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Decreased Hepatic Futile Cycling Compensates for
Increased Glucose Disposal in the Pien Heterodeficient

Mouse
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Despite altered regulation of insulin signaling, Pten™’~
heterodeficient standard diet-fed mice, ~4 months old,
exhibit normal fasting glucose and insulin levels. We report
here a stable isotope flux phenotyping study of this ‘“si-
lent” phenotype, in which tissue-specific insulin effects in
whole-body Pten*’/~-deficient mice were dissected in vivo.
Flux phenotyping showed gain of function in Pten*’~ mice,
seen as increased peripheral glucose disposal, and compen-
sation by a metabolic feedback mechanism that 1) de-
creases hepatic glucose recycling via suppression of
glucokinase expression in the basal state to preserve he-
patic glucose production and 2) increases hepatic respon-
siveness in the fasted-to-fed transition. In Pten*’~ mice,
hepatic gene expression of glucokinase was 10-fold less
than wild-type (Pten*’*) mice in the fasted state and
reached Pten™’* values in the fed state. Glucose-6-phos-
phatase expression was the same for Pten*’~ and Pten™’*
mice in the fasted state, and its expression for Pten™’~ was
25% of Pten™’* in the fed state. This study demonstrates
how intra- and interorgan flux compensations can preserve
glucose homeostasis (despite a specific gene defect that
accelerates glucose disposal) and how flux phenotyping
can dissect these tissue-specific flux compensations in mice
presenting with a “silent” phenotype. Diabetes 55:
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ontroversy still exists as to whether the liver is

a primary site of insulin resistance or whether

the hepatic response to maintain glucose ho-

meostasis in the face of peripheral insulin resis-
tance is primarily compensatory (1). Loss of the liver
insulin receptor results in primary hepatic insulin resis-
tance, marked by elevations in PEPCK and glucose-6-
phosphatase expression, and decreased glucokinase
expression (2,3). However, an acute loss of the liver
insulin receptor, secondary to treatment with antisense
oligonucleotides, resulted in hepatic insulin resistance
with no change in hepatic glucose production (HGP),
although the source of intrahepatic fluxes contributing to
HGP (glycogenolysis versus gluconeogenesis) are altered
in a compensatory fashion to preserve HGP (4).

Factors that directly regulate phosphotidylinositol con-
tent, in particular the phosphatase and tensin homolog
deleted on chromosome 10 (PTEN), have shown the
pathway to be a central pathway in glucose metabolism
(5,6), as opposed to other modulators (7,8). Rodent studies
using Pten antisense oligonucleotides in ob/0b and db/db
mice also suggest that a reduction of PTEN function,
primarily in liver (and to a lesser degree in fat), is sufficient
to impact the regulation of the whole-body glucose meta-
bolic network in vivo (9). Recent experiments suggest that
while the relative expression of Pten in different insulin-
sensitive tissues is the major determinant in the modula-
tion of glucose homeostasis, the effect seen is tissue
dependent. Specifically, with Pten deletion in skeletal
muscle, the metabolic effects are “silent” in standard
diet—fed animals but are sufficient to prevent diet-induced
obesity and insulin resistance (10). Kushner et al. (11)
reported that wild-type mice and Pten™~ mice have
essentially similar responses to an insulin tolerance test
(ITT) and glucose tolerance test. In contrast, adipose-
specific Pten deletion resulted in improved systemic glu-
cose tolerance and insulin sensitivity (12). Mice with a
hepatic-specific Pten deletion also show increased insulin
sensitivity and glucose disposal (13,14). However, as op-
posed to the muscle- or adipose-specific Pten deletion
models, this was accompanied by progressive steatosis,
dramatically increased liver weight, and a reduction in
peripheral fat stores (13,14). The disparity between the
whole-body Pten-deficient mouse and the tissue-specific
Pten™’~ phenotypes suggests that the metabolic profile
found for each tissue-specific mouse model is an accentu-
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FIG. 1. Standard provocative insulin and glucose tolerance tests. Intraperitoneal ITT response for Pten™’* and Pten*’~ mice (A). The ITT (0.75
unit/kg) was performed on Pten*’* littermate control (n = 10) and Pten™~ (n = 7) mice after a 4-h fast (see RESEARCH DESIGN AND METHODS). Time
course of plasma glucose (B), insulin (C), and lactate (D) in response to a 1-mg [1,2-'>C,]glucose per g body wt ipGTT. The ipGTT was performed
on Pten™* (n = 5) and Pten™~ (n = 7) mice after a 15-h overnight fast. All data are presented as means = SE. * P < 0.05 between Pten™* and

Pten*’~ mice, determined by Student’s ¢ test.

ation, or diminishment, of the effect of PTEN deficiency
for a particular insulin-sensitive tissue and that compen-
satory mechanisms may result in detection of a seemingly
“silent” phenotype.

The purpose of this study was to address the disparities
in the tissue-specific insulin action of Pten heterodeficient
mice by using stable isotope flux phenotyping (15-17) to
determine compensatory flux mechanisms that preserve
glucose homeostasis in the whole-body Pten™~ mouse.
This approach applied to the peroxisome proliferator—
activated receptor (PPAR)a knockout (KO) mice showed
increased peripheral glucose disposal observed in the
fasted and fed states, along with increased total HGP,
facilitated by a compensatory mechanism that reduced
intrahepatic “futile” glucose/glucose-6-phosphate (glu-
cose-6-P) recycling, allowing HGP to be maximal with the
“futile” wasting of intracellular ATP minimized (17). This
led us to hypothesize that perhaps compensatory interac-
tions between hepatic glucose flux recycling and periph-
eral glucose disposal may help maintain glucose
homeostasis, in general, when peripheral glucose disposal
is affected.

