changes were prevented by the inhibition of hypothalamic insulin 
signaling. Infusion of insulin into head arteries, however, did not 
alter EGP or its gluconeogenic and glycogenolytic components, 
thus countering the perception that insulin signaling in the brain 
is responsible for acute inhibition of HGP.

Insulin infusion i.c.v. in dogs, at the same rate as previously dem-
onstrated to regulate EGP in rats (5), activated Akt in the hypothal-
amus and brought about signaling changes in the liver, but did not 
significantly alter EGP, despite creating a level of CSF insulin far 
above what would ever exist in vivo. Although our i.c.v. studies con-
firmed that brain insulin action can regulate transcriptional events 
in the liver, the physiological relevance of insulin infusion via this 
route and at this dose remains unclear. Knowing that the insulin-
brain-liver signaling axis was intact in dogs, we undertook a second 

set of experiments to determine whether a physiologic increase in 
brain insulin could activate central signaling and thereby modify 
hepatic glucose metabolism in vivo. To this end, we brought about 
an increase in brain insulin that was physiologic in both its route 
of administration (infused into the arteries that perfuse the brain) 
and its magnitude (~10-fold increase), the latter being within the 
physiologic range of arterial hyperinsulinemia seen after a mixed 
meal (26). In order to allow the impact of such a change to be clear-
ly seen, we maintained basal insulin and glucagon levels at the liver. 
Head artery insulin infusion brought about a small but significant 
reduction in NHGO (~0.6 mg/kg/min; ~40%) that was entirely a 
function of a reduction in NHGLY flux (~0.6 mg/kg/min). That 
significant decreases in NHGO and NHGLY flux were observed, 
with no alterations of EGP, gluconeogenesis, or glycogenolysis, 
suggests that brain insulin stimulated hepatic GS flux and hepatic 
glucose uptake, since these factors are accounted for in the calcula-
tion of net hepatic balance but not in the measurement of tracer-
derived EGP. We cannot exclude a small effect of brain insulin on 
muscle glucose uptake, but this seems unlikely, given that brain 

Figure 4
Plasma insulin, glucagon, and NEFA in dogs subjected to the head artery insulin infusion protocol. As illustrated above graphs, 42-hour fasted 
conscious dogs received peripheral infusion of somatostatin and were maintained on a pancreatic clamp at basal levels of hepatic insulin, glu-
cagon, and NEFA, then exposed to saline or insulin infusion into head arteries with i.c.v. infusion of either vehicle or LY. (A) Hepatic sinusoidal 
plasma insulin. (B) Hepatic vein plasma insulin. (C) Arterial plasma insulin. (D) Jugular vein plasma insulin. (E) Hepatic sinusoidal plasma glu-
cagon. (F) Arterial plasma NEFA levels. Values are mean ± SEM. n = 4 (CTR and CTR+LY); 8 (HI); 7 (HI+LY). *P < 0.05, HI and HI+LY vs. CTR 
and CTR+LY; †P < 0.05, HI and HI+LY vs. basal period.
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insulin action tended to increase glucose infusion rate and whole-
body glucose Rd to the same extent as the increase in net hepatic 
glucose uptake (~0.6 mg/kg/min). These 3 independent measure-
ments were consistent with the notion that brain insulin action 
specifically stimulates glucose uptake by the liver.

The question arises as to why head artery insulin infusion brought 
about a larger decrease in NHGO than did i.c.v. insulin infusion, 
despite a much larger increase in CSF insulin with i.c.v. infusion. 
We speculate that i.c.v.-delivered insulin did not access all the CNS 
nuclei relevant to glucose homeostasis in a manner that reproduced 
physiologic insulinization via head artery insulin infusion. It is also 
possible that extended fasting conditions (dogs in the head artery 
infusion protocol were fasted 42 hours) were permissive to the small 
effect brain insulin has on liver glycogen metabolism in our model. 
In any case, our results highlight that responses to i.c.v. infusion 
of compounds must be evaluated with caution and emphasize the 
advantage of the technically challenging, but physiologically rel-
evant, method of infusing hormones into the head arteries.

