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We observed that a 4-h morning (AM) duodenal infusion
of glucose versus saline doubled hepatic glucose uptake
(HGU) and storage during a hyperinsulinemic–hyperglycemic
(HIHG) clamp that afternoon (PM). To separate the effects
of AM hyperglycemia versus AM hyperinsulinemia on
the PM response, we used hepatic balance and tracer
([3-3H]glucose) techniques in conscious dogs. From 0 to
240 min, dogs underwent a euinsulinemic-hyperglycemic
(GLC; n = 7) or hyperinsulinemic-euglycemic (INS; n = 8)
clamp. Tracer equilibration and basal sampling occurred
from 240 to 360 min, followed by an HIHG clamp (360–600
min; four times basal insulin, two times basal glycemia) with
portal glucose infusion (4 mg $ kg21 $ min21). In the HIHG
clamp, HGU (5.86 0.9 vs. 3.36 0.3 mg $ kg21 $ min21) and
netglycogenstorage(6.06 0.8vs.2.96 0.5mg $ kg21 $min21)
were approximately twofold greater in INS than inGLC. PM
hepatic glycogen content (1.96 0.2 vs. 1.36 0.2 g/kg body
weight) and glycogen synthase (GS) activity were also
greater in INS versus GLC, whereas glycogen phosphor-
ylase (GP) activity was reduced. Thus AM hyperinsuline-
mia, but not AM hyperglycemia, enhanced the HGU
response to a PM HIHG clamp by augmenting GS and
reducing GP activity. AM hyperinsulinemia can prime the
liver to extract and store glucose more effectively during
subsequent same-daymeals, potentially providing a tool to
improve glucose control.

The second-meal phenomenon, or Staub-Traugott effect (the
reduced glycemic excursion during disposal of the second
meal of the day compared with that of the first meal), has
been observed in normal individuals and those with type 2
diabetes (1–5). Increased muscle glucose uptake (4) and,

conversely, increased hepatic glucose disposal (1) have been
reported in response to the second meal. We recently
demonstrated in conscious dogs that a 4-h duodenal glucose
infusion in the morning (AM), compared with an AM
duodenal saline infusion, stimulated hepatic glucose uptake
(HGU) and glycogen storage during a hyperinsulinemic-
hyperglycemic (HIHG) clamp, mimicking a meal response,
later in the same day (6). In contrast to our findings in regard
to the liver, there was no difference between groups in non-
hepatic (primarily muscle) glucose disposal during the af-
ternoon (PM) clamp (6). Use of clamp conditions allowed us
to control the PM pancreatic hormone and glucose levels so
that we could quantify organ glucose disposal in response
to the “second meal” without the complicating factors of
varying concentrations of insulin, glucagon, and glucose.
Given the importance of the liver in storing glucose in
response to a meal (7,8) and the significant role that hepatic
glycogen reserves play in maintaining glucose homeostasis
and improving the response to hypoglycemia (9–12), the
priming function of insulin could be helpful in developing
new approaches to improve the care of those with insulin-
treated diabetes. In the studies described in the current
report, we explored whether it was the AM increase in
glycemia, insulinemia, or both, that stimulated the liver
to take up and store more glucose during the clamp period
later in the same day.

RESEARCH DESIGN AND METHODS

Animal Care and Surgical Procedures
Adult mongrel dogs of both sexes purchased from a U.S.
Department of Agriculture–licensed vendor were studied.
The protocol was approved by the Vanderbilt University
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Institutional Animal Care and Use Committee, and the
animals were housed and cared for according to American
Association for Laboratory Animal Care guidelines. The
dogs were fed once daily a chow and meat diet in amounts
calculated to be weight-maintaining, and they were kept on
a 12 h light:12 h dark cycle with lights on at 0600 h.

Approximately 16 days before the study, surgery was
performed under general anesthesia in each dog to insert
sampling catheters in the femoral artery, hepatic portal vein,
and left common hepatic vein; blood flow probes around the
portal vein and hepatic artery; a splenic and a jejunal vein
catheter to allow infusion into the hepatic portal circulation;
and an infusion catheter into the inferior vena cava (IVC).
The free ends of the splenic, jejunal vein, and IVC catheters
were tunneled subcutaneously to a pocket at the back of the
neck, and the flow probes and portal and hepatic vein
catheters were secured in pockets in the abdominal area.
On the day before the study, all dogs were fed their regu-
lar diet at noon, and their food bowls were removed within
an hour; all dogs consumed at least 75% of the food served.