Utilizing this approach in Pten ™’ mice, we clearly show
an increase in peripheral glucose disposal and a decrease
in glucose/glucose-6-P recycling, which we believe is the
primary hepatic compensatory mechanism for maintaining
HGP sufficient for supplying the increased peripheral
disposal of glucose in this whole-body Pten™’~ mouse
model. This result indicates the presence of compensatory
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mechanisms underlying the homeostatic response to dis-
orders in phosphatidylinositol 3-kinase (PI3-K)-mediated
regulation. Gain of function, seen as increased peripheral
glucose disposal in the Pten™™ mice, by a reduction in
whole-body PTEN levels, results in compensation by a
metabolic feedback mechanism that decreases hepatic
glucose recycling via suppression of glucokinase expres-
sion in the basal state. The basal hepatic effect is a loss of
function, or responsiveness, to elevated PI3-K pathway
activity. Increased hepatic responsiveness to Pten defi-
ciency was seen for glucokinase for the fasted-to-fed
transition, indicating that compensatory feedback mecha-
nisms are adaptive for the metabolic state. Compensations
seen for the whole-body Pten*’~ may be altered, or absent,
in muscle-, adipose-, or liver-specific Pten-deleted mice.
For example, steatosis was evident in the liver-specific
Pten-deleted mice (13,14), but we found it was not present
in the Pten™ ™ mice, despite evidence for increased he-
patic insulin responsiveness. These data suggest it may be
very useful to use metabolic network analyses, such as
stable isotope flux phenotyping, to dissect tissue-specific
insulin action in vivo in the context of whole-body defi-
ciencies of insulin signaling effectors, rather than inferring
metabolic actions from tissue-specific deletion models.

RESEARCH DESIGN AND METHODS

Whole-body Pten"’~ mice were used from two different colonies. The ITT
(Fig. 1A) and baseline body composition/serum studies (supplementary Table
1 [available at http:/diabetes.diabetesjournals.org]) were done on Plen™’~
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mice of 10-14 weeks of age derived by the lab of Ramon Parsons, as
previously described (18), from a colony maintained at Regeneron. Also, these
mice, at 6 months of age, were used for supplementary Fig. 1, which describes
the characteristics of liver and adipose tissues of Pten "~ mice. The derivation
of the Pten™’~ mice for all the remaining experiments has been described
previously (19), but these mice have not been used for similar studies of
glucose homeostasis. This colony was maintained at the University of
California Los Angeles, and male and female Pten™’" or Pten™™ mice were
ranged from 14 to 18 weeks in age, with average body weight 27.1 = 1.0 g for
Pten™" mice and 24.8 + 1.3 g for Pten™~ mice (P > 0.05, Student’s ¢ test).
There were no significant body weight differences between male and female
mice, either in Pten™’" or Pten™’~ mice from this colony. All animals used in
this study were tumor free in tissues examined at the time of killing. All
animals were maintained under 12-h light/dark conditions and were fed
standard laboratory chow diet. Animal studies were conducted in accordance
with the JACUC guidelines and the protocol approved by the institutional
review board.

Body composition was determined for each animal by dual-emission X-ray
absorptiometry (PIXImus; General Electric Lunar, Madison, WI). Percent of
lean mass and fat mass were calculated as a proportion of the total body
weight of the animal. Ten Pten*’* and 7 Pten*’~ males were examined at 10
weeks of age, while 7 Pten™" and 3 Pten™~ females were examined at 11
weeks of age.

Indirect calorimetry. Metabolic parameters were measured using an Oxy-
mas (Columbus Instruments, Columbus, OH) open-circuit indirect calorimetry
system as previously described (20). Ten Pten™" and 7 Pten*’~ males were
assessed at 12 weeks of age.

ITT. Following a 4-h morning fast, animals were bled from the tail for a
baseline measurement. An insulin bolus was administered intraperitoneally at
0.75 units/kg body wt (R-insulin; Eli Lilly, Indianapolis, IN). Tail blood was
sampled at 30, 60, and 120 min after insulin administration. Blood glucose was
measured by the Bayer Ascensia DEX2 glucometer (Bayer Diagnostics,
Tarrytown, NY). Ten Pten*’* and 7 Pten*’~ males were examined at 11 weeks
of age.

Biochemical/serum analysis. Serum samples were analyzed for cholesterol,
aspartate aminotransferase, alanine aminotransferase, and alkaline phospha-
tase using the Bayer 1650 blood chemistry analyzer (Tarrytown, NY). Nones-
terified free fatty acids were analyzed by a diagnostic kit (Wako, Richmond,
VA). Serum was collected from 10 Pten™* and 7 Pten™'~ males and 7 Pten™'*
and 3 Pten™’~ females at 13 and 14 weeks of age, respectively. For the
intraperitoneal glucose tolerance test (ipGTT) studies, plasma glucose and
lactate concentrations were determined by COBAS MIRA analyzer (Roche
Molecular Biochemicals) using reagents provided by Raichem (San Diego,
CA). Glucose UV Reagent (catalog no. 80017) was used for glucose determi-
nations; Stat-Pack Rapid Lactate test (catalog no. 869218) was used for lactate.
Liver tissues taken from 18-h fasted mice were used to determine hepatic
glycogen contents. Glucose residues derived from the liver tissues were
prepared and determined as previously described (15). Plasma insulin was
determined using an ultra-sensitive rat/mouse Insulin ELISA kit (catalog no.
90060; Crystal Chem).