We next investigated the mechanism by which brain hyperinsu-
linemia stimulated hepatic glucose uptake and glycogen synthetic 
flux. Hepatic GS and GP are rapidly regulated in a reciprocal and 

coordinated fashion in response to a rise in plasma insulin or glucose 
in vivo (27). In contrast, the slow time course of brain insulin action 
on NHGLY flux observed in the present study suggests that the pro-
cess is regulated at the transcriptional level. STAT3 has been pro-
posed to be the hepatic effector of the insulin-brain-liver effect (9) on 
gluconeogenic gene expression, but STAT3 phosphorylation can also 
inhibit GSK3β gene expression (28). Indeed, brain hyperinsulinemia 
was associated with decreases in hepatic GSK3β mRNA and protein 
expression and a corresponding decrease in GS phosphorylation. 
Thus, we propose that selective, physiological hyperinsulinemia in 
the arterial blood supply to the brain can bring about STAT3 phos-
phorylation in the liver, resulting in suppression of hepatic GSK3β 
mRNA expression and eventually leading to a fall in GSK3β protein 
levels, thus relieving GS from GSK3β-mediated inhibition.

It should be noted that our experimental design, in which hepatic 
insulin, glucagon, and NEFA were clamped at basal values, would 
have excluded CNS insulin from mediating whole-body glucose 
metabolism through its established effects on pancreatic insulin or 
glucagon secretion (2–4) or on adipose tissue lipolysis (29). In addi-
tion, the insulin-brain-liver effect on NHGO reported in the pres-
ent study does not recapitulate the suppression of NHGO by physi-

Figure 5
Effect of the head artery insulin infusion protocol on net hepatic glucose flux parameters. (A) Euglycemic conditions. (B) Suppression of NHGO in 
the HI group was blocked in the HI+LY group. (C) NHGNG flux was unaltered by head insulin. Basal NHGNG flux rates: CTR, 0.57 ± 0.01 mg/kg/min;  
CTR+LY, 0.85 ± 0.07 mg/kg/min; HI, 0.98 ± 0.10 mg/kg/min; HI+LY, 0.91 ± 0.04 mg/kg/min. (D) The decrease in NHGO in the HI group was 
entirely a result of decreased NHGLY flux. Basal NHGLY flux rates: CTR, 0.56 ± 0.12 mg/kg/min; CTR+LY, 0.86 ± 0.08 mg/kg/min; HI, 0.82 ± 
0.15 mg/kg/min; HI+LY, 0.51 ± 0.06 mg/kg/min. Values are mean ± SEM. n = 4 (CTR and CTR+LY); 8 (HI); 7 (HI+LY). *P < 0.05, HI vs. all other 
groups; †P < 0.05 vs. basal period.
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ological hyperinsulinemia in several regards. First, meal-associated 
hyperinsulinemia is transient, peaking within 1 hour and subsid-
ing within 2–3 hours (1). Second, brain hyperinsulinemia is always 
accompanied by hepatic hyperinsulinemia, so that the liver is subject 
to insulin’s established rapid (19) and dominant (20) direct effects 
on NHGO. Third, systemic hyperinsulinemia potently suppresses 
lipolysis, and the consequent fall in circulating NEFAs (which was 
prevented in this study with Intralipid plus heparin infusion) plays a 
key role in regulating NHGO (19, 22–25). In fact, the suppression of 
NHGO brought about by selective peripheral hyperinsulinemia (i.e., 
in the presence of basal hepatic insulin) was largely negated in dogs 
when circulating NEFAs were maintained at basal with Intralipid 
plus heparin infusion (24). Fourth, NHGO is completely suppressed 
within 1 hour in response to an acute, approximately 8-fold increase 
in portal insulin secretion (25). Therefore, the effect of brain insulin 

action on the liver (~40% decrease in NHGO after 3–4 hours) may 
not be relevant to the acute suppression of NHGO observed in pre-
vious euglycemic insulin clamp studies (19, 22–25), although this 
remains to be directly evaluated.