Experimental Design

Clamp 1
At the beginning of each experiment, the arterial sampling
catheter and the two infusion catheters were removed from
their subcutaneous pockets. Two groups of dogs (GLC, n = 7,
22.0 6 0.9 kg; and INS, n = 8, 22.5 6 1.0 kg) began an AM
clamp (clamp 1) at 0 min (0630 h), with the clamp continuing
until 240min (Fig. 1). In both groups, clamp 1 began with the
start of a somatostatin infusion (0.8 mg $ kg21 $ min21;
Bachem, Torrance, CA) into the IVC. Glucagon (basal re-
placement at 0.5 ng $ kg21 $ min21; GlucaGen, Boehringer

Ingelheim, Ridgefield, CT) was delivered intraportally via
the splenic and jejunal catheters. In the GLC group, regular
insulin (Novolin R; Novo Nordisk, Bagsværd, Denmark)
was infused into the splenic and jejunal vein catheters at
a basal rate (0.3 mU $ kg21 $min21) throughout the 4 h AM
clamp, and 20% dextrose (Baxter, Deerfield, IL) was infused
intraportally via the splenic and jejunal catheters. The in-
fusion rate was adjusted as necessary to raise the arterial
blood glucose level from 77 to 120 mg/dL (to reproduce the
glucose excursion observed in our previous study [6]). In
the INS group, regular insulin was infused intraportally at
2.1 mU $ kg21 $ min21 from 0 to 30 min, 2.4 mU $ kg21 $
min21 from 30 to 60 min, and 1.5 mU $ kg21 $min21 from
60 to 240 min. This infusion pattern was designed to mimic
the insulin concentrations observed in our previous study
in which there was no AM clamp but in which there was
a continuous duodenal infusion of glucose for 4 h (6). In the
INS group, 50% dextrose (Baxter) was infused into the IVC
as necessary to maintain euglycemia.

At the end of the first clamp period, the hormone in-
fusions were stopped, arterial glucose concentrations were
monitored, and glucose was infused via the IVC if necessary
until the animals were able to maintain euglycemia. At that
point, glucose infusions ceased, and the portal and hepatic
sampling catheters and blood flow probes were exteriorized
under local anesthesia. In all respects, the last 6 h of the
study (the nonclamp period and clamp 2) were identical in
the GLC and INS groups as well as with the groups contained
in our previous report (6).

Nonclamp Period
A primed (38 mCi) continuous infusion of [3-3H]glucose
(0.38 mCi/min) was administered via peripheral vein

Figure 1—Study design. Eleven dogs underwent two insulin and glucose clamp periods, beginning at 0min. Clamp conditions were as described
in the figure. In the INS group, insulin was infused intraportally at a rate (mU $ kg21 $min21) of 2.1 from 0 to 30 min, 2.4 from 30 to 60min, and 1.5
from 60 to 240min. At 240min, the first clamp ceased, and a primed continuous infusion of [3H]glucose began. After a 90-min equilibration period
(240–330min), there was a 30-min period of sampling under nonclamp conditions. These 11 dogs subsequently underwent an HIHG clamp in the
presence of the portal glucose signal from 360 to 600 min (clamp 2). Hepatic tissue was collected from these dogs at 600 min. In addition to the
dogs that underwent both clamps, two dogs that received the INS treatment and two that received theGLC treatment were euthanized at 360min,
with tissue biopsy samples obtained at that time to provide an indication of glycogen stores, enzyme activities, and protein expression before the
start of clamp 2. IV, intravenous.
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beginning at 240 min. After a 90-min equilibration period,
nonclamp period blood samples were collected from the
sampling catheters between 330 and 360 min. At the end
of the nonclamp period, two INS and two GLC dogs were
anesthetized, and hepatic tissue was rapidly collected from
each of three liver lobes, freeze clamped, and stored at
280°C, as previously described (6). These four dogs were
euthanized at the end of the tissue collection and are
referred to as the amINS and amGLC dogs.