HGP. Determination of HGP was carried out by constant infusion of
[U-*3Cq]glucose (99% enriched; Cambridge Isotope Laboratories, Andover,
MA) through a miniosmotic pump (Alzet model 2001D; duration 24 h) (15).
Four Pten*’* and four Pten™~ males were examined at 16-18 weeks of age.
Briefly, fasting of animals was initiated at 4 p.Mm., and a miniosmotic pump
containing 0.25 mg/ul [U-**C;]glucose was quickly inserted to subcutaneous
space of the animal at 7 p.M. under ~5% isoflurane. Blood samples were
collected by orbital bleeding at 10 A.M. the next morning. HGP rate was
determined using the following equation: HGP (in milligrams per kilogram
body weight per minute) = infusion rate X (1/E;,.., — 1). The infusion rate
(in milligrams per kilograms per minute) = miniosmotic pump rate (8 wl/h
calibrated by the manufacturer) X [U-**C¢]glucose concentration (0.25 mg/ul
mouse body wt [Kg]). Eracer 1S the enrichment of plasma [U-'*Cg]glucose
determined by gas chromatography-mass spectrometry (GC/MS) analysis.
GC/MS conditions, sample preparations for GC/MS analysis, and a detailed
description of equations and calculations for HGP can be found in our
previous study (15).

Glycerol production and HGP from substrate glycerol. Four Pien™* and
four Pten™~ males at 16-18 weeks of age were used to determine glycerol
production and HGP from glycerol, as previously described (15). Briefly,
fasting of animals was initiated at 4 p.M., and a miniosmotic pump containing
0.3 mg/pl [2-*C]glycerol was quickly inserted to subcutaneous space of an
animal at 7 .M. under ~5% isoflurane. Blood samples were collected by orbital
bleeding at 10 A.M. the next morning and 5 h after refeeding. Similar to HGP
described above, glycerol production rate (in milligrams per kilograms body
weight per minute) = infusion rate X (1/Eq,..; — 1). The infusion rate (in

milligrams per kilograms per minute) = miniosmotic pump rate (8 pl/h
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calibrated by the manufacturer) X [2-'*C]glycerol concentration (0.3 mg/ul
mouse body wt [Kg]). Eq.. iS the enrichment of plasma [2-**C]glycerol
determined by GC/MS analysis.

HGP from substrate glycerol was determined using the following equa-

tions: HGP from glycerol (in milligrams per kilograms per minute) = (glycerol
production rate) X (glycerol FRC), where FRC is the fractional contribution
of glycerol to hepatic glucose synthesis. Glycerol FRC = (M1/2ml) +
(M2/m1), where M1 is the enrichment of plasma '*C-glucose and M2 the
enrichment of plasma 'C,-glucose, which were synthesized from infused
[2-'*C]glycerol, and ml is the enrichment of plasma [2-'*C]glycerol. The
enrichments of plasma M1 and M2 glucose, as well as plasma m1l glycerol,
were determined by GC/MS (15).
The intraperitoneal hepatic recycling glucose tolerance tests. Mice
were fasted at 7 p.M. and insulin or glucose injected intraperitoneally at 10 A.M.
the next morning. Each point of the hepatic recycling glucose tolerance test
(HR-GTT) was the average of five male Pten*’" or seven Pten™’~ mice (five
males and two females), with average age of 14 weeks. Blood samples for
insulin and glucose analysis were collected at various time points as indicated
in Fig. 1 (see rResULTS). [2-°H]glucose and [6,6-°H,]glucose were >98% enriched
and sterility/pyrogenicity tested by the manufacturer (Cambridge Isotope
Laboratories). Ten Pten™’" and 14 PTEN"/~ male mice were used in these
tests.

In the hepatic recycling deuterated glucose tolerance test (HR-dGTT), a
mixture of [2-°H]glucose (0.5 mg/g body wt) and [6,6-*H,]glucose (0.5 mg/g
body wt) was used. During the HR-dGTT, hepatic uptake of [2-°H]glucose
generally leads to the loss of deuterium label at the C2 position due to
isomerization between glucose-6-P and fructose-6-phosphate. As reviewed by
Wolfe and Chinkes (21), hepatic glucose uptake of [6,6-*H,]glucose generally
leads to loss of the deuterium label, when 3-carbon pyruvate produced is
converted to oxaloacetate and when malate is converted to fumarate. Also,
[6,6->H,]glucose that is recycled back from fructose-1,6-bisphosphate back to
glucose (without being broken down to 3-carbon precursors) will lose a
deuterium atom. We found in our ipGTT studies that [6,6-*H,]glucose did not
signifcantly recirculate during the ipGTT by examining the formation of singly
labeled [6-*H]glucose, which theoretically could be produced by recirculation
of [6,6-*H,]glucose, through monitoring for the C3-C6 EI fragment (data not
shown). Therefore, we used the area under the curve (AUC) for [6,6-
?H,]glucose during the ipGTT to reflect the whole-body disposal of glucose.

When [2-°H]- and [6,6-°H,]glucose are administered as a 1:1 mixture, the
disappearance of the two isotopes [2-*H]- and [6,6-*H,]glucose can be deter-
mined by mass fragmentography by assessing the M1 label in the C1-C4
fragment (for [2-2H]glucose) and the M2 label in the C3-C6 fragment (for
[6,6-*H,]glucose) of the electron-impact mass spectrometry. The difference
between the two disappearance rates has long been recognized as the
standard measure of futile cycling (i.e., glucose to glucose-6-phosphate and
back [17,22,23]) and can be determined as: relative rate of glucose/glucose-6-P
futile cycling = percent difference in plasma [2-°H]glucose vs. [6,6-
?H,]glucose = (percent [6,6-°H,]glucose — percent [2->H]glucose)/(percent
[6,6-*H,]glucose). GC/MS analyses of plasma glucose isotopomers during the
HR-dGTT can be found in our previous study (17).