It may be that the relevance of  insulin’s effect on the brain 
becomes magnified during the response to a meal when there is 
hyperglycemia and a drive for liver glucose uptake. The effect of 
the portal glucose signal, which is neurally driven and which mark-
edly stimulates hepatic glucose uptake during feeding (1), may be 
enhanced by insulin’s effects in the CNS. In addition, although 
brain insulin action did not have an acute impact on EGP in the 
present study, longer-term alteration in brain insulin signaling 
(i.e., hypothalamic insulin resistance) could further alter func-
tional protein levels of PEPCK, G6Pase, PC, GK, and GSK3β and 
thereby modify HGP and/or further alter hepatic glucose uptake.

Figure 6
Effect of the head artery insulin infusion protocol on tracer-derived glucose flux parameters. (A) EGP. (B) Glucose Rd. (C) Glucose clearance. 
(D) Glucose infusion rate. (E) Whole-body gluconeogenesis. (F) Whole-body glycogenolysis. Values are mean ± SEM. (A–D) n = 4 (CTR and 
CTR+LY); 8 (HI); 7 (HI+LY). (E and F) n = 3 (CTR+LY); 4 (CTR, HI, and HI+LY). *P < 0.05, HI and HI+LY vs. CTR and CTR+LY; †P < 0.05, HI 
and HI+LY vs. basal period.
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It  is  not  surprising  that  gluconeogenic  gene  expression  was 
markedly suppressed by brain insulin action without altering flux 
through the pathway. STAT3 phosphorylation requires several 
hours to occur in response to hyperinsulinemic clamps in mice and 
dogs (9, 25). It then takes several more hours for STAT3-driven 
alterations in gene expression to result in changes in protein levels 
(25); thus, the changes in gluconeogenic enzyme levels were small. 
Furthermore, the subtle decrease in gluconeogenic enzyme levels 
observed in the present study would not be expected to alter glu-
coneogenic flux, given that physiological increases in portal vein 
insulin infusion can reduce PEPCK protein up to 50% in dogs with-
out altering the gluconeogenic rate (25). The question then arises 
as to how brain insulin–mediated decreases in gluconeogenic gene 
expression could have caused a functional reduction in gluconeo-
genesis in the rodent. It is possible that there are species differences 
in protein turnover of gluconeogenic enzymes, but even substan-
tial reductions of PEPCK in rodent liver have minimal effect on the 
gluconeogenic pathway (30). It is also possible that the sensitivity 
of gluconeogenesis to brain insulin signaling is species dependent. 
Rodents have basal EGP rates 5–10 times higher than those in dogs 

or humans per unit of body weight (31). Further-
more,  rodents  almost  completely  deplete  liver 
glycogen stores after a relatively short fast (32), 
whereas the 42-hour fasted dog retains approxi-
mately 25% of its peak prandial hepatic glycogen 
level  (33). Thus, glycogenolysis  (assessed using 
2H2O infusion) accounted for approximately 15% 
of basal EGP after 42 hours of fasting in the cur-
rent study, in agreement with the percent contri-
bution of glycogenolysis to EGP in humans after 
a similarly extended fast (34). The contribution of 
the gluconeogenic pathway to glucose production 
is therefore absolutely and proportionally higher 
in rodents than in large animals, thereby making 
changes in the gluconeogenic rate more likely to 
occur and more easily detected.

It is also possible that brain insulin–mediated 
suppression of gluconeogenesis occurred in the 
rodent studies, and not the present study, because 
of the differences  in hepatic sinusoidal  insulin 
and glucagon concentrations that resulted from 
differences  in  experimental  design.  Peripheral 
replacement of insulin in the rodent (5) would have 
eliminated the naturally occurring insulin gradient 
between the liver and peripheral tissues and would 
have amplified the importance of insulin’s cen-
tral action relative to what would occur in normal 
physiology. In addition, glucagon was not replaced 
in the rodent studies (5–11, 13), despite somatosta-
tin’s established, potent inhibitory effect on gluca-
gon secretion in rodents (35). Since glucagon is the 
most significant factor in the stimulation of basal 
HGP (largely by promoting glycogenolysis) after 
fasting in humans, dogs, and rodents (36–38), its 
absence would therefore acutely increase the rela-
tive importance of gluconeogenesis, even though 
it may have tended to decrease gluconeogenic gene 
transcription. Glucagonopenia may have there-
fore been permissive for the observed brain insulin 
action on the gluconeogenic rate in rodents.

