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The biochemical basis of increased hepatic glucose production in a
mouse model of type 2 (non-insulin-dependent) diabetes mellitus
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University of Melbourne, Department of Medicine, Royal Melbourne Hospital, Parkville, Victoria, Australia

Summary The mechanism of increased hepatic glu-
cose production in obese non-insulin-dependent dia-
betic (NIDDM) patients is unknown. The New Zea-
land Obese (NZO) mouse, a polygenic model of
obesity and NIDDM shows increased hepatic glucose
production. To determine the mechanism of this phe-
nomenon, we measured gluconeogenesis from U-14C-
glycerol and U-!*C-alanine and relevant gluco-
neogenic enzymes. Gluconeogenesis from glycerol
(0.07 £0.01 vs 0.21 £ 0.02 umol - min~! - body mass in-
dex (BMI)?, p <0.005) and alanine (0.57£0.07 vs
0.99 + 0.07 umol - min™" - BMI™, p < 0.005) was eleva-
ted in control mice NZO vs as was glycerol turnover
(025+0.02 vs  0.63+0.09 ymol - min™ - BMI?,
p<0.05). Fructose 1,6-bisphosphatase activity
(442+ 1.9 vs 557+ 4.1 nmol - min™ - mg protein,
p <0.05) and protein levels (6.9 £1.1 vs 16.7 £ 2.3 ar-
bitrary units, p < 0.01) were increased in NZO mouse
livers, as was the activity of pyruvate carboxylase
(0.12+0.01 vs 0.17 £ 0.02 nmol - min™' - mg protein,

p <0.05). To ascertain whether elevated lipid supply
is responsible for these biochemical changes in NZO
mice, we fed lean control mice a 60% fat diet for
2 weeks. Fat-fed mice were hyperinsulinaemic
(76.37+£4.06 vs 98.00+7.07 pmol/l, p=0.05) and
had elevated plasma non-esterified fatty acid levels
(0.44£0.05 vs 0.59+0.03 mmol/, p=0.05). Fruc-
tose 1,6-bisphosphatase activity (43.86£2.54 vs
52.93 +3.09 nmol - min™" - mg protein, p = 0.05) and
protein levels (33.03+£0.96 vs 40.04 £ 1.26 arbitrary
units, p =0.005) and pyruvate carboxylase activity
(0.10£0.003 vs 0.14+0.01 nmol - min!-mg pro-
tein™, p <0.05) were elevated in fat-fed mice. We
conclude that in NZO mice increased hepatic glucose
production is due to elevated lipolysis resulting from
obesity. [Diabetologia (1995) 38: 1389-1396]
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Fasting hyperglycaemia is the characteristic feature
of Type 2 non-insulin-dependent diabetes mellitus
(NIDDM). A major contributing cause of fasting hy-
perglycaemia is an inappropriately high hepatic glu-
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cose production (HGP) [1-5]. Although in the past
HGP has been overestimated due to failure to ade-
quately prime the glucose pool [6], there is no doubt
that a hepatic defect is present, since even a normal
HGP is abnormal in the presence of elevated glucose
and insulin. In NIDDM patients, an increase in the
rate of gluconeogenesis has been reported [7-9], al-
though the mechanism for this increase is not
known. A possible explanation for hepatic insulin re-
sistance is that it is part of a more widespread de-
crease in insulin action in NIDDM. As such, abnorm-
alities in hepatic insulin receptor level and function
have been sought in a variety of animal models of
Type 2 diabetes (NIDDM) [10-12]. On the other
hand, it has also been shown that hepatic insulin resis-
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tance can be produced by acute elevation of non-
esterified fatty acids (NEFA) [13-15]. Excess lipid
levels have been shown to stimulate gluconeogenesis,
but the enzymatic mechanism responsible is not fully
understood [16]. Moreover, previous studies have
also reported alterations in hepatic insulin receptor
binding and function in response to high-fat feeding
[17] and secondary to exposure of hepatocytes to
NEFA in vitro [18].

More recently it has been shown that there is an in-
creased rate of glycerol conversion to glucose in ob-
ese NIDDM patients [19, 20]. Nurjhan etal. [19]
have demonstrated that this is partly due to an in-
crease in substrate supply and partly to an increase
in the rate of intrahepatic conversion, and have pos-
tulated that the enzyme fructose 1,6-bisphosphatase
(FBPase) could be the cause.