Clamp 2
From 360 to 600min, all remaining dogs underwent a HIHG
clamp with portal glucose infusion to mimic the conditions
existing during absorption of a midday meal. During the
clamp, somatostatin was infused as described above, and
regular insulin (four times basal; 1.2 mU $ kg21 $ min21)
and glucagon (basal) were replaced via intraportal infusion.
Glucose (20%) was infused continuously at 4 mg $ kg21 $
min21 into the portal circulation. A primed, continuous
infusion of 50% glucose was administered via a peripheral
vein to create andmaintain hyperglycemia, with the infusion
rate adjusted as necessary to clamp arterial blood glucose at
;150 mg/dL. Samples were taken every 15–30 min from
the artery, portal vein, and hepatic vein catheters to allow
measurement of hormones and substrates. At the end of the
study, hepatic tissue was harvested as described above.
The sample sizes were calculated to yield a 90% likelihood
of detecting a difference of at least 2 mg $ kg21 $ min21 in
net HGU between groups, with a = 0.05, based on data from
our previous report (6).

Analyses

Western Blotting
Western blotting procedures were performed on liver tissue
as described previously (13,14). Glycogen synthase (GS), glu-
cokinase (GK), and Akt antibodies were purchased from Cell
Signaling, Danvers, MA. CLOCK and Per1 antibodies were
obtained from Santa Cruz Biotechnology, Dallas, TX. ImageJ
software (http://rsb.info.nih.gov/ij/) was used for quantifi-
cation. For reference (control) samples, we included tissues
obtained from the SALno-clamp group in our previous publi-
cation (6); the dogs in that group received a duodenal saline
infusion from 0 to 240 min and underwent tissue collection
at 360 min, the starting time for the PM clamp period in the
GLC and INS groups in the current report. Western blotting
was done on 26 lane gels (SDS-PAGE; Bio-Rad, Hercules, CA)
and expressed relative to cyclophilin B (for GK, CLOCK, and
Per1) or total Akt or GS protein (for phosphorylated [p]Akt
and pGS).

Enzyme Activity and Biochemical Analyses
Hepatic GK, GS, and glycogen phosphorylase (GP) activ-
ities were determined as previously described (15). Plasma
glucose, [3H]glucose, glucagon, insulin, and nonesterified
fatty acid (NEFA) levels; blood lactate and glycerol concen-
trations; and hepatic glycogen concentrations were mea-
sured using standard methods as described previously
(16,17).

Calculations
Net hepatic substrate balances, net hepatic carbon retention,
and net HGU were calculated with the arteriovenous differ-
encemethod (18). Net hepatic glucose balance was calculated
with an indirect method, as previously described (19), to
reduce any error introduced by streaming of infusate in
the portal vein. Unidirectional HGU, using [3H]glucose
measurements) and hepatic sinusoidal plasma insulin and
glucagon concentrations were calculated as previously de-
scribed (18). Glycogen synthesis via the direct pathway was
calculated by dividing hepatic [3H]-labeled glycogen at the
end of the study by the average inflowing plasma [3H]glucose-
specific radioactivity (19). Net hepatic carbon retention was
calculated from the sum of the balance data for glucose and
its metabolites. We have previously demonstrated that this
approach provides a useful index of glycogen synthesis (19).

Statistical Analyses
Data are expressed as means6 SEM, except in Figs. 5 and 6,
where individual data and medians are shown. Two-way
ANOVA with repeated-measures design was used (Sigma-
Stat; Systat, Richmond, CA), and post hoc analysis was
performed using the Student-Newman-Keuls multiple com-
parisons test. A P value of,0.05 was considered significant.
The amGLC and amINS dogs were not compared statistically
with other groups because of their small numbers.

RESULTS

Clamp 1 Data
Glucose concentrations before clamp 1 were indistinguish-
able between the groups (Fig. 2A). During clamp 1, arterial
blood glucose concentrations remained basal in the INS
group (79 6 1 mg/dL), and were ;50% greater in the
GLC group (P , 0.05), by design. The preclamp arterial
insulin concentrations did not differ between groups, but the
concentrations were higher in INS versus GLC throughout
clamp 1, as designed (P, 0.05) (Fig. 2B). The plasma insulin
concentrations in INS were highest during the 1st h of the
clamp, with a peak concentration more than eightfold
basal. This mimicked the pattern of hyperinsulinemia seen in
our previous study, in which intraduodenal glucose was
administered in the AM in the absence of a pancreatic clamp
(6). There were no significant differences in glucagon con-
centrations between groups during clamp 1, with the con-
centrations in both groups remaining at basal levels (Fig. 2C).
Cortisol concentrations in both groups were basal at the
start of the AM clamp and did not change during the clamp
in either group (data not shown). As a consequence of the
hyperinsulinemia, the glucose infusion rates (GIRs) in INS
were higher than those in GLC during clamp 1 (area under
the curve from 0 to 240 min was 2,835 6 419 vs. 1,078 6
263 mg/kg in INS vs. GLC, respectively; P, 0.05) (Fig. 2D).