Brain insulin action in the rodent is sensitive to selective hepatic 
efferent vagotomy, a procedure that we could not reproduce in the 
dog. Instead, we attempted to determine the importance of intact 
neural input to the insulin-brain-liver signaling axis by performing 
head artery insulin infusion clamps in dogs that were previously 
subjected to nonselective hepatic denervation (i.e., parasympa-
thetic/sympathetic/nonadrenergic noncholinergic fibers as well as 
afferent/efferent fibers). Liver norepinephrine levels indicated that 
hepatic denervation resulted in substantial, yet incomplete, removal 
of hepatic neural input (an 86% decrease). Predictably, incomplete 
liver denervation only partially blunted the effects of brain insulin 
on hepatic STAT3 phosphorylation and gluconeogenic gene expres-
sion. Denervation did not prevent suppression of NHGO, however, 
consistent with a failure to reduce hepatic GSK3β protein expres-
sion or GS phosphorylation. It may be that the residual nerve input 
was sufficient to mediate some aspects of insulin-brain-liver signal-
ing. It is also possible that the insulin-brain-liver signaling axis may 
be partially independent of intact hepatic nerves, instead occurring 
secondary to neural signaling to extrahepatic tissues. In addition, 
a chronically denervated liver may be subject to adaptations that 

Figure 7
Effect of the head artery insulin infusion protocol on cellular indices relevant to gluconeo-
genesis. (A and B) Phosphorylation of liver Akt (A) and liver FOXO1 (B) were not different 
between groups. (C–F) The HI group demonstrated increased phosphorylation of hypo-
thalamic Akt (C), increased phosphorylation of hepatic STAT3 (D), decreased PEPCK, 
G6Pase, and PC mRNA expression (E), and decreased levels of PEPCK and PC pro-
tein (F); these effects were all blunted in the HI+LY group. Values are means ± SEM.  
n = 4 (CTR and CTR+LY); 8 (HI); 7 (HI+LY). *P < 0.05 vs. all other groups.
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alter its sensitivity to the brain insulin effect. Thus, although these 
denervation studies provide further evidence that insulin acting in 
the brain can affect hepatic glucose metabolism, subsequent studies 
will be required to clarify the route(s) by which the liver is signaled.

In summary, we demonstrated that the brains of dogs can sense 
physiologic increases in plasma insulin that, in turn, regulate sig-
naling events in the liver (STAT3 phosphorylation and the genetic 
regulation of gluconeogenesis and glycogen metabolism). Even 
though the hepatic sinusoidal levels of insulin, glucagon, and 
NEFA were clamped at basal values, a 10-fold increase in brain 
insulin (brought about by infusion of the hormone into head 
arteries) only modestly inhibited NHGO and took several hours to 
do so. There was no effect on tracer-determined EGP, which sug-
gests that brain insulin action brought about its effect by stimu-
lating hepatic glucose uptake rather than by suppressing output. 
This, in turn, was attributable to an increase in glycogen synthetic 
flux, secondary to a suppression of GSK3β mRNA and protein 
expression and a consequent reduction in GS phosphorylation. 
We conclude that although the canine brain can sense physiologic 
elevations in insulin and regulate transcriptional events in the 
liver, this input does not acutely regulate HGP, gluconeogenesis, 
or glycogenolysis. Selectively increasing insulin in the brain can, 
however, augment hepatic glucose uptake and glycogen synthetic 
flux within a 4-hour period. Our present findings point to the 
need for future evaluation of the relevance of brain insulin action 
to hepatic glucose uptake and storage in the context of hepatic 
hyperinsulinemia and hyperglycemia in normal animals and in 
models of insulin resistance.