The New Zealand Obese (NZO) mouse is a poly-
genic model of obese Type 2 diabetes (NIDDM),
characterised by genetically determined obesity as
well as by fasting hyperglycaemia and hyperinsu-
linaemia. We have previously shown that the NZO
mouse has increased HGP from an early age [21].
More recently we reported abnormal regulation of
FBPase, while two other regulated gluconeogenic
enzymes, phosphoenolpyruvate  carboxykinase
(PEPCK) and glucose 6-phosphatase, are appropri-
ately reduced by the prevailing hyperglycaemia and
hyperinsulinaemia present in this obese animal [22].

The aim of the present study was to measure glu-
coneogenesis from substrates entering the pathway
at different levels in NZO and lean control (NZC)
mice and to further investigate the mechanism for
the abnormal regulation of FBPase in NZO mice.
We report here that in NZO mice, gluconeogenesis
is increased from both glycerol and alanine and that
this is due to an increase in FBPase activity and pro-
tein levels and to an increase in pyruvate carboxylase
(PC) activity, both of which are secondary to in-
creased lipid availability.

Materials and methods

Materials. All chemicals were of analytical grade and were pur-
chased from Sigma+Chemical Company (St. Louis, Mo., USA).
All enzymes were purchased from Boehringer Mannheim
(Munich, Germany). U-"*C-glycerol, U-'*C-alanine and 6-°H-
glucose were purchased from DuPont-NEN Research Pro-
ducts (North Sydney, NSW, Australia). Ton exchange resins
were purchased from Bio-Rad Laboratories Pty Ltd (North
Ryde, NSW, Australia).

Gluconeogenesis studies

Animals. NZO and NZC mice (19-20 weeks old) were pur-
chased from the Walter and Eliza Hall Institute (Parkville,
Victoria, Australia). Mice were fed ad libitum with a standard

laboratory chow. Food was removed at approximately
15.00 hours and the mice were studied the following morning
(09.00-10.00 hours). Mice were anaesthetised with an intraper-
itoneal injection of pentobarbitone sodium (Nembutal; Ceva
Chemicals, NSW, Australia). Two catheters were inserted, one
in the jugular vein for infusion of the tracers and one in the car-
otid artery for blood sampling. A tracheostomy was also per-
formed to prevent upper respiratory tract obstruction. All ex-
periments were approved by the Royal Melbourne Hospital
animal ethics committee.

Experimental design. The experimental design for the mea-
surement of gluconeogenesis from glycerol and alanine was es-
sentially as described by Terrettaz and Jeanrenaud [23]. Brief-
ly, two groups of mice were studied. In the first group, a bolus
of U-*C-glycerol (4.7 uCi) and 6-°H-glucose (3.4 uCi) was ad-
ministered over 2 min and was immediately followed by a con-
stant infusion of the same tracers at 0.2 wCi/min for U-*C-gly-
cerol and 0.14 pCi/min for 6-*H-glucose for 2 h. Blood was col-
lected at 90, 105 and 120 min after the bolus. At the end of the
2-h period a laparotomy was rapidly performed, the liver was
freeze-clamped in situ with aluminium tongs pre-cooled in
liquid nitrogen and stored at —70°C. In the second group of an-
imals, U-"“C-alanine replaced the glycerol tracer and the ex-
perimental procedure described above was followed.

Analytical procedures. For the determination of radioactivity
in various metabolites derived from the infused tracers, 100 ul
of blood was deproteinised with 500 ul 0.3 mol/l Ba(OH), and
500 wl 0.3 mol/l ZnSO,. After centrifugation the clear superna-
tant was decanted and stored at —-20°C until assayed.

Four hundred microlitres of the deproteinised blood was
passed down three stacked columns. The first column con-
tained 1.7 ml of Dowex AG-50W-X8 (H*, 100-200 mesh) and
amino acids were eluted with 4 ml of 2 mol/l NH,Cl. The
eluant was further treated as described by Golden et al. [24]
to recover alanine. The second column contained 1.7 ml AG-
1-X8 (CI" form, 100-200 mesh) and lactate was eluted with
4 ml of 0.1 mol/l HCL The third column contained 1.7 ml AG-
1-X8 (borate form, 100-200 mesh) resin and glycerol was
eluted first with 5ml of 20 mmol/l sodium tetraborate and
then glucose was eluted with 4 ml of 0.5 mol/l acetic acid. The
eluants were dried in a fan-forced oven, resuspended in 300 pl
water, and 100 ul was taken to measure total glucose, and gly-
cerol or alanine concentrations. Scintillant (3 ml; Readyvalue,
Beckman, Palo Alto, Calif., USA) was added to the remaining
200 pl, and radioactivity was counted in a Beckman LS 3081
scintillation counter (Beckman Instruments Pty Ltd Victoria,
Australia) using a dual-label program.