Nonclamp and Clamp 2 Data

Hormone and Hepatic Blood Flow Data
The arterial and hepatic sinusoidal plasma insulin concen-
trations during the midday nonclamp period were 35% and

diabetes.diabetesjournals.org Moore and Associates 1239

http://rsb.info.nih.gov/ij/


42% less in the INS versus the GLC group, respectively,
although the hepatic sinusoidal concentrations did not differ
significantly between the groups (Table 1). During clamp 2,
arterial and hepatic sinusoidal insulin concentrations were
elevated in both groups to levels mimicking postprandial
conditions (8,20) (P . 0.05 between groups) (Table 1). The
arterial and hepatic sinusoidal plasma glucagon concentra-
tions remained at basal levels throughout clamp 2 and were
not significantly different between the groups at any time
(Table 1). In addition, the hepatic blood flow did not differ
significantly between groups (Table 1).

Glucose Data
Blood glucose concentrationswere similar in both groups dur-
ing the midday nonclamp period (806 1 and 756 4 mg/dL

in GLC and INS, respectively; P = 0.54) and during clamp
2 (1486 1 and 1476 1 mg/dL, respectively; P = 0.82) (Fig.
3A). In keeping with this, the hepatic glucose loads were
virtually identical between the groups during the clamp (Fig.
3B). All animals were in a state of net hepatic glucose output
during the midday nonclamp period (1.9 6 0.5 and 1.5 6
0.2 mg $ kg21 $ min21 in GLC and INS, respectively; P =
0.72). With the onset of the HIHG clamp including portal
glucose infusion, both groups rapidly switched to net HGU
(Fig. 3C), but the rate in the INS group was approximately
double that in GLC (3.4 6 0.4 and 7.1 6 0.9 mg $ kg21 $
min21 in GLC and INS, respectively; P , 0.05). Consistent
with this, the rate of unidirectional (tracer-determined)
HGU was ;70% greater (P , 0.05) in the INS than in the
GLC group (clamp 2 areas under the curve: 886 6 84 and
1,5136 207 mg/kg in GLC and INS, respectively) (Fig. 3D).

The total GIR, including the fixed-rate portal vein in-
fusion plus the variable peripheral glucose infusion required
to maintain equivalent hyperglycemia, was .40% higher
(P , 0.05) in INS than in GLC (3,623 6 545 and 2,524 6
358 mg/kg, respectively) (Fig. 3E). Net HGU increased
throughout the clamp period in both groups, with the rates
not significantly different between the groups at any time
(Fig. 3F). Net hepatic carbon retention (glycogen synthesis)
was.2.5-fold greater (P, 0.05) during the clamp period in
the INS than in the GLC group (Fig. 3G).

Lactate, Glycerol, and NEFA
Arterial blood lactate concentrations and net hepatic lactate
output (NHLO) in the nonclamp period did not differ
between the INS and GLC groups. With the onset of clamp
2, both groups exhibited an increase in lactate concentra-
tions and NHLO, with these parameters then declining
toward baseline (Fig. 4A and B). Although the lactate con-
centrations and NHLO were both numerically higher in the
INS than in the GLC group during the latter part of clamp 2,
this did not reach statistical significance.

Neither the arterial glycerol concentration nor net hepatic
glycerol uptake differed between the groups at any time (Fig.
4C and D). The concentration and net hepatic uptake both

Table 1—Arterial and hepatic sinusoidal plasma insulin and
glucagon concentrations and hepatic blood flow during the
nonclamp period and clamp 2

Parameter and group
Nonclamp

(330–360 min)
Clamp 2

(360–600 min)

Insulin (mU/mL)
Arterial
GLC 6 6 1 22 6 2
INS 4 6 1* 25 6 2

Hepatic sinusoidal
GLC 12 6 3 76 6 6
INS 7 6 2 72 6 4

Glucagon (ng/L)
Arterial
GLC 29 6 3 24 6 7
INS 20 6 3 19 6 2

Hepatic sinusoidal
GLC 36 6 6 30 6 7
INS 26 6 3 25 6 3

Total hepatic blood flow
(mL $ kg21 $ min21)

GLC 35 6 3 28 6 2
INS 35 6 3 28 6 3

Data aremean6SEM for all timepoints during the indicatedperiod;
n = 5 and 6 for the GLC and INS groups, respectively. *P , 0.05
between groups.