Methods
Animal care and surgical procedures. Experiments were performed on either 
18-hour (i.c.v. protocol) or 42-hour (head artery protocol) fasted, con-
scious mongrel dogs of either sex (18–25 kg). The surgical facility met the 
standards published by the American Association for the Accreditation of 
Laboratory Animal Care guidelines, and the protocol was approved by the 
Vanderbilt University Medical Center Animal Care Committee.

At 2 weeks prior to study, a laparotomy was performed for catheteriza-
tion of the jejunal and splenic veins (for intraportal infusion), the femoral 

artery, the hepatic portal vein, and the hepatic vein (for sampling) and for 
placement of ultrasonic flow probes (Transonic Systems) around the hepatic 
artery and portal vein, as previously described (25). In a subset of studies, 
hepatic denervation was performed at this time, as described previously (18). 
At 1 week prior to study, additional infusion catheters were placed bilaterally 
in the carotid and vertebral arteries, a sampling catheter was inserted in the 
internal jugular vein, and i.c.v. cannulation was performed stereotaxically. 
Proper placement of the cannula into the third ventricle was confirmed by 
observation of CSF reflux upon removal of the stylet, both on the day of sur-
gery and on the day of the experiment, and also confirmed by postmortem 
examination of the location of the cannula tip in the brain. All the animals 
studied met the established criteria for good health: (a) leukocyte count 
less than 16,000/mm3, (b) hematocrit greater than 35%, (c) good appetite, 
and (d) normal stools. On the day of the study, catheters were placed in leg 
veins for peripheral infusion of [3-3H]glucose (Du Pont NEN), somatostatin 
(Bachem), glucose (20% dextrose; Baxter Healthcare), and Intralipid (Abbott) 
plus heparin (head artery insulin infusion protocol only).

Experimental design. The i.c.v. insulin experiment consisted of equilibra-
tion (–120 to –30 minutes), basal (–30 to 0 minutes), and experimental (0 to  
240 minutes) periods. At –120 minutes, a priming dose of [3-3H]glucose 
(35 μCi) was given, followed by a constant (0.35 μCi/min) [3-3H]glucose 
infusion. At –120 minutes, a pancreatic clamp was initiated with peripheral 
somatostatin infusion (0.8 μg/kg/min), and portal infusion of glucagon at a 
basal rate (0.57 ng/kg/min; Lilly). Insulin (Lilly) infusion was matched to the 
animal’s endogenous level of secretion by adjusting the intraportal insulin 
infusion rate as necessary to maintain glucose at basal levels. The last change 
in insulin infusion rate was made at least 30 minutes before the start of the 
basal period. At 0 minutes, i.c.v. infusion of either aCSF (0.01 ml/min; n = 5) 
or insulin in aCSF (0.42 μU/kg/min; 0.01 ml/min; n = 5) was initiated. CSF 
is known to enter the systemic circulation at 50 μl/min in the dog (39); thus, 
leakage of CSF insulin (~70 μU/ml) into systemic circulation would equate 
to less than 0.2 μU/kg/min, a minute and insignificant amount compared 
with the basal portal vein infusion rate (196 ± 33 and 198 ± 12 μU/kg/min  
in the aCSF and insulin plus aCSF groups, respectively).