High-fat feeding studies. Lean control (NZ.C) mice were left on
standard laboratory chow or were put on a high-fat diet ad libi-
tum, with water available at all times. The high-fat diet consist-
ed of 60 % fat (safflower oil), 20 % carbohydrate and 20 % pro-
tein as well as a vitamin and mineral mixture. The mice were
fed for 12 days, after which time they were fasted overnight.
The next morning the mice were anaesthetised with an intra-
peritoneal injection of pentobarbitone sodium (60 g/kg).
After a 15-min rest, a tail vein blood sample was taken in se-
questrene tubes. Thirty minutes after the anaesthesia was in-
duced, a laparotomy was rapidly performed and the liver was
freeze-clamped in situ using aluminium tongs pre-cooled in
liquid nitrogen. Livers were stored at —70 °C until assayed.

Enzyme assays. PC activity was measured according to the
method of Brendt et al. [25]. Briefly, livers were homogenised
(1:5 w/v) in a medium containing 50 mmol/l Tris-acetate (pH
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6.5), 5 mmol/l MgSO,, 5 mmol/l EDTA. The crude homoge-
nate was sonicated in an ice-bath for 4 x 30 s at 30-s intervals,
It was then centrifuged at 40,000 g for 50 min (2°C). The super-
natant was decanted and used in the assay. The assay medium
contained: (in mmol/l) 166 Tris-HCI (pH 8.0), 1.7 ATP, 8.3
MgCl,, 25 KHCO;, 8.3 acetylphosphate, 0.83 coenzyme A (re-
duced form) (ASH), 3.3 units citrate synthase, 16.7 units phos-
photransacetylase and either 2 mmol/l pyruvate (maximal ac-
tivity) or 0.5 mmol/l pyruvate (submaximal activity) in a total
volume of 0.6 ml. This was preincubated for 3 min at 37°C
and the reaction started with the addition of the sample. The
reaction was stopped after 20 min (10 min when assaying for
submaximal activity) with 10-15 mg KBH, containing traces
of antifoam. The solution was acidified with 15 % v/v HCIO,,
neutralised with 2.5 mol/l KHCO; and brought to a final vo-
lume of 1 ml with distilled water. The solution was left on ice
for 20 min to precipitate proteins, then centrifuged at 2,000 g
for 10 min and the citrate concentration was determined on
the clear supernatant, according to the method of Dagley
[26]. Enzyme activity is expressed as nmol citrate produced -
min~! - mg protein!,

The activity of FBPase at maximal substrate concentrations
was measured as described by Pontremoli et al. [27] in livers
from overnight-fasted NZO and NZC mice and from high-
and low-fat-fed NZC mice.

Western blotting. Tissue extracts were prepared as described
for the enzyme assay. Western blotting was performed on
10% polyacrylamide gels loaded with 5 pug of protein. Gels
were transferred to nitrocellulose membrane and FBPase was
detected using a rabbit anti-(mouse liver FBPase) serum
(1:2000) which was a kind gift from Dr. H. Mizunuma (Akita
University, Akita, Japan). The bands were localised on the ni-
trocellulose membrane using anti-rabbit antibody conjugated
to horse-radish peroxidase (1:2500) (Dako Corporation, Car-
pinteria, Calif., USA) and were visualised by the enhanced
chemiluminescence method (Amersham, Sydney, Australia).
The bands were quantitated using a scanning densitometer
(Molecular Dynamics, Victoria, Australia).

Other analytical procedures. Glucose in deproteinised samples
[28], glycerol [29], alanine [30], glycogen [31] and glycerol 3-
phosphate |32] were measured using standard spectrophoto-
metric methods with a Beckman DU-50 spectrophotometer
(Beckman Instruments Pty Ltd).

Protein was determined in the supernatants assayed for en-
zyme activity with the use of a Bio-Rad microassay protein kit
(Bio-Rad, Richmond, Calif., USA). The protein assay is based
on the Coomassie Blue method using bovine serum albumin as
the standard, read at an absorbance of 595 nm.