Figure 2—Data from fasting samples taken before the intervention (0 min) and clamp 1 (beginning after the 0-min sample and continuing through
240 min). During clamp 1, euinsulinemic hyperglycemia was maintained in the GLC group (n = 7), and hyperinsulinemic euglycemia existed in the
INS group (n = 8). Arterial blood glucose (A), arterial plasma insulin (B), arterial plasma glucagon (C), and GIR (D). *P , 0.05 between groups.
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fell in both groups with the onset of clamp 2 and remained
suppressed throughout the clamp. The arterial concentra-
tions and net hepatic uptakes of NEFA followed a pattern
similar to that of glycerol, with no differences between groups
at any time (Fig. 4E and F).

Liver Tissue Analyses
Terminal liver glycogen concentrations in the pair of amGLC
dogs appeared little different from those in the control dogs
from our earlier study (that underwent no clamp but re-
ceived duodenal saline during the 4-h AM treatment period
[6]), whereas the concentrations in the GLC group tended to
be greater (P = 0.09) than those in the controls (Fig. 5A). The
median of the amINS dogs was intermediate between those

of the GLC and INS groups, whereas the concentrations in
the INS group were significantly greater than those in both
the control andGLC groups (P, 0.05).Moreover, the rate of
glycogen synthesis via the direct pathway in the INS group
was.2.5 times higher than the rate in the GLC group (P,
0.05) (Fig. 5B). GK activity was;2.5-fold greater (P, 0.05)
in the GLC and INS groups than in the control group but did
not differ between the GLC and INS groups (Fig. 5C). GK
activities in the amGLC and amINS dogs were intermedi-
ate between the control dogs versus the GLC and INS groups.
GS activity relative to that of GP was enhanced (P, 0.05) in
the INS and GLC groups, relative to the control group, and
GS/GP activity in the INS group was more than twofold
greater than that in the GLC group (P, 0.05) (Fig. 5D). The

Figure 3—Data from the midday nonclamp period and clamp 2 (an HIHG clamp with intraportal glucose infusion; 360–600 min). Arterial blood
glucose (A), hepatic glucose load (HGL) (B), net hepatic glucose balance (NHGB) (C), unidirectional HGU (D), GIR (E), net HGU (F), and net hepatic
glycogen synthesis (NHCR) (i.e., carbon retention) (G) in the GLC (n = 5) and INS (n = 6) groups. *P , 0.05 between groups.
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GS/GP activity in the amGLC and amINS dogs appeared little
different from that in the control group.

Relative pAkt in both the GLC and INS groups was greater
than in the control group (;40% and 100%, respectively;

P, 0.05 for both groups vs. control and P, 0.05 between
GLC and INS) (Fig. 6A). The pAkt-to-Akt ratio in the amGLC
and amINS dogs was similar to that in the control group. The
median GK protein expression in the GLC and INS groups

Figure 4—Data from the midday nonclamp period and clamp 2 (an HIHG clamp with intraportal glucose infusion; 360–600 min). Arterial blood
lactate (A), net hepatic lactate balance (B), arterial blood glycerol (C), net hepatic glycerol uptake (D), arterial plasma NEFA (E), and net hepatic
NEFA uptake (F) in the GLC (n = 5) and INS (n = 6) groups. There were no significant differences between groups.

Figure 5—Hepatic tissue analyses: glycogen concentrations (A), glycogen synthesis via the direct pathway (B), GK activity (C), and GS activity
relative to that of GP (D). Individual data are depicted by unfilled circles, withdark gray lines indicating themedian for each treatment. Control (CON)
samples (n = 3) were taken from the SALno-clamp group described in our previous publication (6); see RESEARCH DESIGNAND METHODS (n = 5 for GLC and
n = 6 for INS). The amGLC and amINS data were derived from the two dogs in each treatment group that underwent the AM clamp and the
subsequent nonclamp period, with tissue collection occurring at 360 min. Statistical analyses were done only where treatments reflected at least
n = 3. Groups marked with the same lower case letter were not significantly different from one another, and those marked with different letters
differed significantly (P , 0.05).
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was similar, and both were twofold or greater than that of
the control group (P , 0.05) (Fig. 6B), with amGLC and
amINS GK protein expression being intermediate between
the control versus the GLC and INS values. Relative pGS
protein was reduced .70% in the GLC and INS groups
versus the control group (P, 0.05) and tended to be lower
in the INS versus GLC group (P = 0.11) (Fig. 6C). The amGLC
and amINS dogs also showed a marked reduction from the
control group in pGS expression. There were no significant
differences in expression of the CLOCK gene between the
GLC and INS groups, and expression in both groups was
;70% greater than that in the control samples (P , 0.05)
(Fig. 6D). CLOCK gene expression in the amGLC dogs was
intermediate between that of the GLC and INS groups and
that of the control group, whereas expression in the two
amINS dogs was too disparate to suggest any trend. Per1
expression was increased (P , 0.05) in the GLC versus the
INS and control groups and was numerically higher in the
amGLC versus amINS animals (Fig. 6E).