RNA quantitation. Total RNA was isolated from liver or skeletal muscle with
Trizol (Invitrogen, Carlsbad, CA) and used as template for cDNA synthesis
using oligo dT primers. Real-time PCR was performed with the iCycler iQ
real-time detection system (BioRad, Hercules, CA) using SYBR Green PCR
QuantiTect reagent (Qiagen, Valencia, CA). Each assay was performed in
triplicate using 25-50 ng cDNA. In addition, a standard curve of four serial
dilution points of control cDNA (ranging from 100 ng to 100 pg), as well as a
no-template control, were included in each assay. The relative concentration
of genes of interest was determined by plotting the threshold cycle (C,) versus
the log of the serial dilution points and normalizing to expression levels of an
endogenous control gene, TBP (TATA box binding protein). Primer sequences
used for real-time PCR were: glucokinase, forward 5'-TAT GAA GAC CGC
CAA TGT GA-3', reverse 5'-TTT CCG CCA ATG ATC TTT TC-3'; glucose-6-
phosphatase p36 subunit, forward 5’-CTG TGA GAC TGG ACC AGG GAG-3',
reverse 5-TTC CAC GAA AGA TAG CGA GAG-3'; glucose-6-phosphate
dehydrogenase (G6PDH), forward 5-GCT GGA TCT AAC TTA TGG CAA
CA-3’, reverse 5'-CGG ACA AAG TGC ATC TGG C-3’; and PEPCK, forward
5'-CAG CTG CTG CAG AAC ACA AGG-3', reverse 5'-GCT AAC TGC TAC AGC
TAA CGT G-3'.

Statistical analyses. All data were expressed as means * SE, except for data
in Table 1, in which AUC was presented as means * SD. Analyses for the
significance of differences were performed using Student’s ¢ test or two-way
ANOVA. The percent difference between the plasma [2-°H]- and [6,6-
“H,]glucose enrichments against time, during the ipGTT, was determined
using linear regression analysis.
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TABLE 1
Whole-body glucose disappearance and insulin sensitivity in
Pten™* and Pten™’~ mice

AUC
Total glucose 2 X M2 glucose Plasma insulin
Animals (mmol/l1 X h) (mmol/1 X h) (mg X h/ml)
Pten™'™ 23.59 + 1.2 3.49 = 0.12 0.86 + 0.04
Pten™*” 18.04 + 1.5* 2.22 £ 0.10* 0.33 £ 0.01*

Data are means = SE. AUC for plasma glucose [6,6- 2H2]$lucose
(M2), and insulin are compared between Pten™’* and Pten™ mice
during the 2-h time course of the HR-dGTT (1 mg/g body wt). M2
glucose reflects plasma glucose contalmng two deuterium atoms for
the [6,6-°’H,]glucose ipGTT. M2 AUC is multiplied by 2 to calculate
glucose disposal, as the glucose injected was only 50% M2 (see
research design and methods). *P < 0.05 between Pten™* and
Pten™ ™ mice, by Student’s ¢ test.

RESULTS

Pten™~ mice exhibit enhanced whole-body glucose
utilization and insulin sensitivity. Analysis of a 0.75
units/kg body wt ITT, and the standard 1 mg/g body wt
ipGTT, are shown in Fig. 1, as well as plasma insulin and
lactate measurements during the ipGTT. Analysis of blood
glucose levels revealed that there was no difference in
either nonfasting (Fig. 1A) or fastmg (Fig. 1B) values
between the Pten™" and Pten*’~ mice. After challenge
with a 0.75 units/kg bolus of insulin in the ITT, Pten "'~
mice clearly had lower plasma glucose at 1 and 2 h (Fig.
1A). Figure 1 also showed that plasma glucose and insulin
levels, but not plasma lactate levels, were consistently
lower for the Pten™’~ compared with Pten™* mice during
the ipGTT (Fig. 1B-D).

To further characterize the increased insulin sensitivity
in the Pten™ ™ mice, we determined the AUC of plasma
insulin, total plasma glucose (Table 1) during the time
course of a stable isotope-labeled ipGTT, which we have
termed the HR-dAGTT (see RESEARCH DESIGN AND METHODS) In
response to the same glucose load, Pten™ ™ mice had a
decrease of 65% in the insulin AUC compared with Pten™'*
mice but a 25% decrease in the total glucose AUC which
indicates accelerated glucose disposal in Pten ™~ mice.

Analysis of muscle glycogen levels in the fasted and fed
states and the energy substrate utilization as assessed by
indirect calorlrnetr/y were comparable between both
Pten*’” and Pten™’" mice (data not shown). Since the
muscle mass is by far larger than the liver or fat mass, the
25% decrease in the total glucose AUC may be due to
accelerated glucose disposal, despite the lower insulin
AUC durmg the HR-dGTT and/or a lower value of HGP in
the Pten™~ mice. To determine whether the decrease in
the total glucose AUC can largely be attributed to in-
creased muscle glucose uptake as a consequence of the
muscle-specific actions of Pten heterodeficiency (or a
decrease in HGP), we used the stable isotope flux pheno-
typing methodology.

Glucose disposal, futile cycling, and HGP in Pten*’

mice. Although the ITT shows the predicted enhancement
of insulin sensitivity with deletion of a single copy of Pien,
it gives little information about peripheral glucose uptake
and/or hepatic insulin action. To determine this, we as-
sessed plasma glucose disposal during the HR-dGTT, a 1
mg/g body wt ipGTT that uses a glucose bolus composed
of equal amounts of the deuterlum labeled stable isotopes
[2- H]glucose and [6,6-°H,]glucose (17,22). The plasma
[6,6-°H,]glucose (M2) glucose isotopomer injected was

DIABETES, VOL. 55, DECEMBER 2006

quantitated by GC/MS (see RESEARCH DESIGN AND METHODS).
Mass spectrometric quantitation of plasma M2 glucose
reveals that Pten™’~ mice have an accelerated rate of
glucose disposal mto peripheral tissues (Fig. 2A4). The M2
AUC for the Pten™~ mice was approximately half that of
Pten*’* mice, reflecting a dramatic acceleration of the
disposal of the administered glucose when PTEN is defi-
cient (Table 1).