NEFA levels were determined in plasma from blood col-
lected in sequestrene tubes using an enzymatic colourimetric
method supplied in a kit (Wako Pure Chemical Industries
Ltd, Richmond, Va., USA).

Plasma glucose was measured using a Yellow Springs glu-
cose analyser (Yellow Springs Instruments, Yellow Springs,
Ohio, USA), which employs a glucose oxidase method. Plasma
insulin was assayed by radioimmunoassay (Pharmacia Diag-
nostics, Uppsala, Sweden) using a double antibody technique
to separate free from bound insulin.

Calculations. Rate of appearance (Ra) of glucose, glycerol and
alanine was calculated by dividing the infusion rate of the tra-
cer by its specific activity [33]. Rate of conversion of glycerol
(and alanine) was calculated by multiplying the “C-glucose
specific activity with glucose Ra/2 and dividing by “C-glycerol
(or *C-alanine) specific activity [23]. Pilot experiments -were
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Fig.1 A, B. Specific activities of H-glucose (A) and “C-glu-
cose (B) in NZO and NZC mice at 90-120 min following the
bolus showing steady-state (n = 8)

performed to determine bolus to constant infusion ratios
achieving steady-state conditions in the mice. Specific activity
steady-state conditions were achieved within 90 min (Fig. 1),
allowing the use of the steady-state equation.

Statistical analysis

All results are expressed as mean + SEM. Statistical signifi-
cance (p < 0.05) was determined by use of the Mann-Whitney
non-parametric test.

Results

Characteristics of the animals used in the gluconeo-
genesis studies. Table 1 shows the age, body mass in-
dex (BMI), plasma glucose levels and insulin levels
of the two groups of mice used in the measurement
of gluconeogenesis from glycerol and alanine. In
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Table 1. Characteristics of animals used to measure gluconeo-
genesis from glycerol and alanine

Age BMI . Glucose Insulin
(weeks) (g/em?) (mmol/l) (pmol/1)
Glycerol
NzZC 19.8+03 0301001 43104 93.0+12.7
NZO 191102 042:0.02° 83+04° 272.2+40.0°
Alanine
NZC 208%02 029001 45104 442+33
NZO  207+04  044+0.01° 1114242 2529+390°

Values expressed as mean + SEM (n =7).
3 p <0.01;° p < 0.005 compared to NZC mice

Table 2. Total HGP (R, ycos))» Tate of appearance of glycerol
(Ra(glyceml)) and glycerol conversion to glucose (Rglycem[)

Ra(glucose) Ra(glycerol) Rglycerol
pmol - min~! - pmol - min™ - pmol - mint -
BMI?! BMI! BMI*
NZC 2.82+0.25 0.25+0.02 0.07 +£0.01
NZO 4.08 +0.27* 0.63 £0.09* 0.21 +£0.02°

Values expressed as mean + SEM (n = 7).
2p <0.05; " p < 0.005 compared to NZC mice

Table 3. Total HGP (R, ycose))> Fate of appearance of alanine
(Rajanine) and alanine conversion to glucose (R,janine)

Ra(glucose) Ra(alanine) Ralanine
pmol - min - pmol - min™! - pmol - min™ -
BMI™ BMI! BMI™
NZC 2.64+0.17 6.72+1.22 0.57 £0.07
NZO 3.73£0.32° 8.55+0.56 0.99 £ 0.07°

Values expressed as mean + SEM (n = 7).
ap <0.01;° p < 0.005 compared to NZC mice

both cases the NZO mice had a higher BMI and were
hyperglycaemic and hyperinsulinaemic compared to
control NZC mice.

Gluconeogenesis from glycerol. Total HGP, rate of
appearance of glycerol and gluconeogenesis from U-
14C-glycerol are shown in Table 2. Total HGP was
higher in the NZO mice compared to the control
mice as has been shown previously [21]. The rate of
appearance of glycerol (R, yceror)) Which is a measure
of lipolysis, is also increased in NZO mice compared
to controls and the rate of conversion of glycerol to
glucose (Ryycerop) i approximately 3 times higher in
the NZO mouse. Glycerol gluconeogenesis accounts
for 2.5% of total HGP in NZC mice and 5.1 % in
NZO mice. The relationship between plasma glycerol
and the rate of conversion of glycerol to glucose is
shown in Figure 2. For the NZO mice which had a
wide range of glycerol concentrations, there was a po-
sitive correlation (7 = 0.81, p < 0.05) between the two
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Fig.2. Relationship between plasma glycerol concentrations
and the rate of glycerol conversion to glucose in NZO and
NZC mice (n=7)

parameters. As has been shown in human NIDDM
[19], for the same glycerol concentrations, NZO
mice converted more of this substrate to glucose
than the control mice. This suggests an increase in
the intrahepatic conversion of glycerol to glucose in
the obese animals.