DISCUSSION

Wepreviously demonstrated that a 4-h AMduodenal glucose
versus saline infusion markedly enhanced HGU and glyco-
gen storage during an HIHG clamp later in the same day (6).
The current data make it evident that a 4-h period of hyper-
insulinemic euglycemia in the AM can replicate the results
observed with duodenal glucose delivery, but a 4-h period of
euinsulinemic hyperglycemia has no such effect. The en-
hancement of HGU in the INS group in the current study
was accompanied by augmentation of hepatic glycogen
synthesis, as indicated both by increased hepatic carbon
retention during the PM clamp and by larger hepatic gly-
cogen stores at the end of study. Data from healthy normal
weight and obese adults and those with type 2 diabetes
demonstrate that breakfast can have a “priming” effect
on glucose metabolism during the remainder of the day
(3,21–23), such that, when a substantial breakfast is con-
sumed, insulin sensitivity improves and glucose excursions

are reduced at meal times later in the day. Although in-
creased muscle glucose uptake (4) has been suggested to
account for the increase in insulin sensitivity, our current
and previous data (6), as well as data from other investiga-
tors (1,24), indicate that enhanced hepatic glucose disposal
largely explains the phenomenon. Moreover, after an ini-
tial increase in glycolysis, reflected in the increase in NHLO
early in clamp 2, much of the glucose taken up by the liver
was deposited in glycogen (Fig. 3G). We have observed this
early increase in glycolysis in response to a rapid change
from NHLO to net uptake under a number of different stu-
dy conditions (6,25,26) and determined that it reflects
the time required for insulin to fully activate GS and inhibit
GP.

Analysis of terminal hepatic tissue samples demonstrated
that the differences in HGU and liver glycogen storage
between the study groups was most closely related to their
relative impacts on hepatic GS and GP. The effect of the
prolonged period of AMhyperinsulinemia was to reduce pGS
protein, stimulate GS activity, and reduce GP activity during
the PM clamp. Although the GLC group exhibited reduced
pGS protein relative to the control, the reduction tended
to be more modest than in the INS group. Moreover,
GS/GP activationwas significantly enhanced in the INS versus
the GLC group, consistent with dephosphorylation of liver GP
being an upstream event in GS activation (27). pAkt expres-
sion was stimulated more in the INS versus the GLC group,
in keeping with its role in enhancement of glycogen syn-
thesis, at least partially via stimulating the phosphorylation
of glycogen synthase kinase 3 (28). GK protein expression,
GK activity, and CLOCK gene expression were very similar
between the INS and GLC groups, suggesting that these were
not primary contributors to the differences in liver glucose
uptake and glycogen storage. The greater expression of Per1
in the GLC versus the INS group is of note, however, because
Per1 is involved in feedback inhibition of CLOCK activity
(29,30). Future studies will be required to examine these
impacts more thoroughly and determine their metabolic

Figure 6—Hepatic tissue protein analyses: pAkt (A), GK (B), pGS (C), CLOCK (D), and Per1 (E) proteins expressed relative to total Akt (for pAkt),
cyclophilin B (for GK, CLOCK, and Per1), or total GS (for pGS). Individual data are depicted by unfilled circles, with dark gray lines indicating the
median for each treatment. Control (CON) samples (n = 3) were taken from the SALno-clamp dogs described in our previous publication (6); see
RESEARCH DESIGNAND METHODS (n= 5 for GLC and n = 6 for INS). The amGLCand amINSdatawere derived from the two dogs in each treatment group
that underwent the AM clamp and the subsequent nonclamp period, with tissue collection occurring at 360 min. Statistical analyses were done
only where treatments included at least n = 3. Groups marked with different letters differed significantly (P , 0.05).
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effects. Alterations in clock gene expression have been noted
to be associated with altered glucose metabolism in both
humans and animal models (31–34).