Given that the HR-dGTT revealed increased peripheral
(mainly muscle) glucose uptake and insulin sensitivity,
how can the compensations that preserve glucose ho-
meostasis be best assessed in vivo? Fastmg glucose levels
are equal for Pten™" and Pten™'~ mice, suggesting mech-
anism(s) exist for matching peripheral glucose utilization
to HGP. Intra-HGP or utilization is a function of the
degree, and net direction, of glucose recycling through the
three “futile” or substrate cycles that govern net glycolysis/
gluconeogenesis. Also, whether the liver is storing or
releasing glucose to and from glycogen affects the mass of
carbon in the glucose-6-P pool. These “futile” cycles are
the glucose/glucose-6-P, fructose/fructose-6-P, and phos-
phoenolpyruvate/pyruvate substrate cycles. The amount
of glycogen stored in the liver in transition between the
fasted and fed states would be dependent on the degree of
plasma insulin and glucose excursions in response to a
meal or glucose load, as well as the route taken within the
liver for recycling/metabolizing glucose. The HR-dGTT is
designed to examine at what level intrahepatic futile
recycling of glucose may be affected.

Hepatic glucose cycling at the level of glucose/glucose—
6-P is known as glucose futile cycling and 1s traditionally
determined using separate infusions of [2- HJ glucose and
[6-’H]glucose tracers (23). The infusion of [2-"H]glucose is
known to provide a different estimate of glucose turnover
rate than that from the infusion of [6->’H]glucose (23). The
difference is attributed to the fact that the hydrogen in the
carbon-2 position of glucose is lost in the equilibrium
reaction of isomerization of glucose-6-P to fructose-6-P,
whereas the hydrogen in the carbon-6 position is retained
(Fig. 20). The difference between the plasma enrichments
of the [2-°H]glucose and [6,6-°H,]glucose during the HR-
GTT can be used here to estimate glucose/glucose-6-P
cycling. Figure 2B shows that at all times during the
HR-dGTT, the percent difference between the plasma
enrichments of the two tracers is greater for the Pten™'"
than for the Pten™ ™~ mouse, indicating less glucose/
glucose-6-P futile cycling for the Pten* '~ mice. In sepa-
rate experrments total HGP was measured by the constant
infusion of [U— 3Cglglucose via an Alza osmotic mini-pump.
As shown in Flg 3A, there 1s no difference in total HGP
between Pten™’ and Pten™’" mice in the 18-h fasted state.
Since the net glucose/glucose-6-P flux equals HGP (Fig.
2C), an increased peripheral glucose disposal and de-
creased hepatic glucose recycling may play Compensatory
roles to maintain glucose homeostasis in Pten ™'~ mice.
The increase in peripheral glucose uptake may be a direct
and unavoidable consequence of increased PI3-K action
due to PTEN deficiency. The decrease in glucose/glucose-
6-P recycling preserves HGP, despite the known action of
PI3-K signaling, to increase glucokinase expression and
decrease glucose-6-phosphatase expression (24-26). This
suggests that hepatic glucose recycling is modulated by an
undetermined in vivo mechanism to compensate for pe-
ripheral glucose disposal, in order to preserve glucose
homeostasis. It may be that measurements of glucose/
glucose-6-P recycling via HR-dGTT are more sensitive than
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FIG. 2. A: The HR-dGTT. Top panel: Time course of the [6,6-H,]glucose (M2) isotopomers using 1 mg/g body wt of a 1:1 mixture of [2-*H]- and
[6,6->H,]glucose for the ipGTT. Data are presented as means + SE. *P < 0.05 between Pten™’* and Pten*'~ mice, determined by Student’s ¢ test.
M2 glucose levels are significantly lower for Pten*’~ versus Pten*’* mice, suggesting increased peripheral disposal of glucose for the Pten*’~ mice.
B: Time course of the percent difference between the plasma [2-*H, ]- and [6,6-*H,,] glucose enrichments during the deuterated glucose HR-dGTT.
The HR-dGTT was performed using 1 mg/g body wt of a 1:1 mixture of [2-*H, ]- and [6,6->H,]glucose on Pten*’~ (n = 5) and Pten™’~ (n = 7) mice
after a 15-h overnight fast. The data are presented as means = SE. The percent difference between the plasma enrichments of the two tracers
reflects the relative rate of de-deuteration of [2-*H,]- versus [6,6->H,]glucose, which is a measure of net hepatic glucose phosphorylation or,
equivalently, glucose/glucose-6-P futile cycling. At all time points during the IPGTT, the percent difference between the plasma enrichments of
the two tracers is greater for the Pten™’* than for the Pten™’~ mouse, indicating a much smaller amount of glucose/glucose-6-P futile cycling for
the Pten*’~ mice. The slope is 16.2 = 0.53% for the Pten*’* mice versus 7.4 = 0.35% for Pten*’~ mice. C: Illustrative diagram of pathways for
hepatic metabolism of the deuterium-labeled [2-?H,]/[6,6-°H,]glucose. De-deuteration of [2-H,]glucose occurs during the equilibration of
glucose-6-P (G-6-P) with fructose-6-P (F-6-P), which is theoretically two orders of magnitude faster than any other glycolytic or gluconeogenic
flux. De-deuteration of [6,6-H,]glucose does not occur until the deuterated glucose reaches the level of pyruvate. F-1,6-P2, fructose-1,6-
bisphosphate; GK, glucokinase; G6Pase, glucose-6-phosphatase; PK, pyruvate kinase.