In the head artery protocol, 4 groups of animals were studied: saline plus 
i.c.v. aCSF (CTR; n = 4), saline plus i.c.v. LY (CTR+LY; n = 4), selective head 
hyperinsulinemia plus i.c.v. aCSF (HI; n = 8) and selective head hyperinsu-
linemia plus i.c.v. LY (HI+LY; n = 7). Each experiment consisted of an equili-

Figure 8
Effect of the head artery insulin infusion protocol on 
markers of glucose uptake and glycogen metabo-
lism. (A and B) Selective head hyperinsulinemia 
did not regulate GS or GP mRNA (A) and increased 
GK mRNA expression, but did not alter GK protein 
levels (B). (C and D) GSK3β protein and mRNA 
expression were both reduced in HI animals (C), 
and there was a corresponding suppression of GS 
phosphorylation (D); these effects were blocked in 
the HI+LY group. Values are mean ± SEM. n = 4 
(CTR and CTR+LY); 8 (HI); 7 (HI+LY). *P < 0.05 vs. 
all other groups; #P < 0.05 vs. CTR and CTR+LY.
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bration (–180 to –90 minutes), basal (–90 to 0 minutes), and experimental  
(0 to 240 minutes) period. At –180 minutes, salinized 2H2O (3 ml/kg; Sigma-
Aldrich) was administered i.v. as described previously (25). At –180 minutes,  
a priming dose of [3-3H]glucose (35 μCi) was given, followed by a con-
stant  infusion (0.35 μCi/min) of  [3-3H]glucose  infusion. At the same 
time, a pancreatic clamp was initiated (peripheral somatostatin infusion 
and portal replacement of basal glucagon and basal insulin matched to 
animal’s endogenous level of secretion) as in the i.c.v. protocol. Basal insu-
lin infusion rates were as follows: CTR, 229 ± 49 μU/kg/min; CTR+LY,  
248 ± 27 μU/kg/min; HI, 233 ± 26 μU/kg/min; HI+LY, 226 ± 25 μU/kg/min.  
After the basal sampling period (–90 to –60 minutes), either aCSF or LY was 
infused into the i.c.v. cannula (–60 to 240 minutes). At 0 minutes, saline was 
infused bilaterally into the carotid and vertebral arteries (CTR, CTR+LY), 
or the intraportal insulin infusion was stopped, and insulin was infused 
into the head arteries at a rate of 392 ± 46 μU/kg/min (HI, HI+LY) so as 
to bring about the maximal brain insulin level possible while maintain-
ing basal insulin levels at the liver. Because this infusion rate also caused 
mild peripheral hyperinsulinemia and consequent inhibition of lipolysis, 
Intralipid and heparin were infused into a peripheral vein as described pre-
viously (24) beginning at 0 minutes to prevent a fall in circulating NEFA. 
Finally, peripheral glucose was infused as required to maintain euglycemia. 
Our goal was to fix the basal conditions at the liver so as to allow any input 
of brain insulin action on the liver to be manifest.

Immediately after obtaining the final blood sample, each animal (in both 
sets of experiments) was anesthetized; with the various infusions still ongo-
ing, a laparotomy was rapidly performed so that sections of liver could 
be freeze-clamped and subsequently stored at –70°C. Molecular analyses 
depict the average of findings in the 3 largest liver lobes. Immediately 
thereafter, each animal was euthanized, CSF was sampled from the cis-
terna magna, and the cranial vault was opened with a bone saw. The brain 
was removed, and from its ventral aspect, hypothalamic tissue was excised 
from an area extending between the optic chiasm and the mamillary bod-
ies, 5 mm to either side of the infundibulum and to a depth of 10 mm. The 
excised tissue was immediately freeze-clamped and stored at –70°C. In a 
separate experiment, the dissected tissue was sectioned and stained with 
hematoxylin and eosin. Using light microscopy, the neuroanatomic struc-
ture was evaluated to confirm the presence of hypothalamic tissue using 
the fornix column and the tuber cinereum as anatomical landmarks.

NMR (2H) spectroscopy. Whole-body gluconeogenesis and glycogenolysis 
were calculated using the combined 2H2O analysis–NMR detection method 
of Burgess et al. (40) that has been previously adapted in our lab (25). NMR 
spectra were generated independently for each animal.

Protein extraction and Western blotting. Soluble protein extracts were pre-
pared from frozen canine liver and hypothalamus, and samples were sub-
jected to Western blotting as previously described (25). Antibodies were 
supplied by Cell Signaling, with the exception of sheep anti-PEPCK (gift 
from D.K. Granner, Vanderbilt University Medical Center, Nashville, Ten-
nessee, USA) and donkey anti-sheep secondary antibody (Sigma-Aldrich).