The results of the current investigation are remarkably
consistent with our previous results in the dogs receiving
AM duodenal infusions of glucose versus saline (6). Thus,
these data indicate that a tailored period of hyperinsuli-
nemia in the AM can have potent effects on glucose disposal
later in the day. This underlines the importance of hyper-
insulinemia in bringing about the second-meal phenomenon,
which has major effects on glucose disposal over the course
of the day. Despite its having been identified a century ago,
intriguing new information regarding the physiology un-
derlying the phenomenon and its potential clinical app-
lications continues to be obtained (35). The dog provides
a valuable model for examination of its effect on the liver,
because it allows quantification of HGU, and our data clearly
show an enhancement of hepatic glycogen stores in the
group experiencing hyperinsulinemia during the AM clamp.
The current findings could have significant implications for
individuals with insulin-treated diabetes. Despite the posi-
tive impacts of new insulin analogs, hypoglycemia continues
to occur, creating a significant impediment to optimal care
in insulin-treated individuals (36–38). Those with insulin-
dependent diabetes have been found in a number of inves-
tigations, although not all, to have lower postprandial levels
of hepatic glycogen than normal control subjects (9,39–42).
A difference in liver glycogen levels between subjects with
diabetes without complications and individuals without di-
abetes ismost evident after the thirdmeal of the day (40,43),
and this may explain why some studies quantifying only the
postbreakfast glycogen levels may not observe a difference
between subjects with diabetes compared with control sub-
jects without diabetes. It is noteworthy that normal dogs
with enhanced hepatic glycogen reserves (achieved via fruc-
tose administration during an AM period of hyperinsuline-
mia and hyperglycemia) exhibited a markedly improved
counterregulatory response (enhanced glucagon and epi-
nephrine secretion, coupledwith a stimulation of net hepatic
glucose release) during a PM period of hypoglycemia in
comparison with animals under the same hypoglycemic
conditions but in the absence of the AM fructose infusion
(10). Together, these findings suggest that measures to
stimulate hepatic glycogen accumulation have the potential
to reduce hypoglycemia risk. Combined with these findings,
our current data suggest that the insulin regimen used in the
AM, coupled with an adequate AM energy intake, may be
important in developing optimal hepatic glycogen reserves
daily and that this, in turn, can reduce the risk of hypogly-
cemia later in the day or night.

The question arises about whether hepatic glycogen
content might have been saturated in the INS group because
there was an increase in net hepatic lactate release and
circulating lactate concentrations during the latter portion of
the second clamp period in that group. Based on previous
work from our laboratory, where an intraportal fructose
infusion was used to enhance net HGU, hepatic glycogen

stores in the INS group were unlikely to be completely
saturated (44,45). Nevertheless, it is possible that glycogen
storage was slowing as levels increased. Certainly it appeared
that the rate of net glycogen synthesis (Fig. 3G) had plateaued
in both groups during the latter part of clamp 2. This further
highlights the potential for AM hyperinsulinemia to maxi-
mize hepatic glycogen reserves.

Growth hormone (GH),whichwould have been suppressed
by somatostatin infusion, was not replaced in these studies.
GH does not display a circadian rhythm in dogs (46), and
thus, the study periods are unlikely to have coincided with
any peak or trough in normal secretion. Moreover, although
GH has well-established roles in glucose metabolism, many
are chronic in nature (47). On an acute basis, GH is known to
stimulate lipolysis, which could have affected glucose dis-
posal (48). Glycerol and NEFA concentrations declined
during the AM clamp with both treatments (data not
shown), indicating that a differential effect between groups
was unlikely. Moreover, the direct effect of insulin on the
liver, and not its effect on fat metabolism, is the key factor in
its regulation of hepatic glucose metabolism (19,49,50).

In conclusion, a tailored period of hyperinsulinemia
during the AM stimulates hepatic glycogen accretion in
response to a HIHG later in the same day. It remains to be
seen whether patterned delivery of the AM insulin dose in
those with insulin-dependent diabetes could enhance he-
patic glycogen storage and subsequently improve the re-
sponse to hypoglycemia later in the same day, particularly
during the nocturnal period.
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