HGP in detecting the hepatic effects of PI3-K action, since in these experiments (Fig. 1C), as opposed to the de-
it is the flux difference in the glyconeogenic versus glyco- creased fasting insulin levels seen for the adipose-specific
lytic arms of the glucose/glucose-6-P cycle that helps to deletion of Pten (aP2-Pten '~ [12]) and the liver-specific
determine HGP. For this reason, we then sought to exam- deletion of Pten (Alb-Pten '~ [13,14]). Figure 34 also
ine relevant hepatic characteristics governing HGP. shows that while the fasted levels of hepatic glycogen are
Hepatic characteristics governing HGP are altered in twofold higher, the fed levels are one-third less for Pten ™'~
Pten™™ mice. Discrepancies in the measurement of HGP mice than for Pten™’" littermates. This may indicate that
can occur due to differences in fasting insulin levels, the PTEN deficiency facilitates the retention of hepatic glyco-
amount of hepatic glycogen, and the expression level of gen via increasing hepatic insulin action in the basal state.
gluconeogenic enzymes. Fasting insulin levels were not The expression of glucokinase and glucose-6-phospha-
significantly different between Pten™’~ and Pten™’" mice tase, two enzymes that control the glucose/glucose-6-P
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FIG. 3. Hepatic glycogen content and HGP in the Pten*’* and Pten*’~ mice (A). Liver glycogen was measured from animals (n = 4 for each group)
after 18 h overnight fasting or animals (n = 4 for each group) after 18 h fasting, followed by a 5-h refeeding. HGP was determined in 18-h fasted
mice, which were constantly infused with [U-'>Cg4]glucose, administered by subcutaneously inserted Alza miniosmotic pumps. *P < 0.05 for
Pten™*'*, #P < 0.05 for Pten™'~ mice, as determined by Student’s ¢ test. Hepatic gene expression in the Pten*’* and Pten™’~ mice determined by
RT-PCR (B). Tissues for this gene expression study were taken either from 18-h fasted mice (n = 4 for each group) or from mice first fasted 18 h
then refed standard chow for 5 h (n = 4 for each group). Both Pten*’* and Pten™’~ mice consumed similar amount of regular chow during the 5-h
refeeding period (data not shown). P < 0.05 by two-way ANOVA, followed by Bonferroni’s post tests. Statistical differences determined by
Bonferroni’s post tests of multiple comparison are shown as *P < 0.05 between the fasted Pten*’* and Pten*'~ mice or #P < 0.05 between the
refed Pten™’* and Pten™’~ mice. Two-way ANOVA indicated that both glucokinase (GK) and glucose-6-phosphatase (G6Pase) gene expression
were significantly different for genotype/feeding interactions; G6PDH expression was different for both feeding status and genotype/feeding
interactions; and PEPCK expression was different for genotype, feeding status, and their interactions. p36, catalytic subunit of glucose-6-
phosphatase.

cycle, are heavily and oppositely regulated by insulin/
PI3-K signaling by different transcription factors (24-26).
Figure 3B shows that glucokinase expression in the 18-h
fasted state of the Pten '~ mice is 10-fold less than that of
Pten*’* mice. However, glucokinase is rapidly induced
when moving from the fasted to the fed state. After 5 h of
refeeding, Pten™’~ mice glucokinase levels are equivalent
to that of fed Pten™" mice. This represents an important
measure of increased hepatic responsiveness to insulin
action, which is often overlooked. The expression of the
catalytic subunit (p36) of glucose-6-phosphatase also
shows a dynamic response to fasting. As opposed to
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glucokinase, there is no difference in the expression levels
of p36 glucose-6-phosphatase between the Pten™" and the
Pten™™ mice in the fasted state. However, p36 }glucose—G—
phosphatase expression is 75% less for Pten™ "'~ mice in
the fed state. These results suggest that PI3-K action alone
is not the only factor regulating glucokinase expression
and activity in the fasted state and in the fasted-to-fed
transition. Rather, hepatic glucokinase expression is sen-
sitive to the requirements of whole-body glucose ho-
meostasis and is part of a compensatory mechanism for
matching HGP to peripheral glucose demands.