Real-time PCR. Total RNA was extracted by homogenizing frozen canine 
liver in Tri reagent (Sigma-Aldrich) following the manufacturer’s instruc-
tions. First-strand cDNA was synthesized from total RNA using the High 
Capacity reverse transcription kit (Applied Biosystems). Real-time PCR con-
ditions are described elsewhere (25); see Supplemental Table 7 for primers.

Analytical procedures. Hematocrit, plasma glucose, glucagon, insulin, cor-
tisol, epinephrine, norepinephrine, and NEFA levels as well as blood ala-
nine, glycine, serine, threonine, lactate, glutamine, glutamate, glycerol, and 
β-hydroxybutyrate concentrations were determined using standard proce-
dures as previously described (25). We also assessed hepatic tissue norepi-
nephrine in several control dogs and all 7 lobes of each hepatic denervated 
dog (n = 4) to assess the extent of denervation as previously described (18).

General calculations. Net hepatic substrate balances (NHBs) were calculated 
with the A-V difference method as loadout – loadin, in which loadout represents 
[H] × HF and loadin represents ([A] × AF) + ([P] × PF); [A], [P], and [H] denote 
substrate concentrations in femoral artery, portal vein, and hepatic vein 
blood or plasma, respectively, and AF, PF, and HF denote hepatic artery, 
portal vein, and total hepatic vein blood or plasma, respectively. With this 
calculation, positive values reflect net hepatic production and negative 
values represent net hepatic uptake. Plasma glucose values were converted 
to blood glucose values as previously described (25). Hepatic sinusoidal 
hormone concentrations were calculated as ([A] × %AF) + ([P] × %PF),  
where [A] and [P] represent arterial and portal vein concentrations, respec-
tively, and %AF and %PF are the respective fractional contributions of arte-
rial and portal blood flow to total hepatic blood flow.

Gluconeogenic flux to G6P was determined by taking the sum of net 
hepatic uptake rates of gluconeogenic precursors (gluconeogenic amino 
acids, glycerol, lactate, and pyruvate) and dividing by 2 to account for the 
incorporation of 2 3-carbon precursors into 1 6-carbon glucose molecule. 
Net hepatic gluconeogenic (NHGNG) flux was estimated by subtracting 
glycolytic flux from total gluconeogenic flux to G6P. Glycolytic flux was 
estimated by taking the sum of the net hepatic output rates (when pres-
ent) of the gluconeogenic substrates noted above (in glucose equivalents) 
and hepatic glucose oxidation (GO; assumed to be 0.2 ± 0.1 mg/kg/min). 
We have previously verified that GO remains at this low rate across wide 
variations in physiological parameters (1). NHGLY flux was estimated 
by subtracting NHGNG flux from net hepatic glucose balance. Positive 
NHGLY flux reflects net glycogen breakdown, and negative values repre-
sent net glycogen synthesis.

There are several assumptions required when using the A-V difference tech-
nique in assessment of gluconeogenic flux to G6P, as discussed in detail previ-
ously (25). It must be noted that errors arising from the assumptions appear 
to be minimal, as simultaneous assessment of gluconeogenic flux using the 
A-V difference technique and other independent methods (not subject to the 
same assumptions) yielded similar estimates of gluconeogenic flux (25).

We also determined whole-body gluconeogenesis and glycogenolysis 
using the 2H2O method. Gluconeogenesis was calculated as the product of 
tracer-determined EGP, determined as previously described (41), and the 
ratio of deuterium enrichment at the respective carbon positions (C5/C2). 
Glycogenolysis was calculated as the value determined for gluconeogenesis 
subtracted from the EGP value.

Statistics. Metabolic data were analyzed using 2-way repeated-measures 
ANOVA (group × time) (SigmaStat). Molecular data were analyzed using 
1-way ANOVA. A P value less than 0.05 was considered significant.
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