Gluconeogenesis from alanine. The results of gluco-
neogenesis from alanine are shown in Table 3. Again
HGP was higher in the NZO mouse. Alanine conver-
sion to glucose (R,j,qm.) Was also increased in NZO
mice compared to the NZC mice. Alanine gluconeo-
genesis accounts for 21.6 % of total HGP in NZC
mice and 26.5 % in NZO mice. Despite this, plasma
alanine concentrations (12.4 £ 2.4 vs 13.9 £ 1.3 umol/l
in NZC vs NZO mice, respectively) and the rate of
appearance of alanine were not different in the two
groups of mice. The relationship between plasma ala-
nine levels and alanine gluconeogenesis is shown in
Figure 3. There was a positive correlation between
these two parameters (r = 0.73, p < 0.05) in the con-
trol mice since they had a wider range of alanine con-
centrations. However, for the same alanine concen-
tration, the NZO mice had a higher conversion of
this amino acid to glucose. This also suggests an in-
crease in an intrahepatic mechanism.

FBPase activity and protein levels in overnight fasted
NZO and NZC mice. To determine whether FBPase
contributed to increased glycerol gluconeogenesis in
NZO mice, activity at maximal substrate concentra-



S. Andrikopoulos, J. Proietto: Hepatic glucose production in NZO mice 1393

1.75+
H NZC
O NZO
1.50 1
w]
1.25 1

1.00

0.75

0.50

Alanine gluconeogenesis (umol - min™!- BMI™)

0.25 1

1 1

!
0 5 10 15 20 25
Plasma alanine (pmol/l)
Fig.3. Relationship between plasma alanine concentrations

and the rate of alanine conversion to glucose in NZO and
NZC mice (n = 8)

tion and protein levels of this enzyme were measured
in the livers from overnight fasted animals. The activ-
ity of FBPase was elevated in livers from NZO mice
as compared to control NZC mice (Table 4). On Wes-
tern blotting, the size of the band detected was 36,000
Daltons, which agrees well with the literature [34].
Protein levels were higher in NZO mice which was
consistent with increased total activity.

Pyruvate carboxylase activity. To find a mechanism
for the increased rate of alanine conversion to glu-
cose in NZO mice, we measured the activity of PC,
the enzyme which catalyses the first committed step
of gluconecogenesis. PC activity at maximal and sub-
maximal substrate concentrations was measured in
the livers of animals in the alanine-tracer infusion stu-
dies and the results are presented in Table 5. There
was no difference in the maximal enzyme activity,
but NZO mice had a higher submaximal activity com-
pared to controls.

Glycerol 3-phosphate, glycogen and NEFA levels in
NZO and NZC mice. The levels of liver glycerol 3-
phosphate, glycogen and plasma NEFA are shown in
Table 6. Glycerol 3-phosphate, glycogen and plasma
NEFA were all significantly elevated in NZO mice
compared to the NZC mice.

Characteristics of lean mice on control or high-fat diet.
Age, fasting plasma glucose, insulin, and NEFA con-

Table 4. The activity and protein levels of FBPase in livers
from fasted NZO and NZC mice

NZC mice NZO mice
FBPase activity
(nmol - min'! - mg protein™)  44.21 +1.88 55.70 + 4.122
FBPase protein levels
(arbitrary units) 6.95+1.07 16.72 +2.34%

Values are expressed as mean + SEM (n = 8).
ap=0.05"p =001

Table 5. Maximal and sub-maximal (PC) enzyme activity in
NZO and NZC mice used in the alanine infusion studies