There may also be a differential sensitivity for PTEN
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facilitation of hepatic insulin action on the enzymes of the
glyconeogenic, glycolytic, and pentose phosphate path-
ways in order to best adapt net HGP to peripheral glucose
needs. As seen from Fig. 3B, the expression of enzymes in
these pathways are affected differently for Pten ™" versus
Pten™ ™ mice, in either the fasted and/or fed states. PEPCK
seems more sensitive in the fasted state, while glucose-6-
phosphatase seems more sensitive in the fed state to the
heterodeficiency of Pten. Note that the decrease seen for
PEPCK expression in the fasted state of the Pten™’~
mouse, to ~30% of basal expression, is not sufficient to
restrict hepatic gluconeogenesis. At the beginning of the
fasted-to-fed transition, the decreased glucose/glucose-6-P
cycling in the Pten™~ mice may just serve as a mechanism
to maintain HGP to meet the peripheral glucose need, as
flux through PEPCK is poised to decrease at this time. For
livers isolated from liver-specific cytosolic PEPCK-null
mice models, having either 0, 5, or 10% residual PEPCK
expression, Burgess et al. (27) report that loss of the
majority of PEPCK expression, leaving 10% residual
PEPCK, resulted in only an ~20% decrease in gluconeo-
genesis from trichloroacetic acid (TCA) cycle intermedi-
ates. However, no appreciable gluconeogenic flux from
TCA cycle intermediates was measured when there was
zero residual PEPCK expression (27). It has been shown
that complete ablation of PEPCK in liver-specific (28) or
whole-body KO (29) mice results in a build-up of TCA
cycle intermediates and a decrease in the rate of TCA
cycle flux. This indicates that PEPCK has an important
role in the removal of TCA cycle anions (cataplerosis) in
general, just that this can be accomplished with very low
levels of PEPCK expression. GGPDH expression is unaf-
fected by Pten heterodeficiency in the fasted state but is
decreased in the fed state, which may be part of a
mechanism, along with the low glucokinase expression,
restricting hepatic steatosis. The low glucokinase expres-
sion also allows HGP to be maximized in the Pten*’~
mouse, despite increased hepatic insulin sensitivity. These
findings may also then support the existence of compen-
satory mechanisms that adapt liver glucose flux in specific
metabolic pathways, not only for the regulation of hepatic
glucose and lipid metabolism but also to best match HGP
to peri}pheral glucose needs.
Pten™’~ mice exhibit only subtle changes in body
composition and serum parameters. A stable isotope
flux phenotying approach, utilizing [2-'°C]glycerol, was
used for the in vivo assessment of the endogenous rate of
lipolysis. Lipolysis can be assessed by measurements of
glycerol turnover, since 80-90% of glycerol production is
derived from adipose tissue lipolysis (21,30,31), and this
was not affected in Pten™’~ mice. Both in the 18-h fasted
and 5-h refed states, there was no difference in the rate of
glycerol production or HGP from glycerol between the
Pten™’* and Pten’™ mice (Fig. 4). In light of the fasted/fed
enzyme expression data, the HGP from glycerol data
implies glucokinase flux has dramatically increased com-
pared with glucose-6-phosphatase flux. Indeed, the 22%
decrease in HGP from glycerol in the fed state between
Pten*’~ and wild-type mice is borderline significant (P =
0.05), which could reflect the decreased expression of
glucose-6-phosphatase and the similar expression of glu-
cokinase, for Pten™~ relative to wild-type mice in the fed
state, due to the 10-fold induction of glucokinase for the
whole-body Pten*’~ mouse in the fasted to fed transition.
The similar result seen for lipolysis for the Pten ™’ and
Pten™™ mice are consistent with body composition of
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FIG. 4. Lipolysis and HGP from glycerol measurements. Glycerol
production (A) rate and HGP from glycerol (B). Both were measured
from 18-h fasted mice (n = 4) or mice fasted for 18 h and then refed
standard chow for 5 h (n = 4) during a constant infusion of [2-
13C]glycerol given via subcutaneously inserted mini-osmotic pumps.
There were no differences observed in glycerol production and HGP
from glycerol between the Pten*’* and Pten™'~ mice in each feeding
status, determined by Student’s t test.

standard diet-fed male and female Pten™’~ mice. Body
composition studies were performed by dual-energy X-ray
absorptiometry scanning (supplementary Table 1). For
both males and females, no change was observed in the
percent lean body mass, the percent fat mass, or the bone
mineral content. The liver, white adipose tissue, and
brown adipose tissue of 36-week-old Pten*’~ mice were
the same in color and appearance, as well as in weights
(normalized by body weights), as the Pten ™’ mice (sup-
plementary Fig. 1). This indicates that hepatic steatosis is
not evident in Pten*’~ mice, which is further supported by
no changes in basal serum chemistries for aspartate ami-
notransferase, alanine aminotransferase, alkaline phos-
phatase, albumin, creatinine, total protein, calcium,
magnesium, or urea (data not shown). Interestingly, a
significant 20% decrease in nonesterified fatty acids was
observed for the group of male Pten™’~ mice but not for
females (supplementary Table 1).

DISCUSSION

We have demonstrated the existence of a unique compen-
satory mechanism by which the body regulates hepatic
glucose/glucose-6-P cycling to satisfy the basal needs for
glucose supply to the brain and other peripheral tissues.
This compensatory mechanism results in suppression of
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glucokinase expression in the liver in the basal state in
order to maximize HGP. The detection of this compensa-
tory hepatic glucose recycling mechanism was made pos-
sible through the development and use of our HR-dGTT
(17,22), and understanding the underlying principles of the
HR-dGTT is necessary in order to discuss the significance
of this study’s findings.

In the HR-dGTT, the deuterium from [2-?H]glucose is not
released until the glucose reaches the glucose-6-P pool. An
increased rate of exchange of deuterium from [2-°H]-
versus [6,6-°H,]glucose can only occur if there is liver
uptake of glucose and phosphorylation by glucokinase.
The HR-dGTT, under the conditions of this study, reflects
mainly the in vivo action of hepatic glucokinase. Glucoki-
nase expression is heavily dependent on hepatic PI3-K
activity (24). The novelty of thls test is that measurements
of the differences between [2-2H]- versus [6,6-°H,]glucose
enrichments yields an estimate that reflects flux through
hepatic glucokinase during the ipGTT. Glucokinase ex-
pression was 10-fold less than wild-type mice in the fasted
state, while the level of glucose-6-phosphatase, which
catalyzes the reconversion of glucose-6-phosphate back to
glucose, was the same in the fasted state as the wild-type
mice (Fig. 3). Glucose-6-phosphatase, under the condi-
tions in this study, has more of a secondary role (almost
that of a “relay” enzyme to recirculate glucose-6-phos-
phate), in comparison to the role of glucokinase. The low
value of glucokinase expression in the fasted state is
counter to what would be expected for an enzyme whose
expression is dependent on PI3-K pathway activity (24) in
a tissue in which insulin action is potentiated via the
heterodeficiency of Pten.

A hypothesis for the whole-body compensatory re-
sponse to PTEN deficiency is that since the brain con-
sumes a considerable fraction of basal glucose production,
which is insulin independent, there is a need for the fastlng
HGP to be similar for Pten™" and whole-body Pten™’
mice. This suggests that unique hepatic glucose recycling
mechanisms have been activated in the whole-body
Pten*’~ mouse model to regulate HGP, which could allow
HGP to be at the level needed for brain and basal energy
requirements.

It also appears from the isotopic flux phenotyping of the
whole-body Pten™~ mouse model that the effect of in-
creased peripheral, mainly muscle, glucose disposal due to
PTEN deficiency is primary, and compensatory mecha-
nism(s) are evident in the liver, such as decreased glucose/
glucose-6-P recycling. These hepatic compensatory
mechanism(s) affect the expression of enzymes, such as
glucokinase, in a fashion to override the effect of the
acceleration of PI3-K action; thus, HGP matches the pe-
ripheral glucose need Steat051s is not evident in the
whole-body Pten’~ mouse model. This is in contrast to
the metabolic defects seen for the Alb-Pten '~ mice,
where hepatic compensatory mechanisms seem absent or
distorted and where the liver also appears to be a primary
site for greatly increased insulin action. Alb-Pten '~ mice
were seen to have decreased fasting glucose (13,14), as
well as severe and progressive steatosis, manifested by the
dysregulation of key aspects of fat metabolism. It was
postulated that for the Alb-Pten '~ mice, enhanced insulin
action in the liver resulted in the redistribution of body fat
from adipose tissue to the liver, which, along with in-
creased hepatic lipogenesis, made the liver the sacrificial
organ to maintain blood glucose control and lean body
mass (13). This is not the situation we have found for the
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whole-body Pten™’~ mouse model. Rather, the lack of
hepatic steatosis in the Pten™ ™ mouse may be partially
due to the restriction of hepatic glucose uptake, due to low
glucokinase expression, and the diversion of glucose from
liver to muscle for increased uptake. Lack of steatosis in
the Pten™ ™ mouse may also be partially due to the
decreased G6PDH in the fed state, which would restrict
the supply of NADPH for 11pogenes1s

The whole-body Pten "'~ mouse model shows no change
in lipolysis, as opposed to the altered rate of lipolysis
noted by Stiles et al. (13) for the Pten liver-specific
deletion. Whlle liver glycogen is increased for the whole-
body Pten*’~ mouse, this increase in liver glycogen is
restricted to the fasted state, indicative of increased
hepatic insulin action in the fasted state. However, the fed
level of hepatic glycogen is decreased for the whole-body
Pten™~ mouse model, which, extrapolating from the
ipGTT response, suggests that it is not merely potentiation
of insulin signaling effector phosphorylation that deter-
mines the metabolic consequences of insulin action, but
the integrated response of the metabolic network There is
less glycogen in the fed state because the Pten*’~ mouse
has a decreased glucose excursion, relative to Pten™’"
mice, in the fasted-to-fed transition and, thus, less glucose
is available to be stored.

The Pten™ ™ mouse is a subtle metabolic phenotype,
virtually “silent” by conventional testing, as standard
ipGTTs used to evaluate this model may not detect any
difference in plasma glucose concentration depending on
the amount of glucose administered. For example, after
completion of our studles Kushner et al. (11) reported that
wild-type and Pten™*’~ mice displayed identical hypoglyce-
mic responses to an ITT. However, they used 1.5 units/kg
insulin, rather than the 0.75 units/kg insulin used in our
study. Similar to our study, they also reported normal
fasting glucose for =3-month-old Pten "'~ mice. However,
they fail to see differences in glucose tolerance in response
to a 2 mg/g ipGTT, which is evident in our studies using a
1 mg/g ipGTT. While a possible solution for improving the
assessment capabilities of conventional ITT and ipGTT
testing would be to do a dose response, this would require
more time per animals, while the HR-dGTT yields defini-
tive results on the presence of increased peripheral insulin
sensitivity/increased glucose disposal (Table 1), as well as
pin-pointing changes in hepatic glucose recycling. The
advantages of the HR-dGTT over standard ipGTT/ITT
testing in the ability to characterize a “silent” mouse model
with increased insulin sensitivity at a crucial link in the
insulin signaling pathway (Pten) has implications more far
reaching than simply the description of a phenotype.

It can be postulated from this work that hepatic glucose/
glucose-6-P futile cycling may play an important compen-
satory role for balancing changes in peripheral glucose
disposal in order to maintain glucose homeostasis. As we
previously demonstrated, PPARa KO mouse had increased
peripheral glucose uptake, increased HGP, and decreased
hepatic glucose/glucose-6-P cycling (15,17). Measurement
of hepatic enzyme expressions showed that there was no
difference in glucose-6-phosphatase mRNA levels between
the wild-type and PPARa KO mice but that there were
dramatic decreases in the mRNA levels of glucokinase and
pyruvate kinase in the PPARa KO mice during the fast-to-
feed transition, which served to minimize the wastage of
ATP in “futile cycling” in order to maximize net HGP
(15,17). Interestingly, it has been shown that increased
glucose/glucose-6-P cycling occurs in type 2 diabetes,
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where peripheral glucose disposal decreased and periph-
eral insulin resistance is increased (rev. in 22). A cause and
effect relationship between glucose/glucose-6-P futile cy-
cling and peripheral glucose disposal appears to be crucial
for the maintenance of glucose homeostasis. Our further
work will delineate the metabolic network mechanisms
linking the regulation of hepatic glucose recycling to
peripheral glucose disposal.
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