Maximal activity
nmol - min~! - mg protein™

NzC 0.20+£0.01 0.12£0.01
NZO 0.22£0.02 0.17 £0.02*

Values expressed as mean + SEM (n = 7). 2 p < 0.03

Sub-maximal activity
nmol - min™ - mg protein™

" Table 6. Liver glycerol 3-phosphate, glycogen and plasma

NEFA in NZO and NZC mice
Glycerol 3-phosphate  Glycogen NEFA
(umol/g liver) (pmol/g liver)  (mmol/l)
NZC 0.19£0.02 11.63 £2.13 0.70 £ 0.09
NZO 0.29+0.03° 25.97 +£3.26° 1.02+0.10°

Values expressed as mean = SEM (n =7). 2 p < 0.05

Table 7. Characteristics of lean mice fed either a standard
laboratory chow diet or a high-fat diet

Control diet High-fat diet
Age (weeks) 20.07+£0.43 19.80 £ 0.40
Glucose (mmol/1) 7.50£0.52 8.28 £0.18
Insulin (pmol/) 76.37 £4.06 98.00 £7.07*
NEFA (mmol/l) 0.44+0.05 0.59 +0.03*

Values are expressed as mean + SEM (n = 6). 2 p = 0.05

centrations of the NZC lean mice that were fed
either a control diet or a high-fat diet are shown in Ta-
ble 7. There was no difference in age between the two
groups of mice, and there was no difference in plasma
glucose concentration; however, plasma insulin and
NEFA were higher in the high-fat-fed mice.

The change in weight between the two groups of
mice during the 12-day period of the feeding study is
shown in Figure 4. The high-fat-fed mice were signifi-
cantly heavier than the control mice during the last 3
days of the study.

FBPase activity and protein levels and PC activity in
lean mice fed a control or a high-fat diet. The activity
of FBPase in livers of high-fat-fed mice was 20 %
higher than in control-fed mice (Table 8). To deter-
mine whether the high activity was due to an in-
creased quantity of FBPase, the protein levels for
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Table 8. The activity and protein levels of FBPase and PC
activity in livers from control and high-fat-fed mice

High-fat diet

Control diet

FBPase activity

(nmol - min™ - mg protein™)  43.86 £2.54 52.93 +£3.09*
FBPase protein levels

(arbitrary units) 33.03+0.96 40.04 £ 1.26°
PC activity

(nmol - min™ - mg protein™) 0.10 +£0.003 0.14 £ 0.012

Values are expressed as mean + SEM (n = 6).
2p=0.05°p = 0.005

this enzyme were determined. This correlated well
with the activity for this enzyme, which was also
20 % higher in the high-fat-fed mice (Table 8).

PC measured at submaximal substrate concentra-
tion was elevated in the high-fat-fed mice compared
to the mice on the standard laboratory chow (Ta-
ble 8).

Discussion

The NZO mouse, a polygenic model of Type 2 dia-
betes (NIDDM), has previously been shown to have
increased HGP from an early age [21]. In the present
study we report that this increased HGP is caused
by increased gluconeogenesis from both glycerol,

which enters the pathway at the triose phosphate
step, and alanine, one of the many substrates entering
at the start of the pathway. Elevated glycerol
gluconeogenesis is shown to be due both to an in-
crease in substrate supply, and to an increase in the
rate of intracellular conversion to glucose, while
elevated alanine gluconeogenesis is due to increased
intracellular conversion with no increase in alanine
availability. The increased rate of conversion to
glucose is associated with increased activity of PC
and increased activity and total protein levels of
FBPase.

PC converts pyruvate to oxaloacetate in mitochon-
dria and is thought to be the first committed step of
the gluconeogenic pathway. It is not regulated by in-
sulin [35,36] but is allosterically activated by acetyl
CoA, the breakdown product of fatty acid metabo-
lism [37, 38]. We found higher submaximal PC en-
zyme activity in NZO mice (Table 5) which could be
the result of increased fatty acid oxidation. The high-
er NEFA levels measured in the NZO mouse (Ta-
ble 6) could account for this finding [39]. The inap-
propriately high FBPase activity reported in this
study confirms our previous findings [22] and we fur-
ther show that the increased activity is due to higher
protein levels. The mechanism for this increase in
FBPase protein however was not clear.

Because changes in PC activity can be caused by
high fatty acid oxidation, we postulated that the chan-
ges in FBPase could also be due to increased NEFA
availability. To investigate this possibility, we fed
lean control mice a 60 % high-fat diet. This type of
diet has been shown to cause hepatic insulin resis-
tance in rats after only 3 days of feeding [40, 41]. The
high-fat diet caused an increase in weight gain com-
pared to mice fed a control diet. There was no differ-
ence in plasma glucose levels, but the high-fat-fed
mice had higher plasma insulin levels, indicating a
state of insulin resistance. NEFA levels were also
higher in fat-fed mice (Table 7). As expected, this
diet resulted in an increased submaximal activity of
PC consistent with allosteric activation. Interestingly,
both maximal activity and protein levels of FBPase
were also elevated suggesting that the observed chan-
ges in FBPase in the NZO mouse may also be due to
increased NEFA availability. That increased fatty
acid supply increases FBPase protein levels is a new
finding and the mechanism is not clear. Both a de-
crease in protein degradation and an increase in pro-
tein synthesis are possible. We have preliminary data
(not shown) that there is no increase in FBPase-
mRNA in NZO mouse livers, suggesting that the ef-
fect of NEFA is not on FBPase gene transcription.

These results, together with our previously pub-
lished data on glycolytic and gluconeogenic enzymes
in the NZO mouse [22], suggest that at least in this
animal, hepatic insulin resistance may not be due to
a defect in the insulin receptor or in its signalling
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pathway. Increases in the glycolytic enzymes glucoki-
nase and pyruvate kinase and decreases in the gluco-
neogenic enzymes PEPCK and glucose 6-phospha-
tase, present in this animal [22], suggest a normal ca-
pacity of the liver to respond to insulin. This, com-
bined with the fact that in the present study we show
that fat-induced changes in the activity of FBPase
and in PC can reproduce the hepatic enzyme defects
in the NZO mouse suggest that the apparent hepatic
insulin resistance in this animal is unrelated to the in-
sulin effector pathway.

These findings suggest a mechanism for hepatic in-
sulin resistance in NIDDM. Previous studies have
shown that in NIDDM elevated NEFA levels are at
least partly responsible for impaired suppression of
HGP by insulin [14,42,43]. Furthermore, as with the
NZO mouse, NIDDM patients have increased con-
version of glycerol to glucose [19, 20]. Nurjhan et al.
[19] infused glycerol into control patients to match
the levels seen in obese diabetic patients, and found
that the control patients still had lower rates of gly-
cerol conversion to glucose than the NIDDM pa-
tients. They postulated that in obese NIDDM pa-
tients there is an intrahepatic mechanism responsi-
ble for the increased conversion of glycerol to glu-
cose and suggested that this could be an increase in
the levels of fructose 1,6-bisphosphatase. In contrast
to glycerol, Consoli et al. [44] have shown that al-
though gluconeogenesis from alanine is increased,
this is entirely due to an increase in the availability
of alanine. Interestingly, however, they found evi-
dence for an increased intracellular conversion of lac-
tate to glucose. In the present study although there
was no difference in alanine levels between the lean
and obese animals, there was a trend for alanine turn-
over to be higher in the NZO mice (Table 3), suggest-
ing that, as for glycerol, there may be some contribu-
tion of increased substrate availability to alanine glu-
coneogenesis. However, Figure 3 also shows that
there is an increase in intracellular conversion of this
amino acid to glucose. Considering all the facts, one
can postulate that in obese NIDDM patients, elevat-
ed HGP is caused by increased fatty acid oxidation
[45,46].

It has been suggested that increased gluconeoge-
nesis would not result in increased HGP since infu-
sion of intralipid [47] or lactate [48] in healthy sub-
jects has been shown to increase the rate of gluconeo-
genesis without increasing HGP. This has been inter-
preted as showing autoregulation of HGP by the li-
ver. In the NZO mouse however, increased gluconeo-
genesis is associated with increased HGP. This does
not necessarily indicate the failure of an autoregula-
tory mechanism. There is a major difference between
infusing excess substrates in overnight-fasted normal
individuals who have depleted glycogen stores, and
increased gluconeogenesis in a situation where glyco-
gen levels are not very low as shown to be the case in

the NZO mouse (Table 6). One may speculate there-
fore, that increased gluconeogenesis initially repletes
liver glycogen but if glycogen levels are high as a re-
sult of chronic elevated gluconeogenesis or soon after
a meal, the excess glucose produced can be released
into the circulation [49].

It is concluded that NZO mice have hepatic glu-
cose overproduction due to an increased supply of
glycerol and increased rate of glycerol and alanine
conversion to glucose. The biochemical mechanisms
responsible for these changes are increased activities
of PC and activity and protein levels of FBPase both
resulting from elevated NEFA levels.
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