
Abstract

Aims/hypothesis. To study the secondary consequences
of impaired suppression of endogenous glucose pro-
duction (EGP) we have created a transgenic rat overex-
pressing the gluconeogenic enzyme phosphoenolpyru-
vate carboxykinase (PEPCK) in the kidney. The aim of
this study was to determine whether peripheral insulin
resistance develops in these transgenic rats.
Methods. Whole body rate of glucose disappearance
(Rd) and endogenous glucose production were mea-
sured basally and during a euglycaemic/hyper-
insulinaemic clamp in phosphoenolpyruvate carboxy-
kinase transgenic and control rats using [6-3H]-glu-
cose. Glucose uptake into individual tissues was mea-
sured in vivo using 2-[1-14C]-deoxyglucose.
Results. Phosphoenolpyruvate carboxykinase transgen-
ic rats were heavier and had increased gonadal and in-
frarenal fat pad weights. Under basal conditions, en-
dogenous glucose production was similar in phospho-
enolpyruvate carboxykinase transgenic and control rats
(37.4±1.1 vs 34.6±2.6 µmol/kg/min). Moderate hy-
perinsulinaemia (810 pmol/l) completely suppressed
EGP in control rats (−0.6±5.5 µmol/kg/min, p<0.05)
while there was no suppression in phosphoenolpyru-
vate carboxykinase rats (45.2±7.9 µmol/kg/min). Basal

Rd was comparable between PEPCK transgenic and
control rats (37.4±1.1 vs 34.6±2.6 µmol/kg/min) but
under insulin-stimulated conditions the increase in Rd
was greater in control compared to phosphoenolpyru-
vate carboxykinase transgenic rats indicative of insu-
lin resistance (73.4±11.2 vs 112.0±8.0 µmol/kg/min,
p<0.05). Basal glucose uptake was reduced in white
and brown adipose tissue, heart and soleus while 
insulin-stimulated transport was reduced in white 
and brown adipose tissue, white quadriceps, white
gastrocnemius and soleus in phosphoenolpyruvate
carboxykinase transgenic compared to control rats.
The impairment in both white and brown adipose tis-
sue glucose uptake in phosphoenolpyruvate carboxy-
kinase transgenic rats was associated with a decrease
in GLUT4 protein content. In contrast, muscle
GLUT4 protein, triglyceride and long-chain acylCoA
levels were comparable between PEPCK transgenic
and control rats.
Conclusions/interpretation. A primary defect in sup-
pression of EGP caused adipose tissue and muscle in-
sulin resistance. [Diabetologia (2003) 46:1338–1347]
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Insulin resistance is a characteristic feature of Type 2
diabetes. Both reduced insulin-stimulated glucose up-
take and metabolism in peripheral tissues (skeletal
muscle and fat) and impaired suppression of endoge-
nous glucose production (EGP) by insulin have been
documented [1, 2].

Multiple mechanisms for the insulin resistance
have been proposed including both primary genetic [3,
4] and secondary causes such as nutrient excess [5].



The current increase in the prevalence of Type 2 dia-
betes in many parts of the world [6] is linked to an in-
crease in obesity in the population [7, 8]. While there
could be many causes of insulin resistance, fat-in-
duced defects in insulin action are probably the most
important.

Excess fat has been shown to cause peripheral insu-
lin resistance via multiple mechanisms which include
among others, excess supply of non-esterified fatty ac-
ids [9], increased intracellular accumulation of muscle
triglycerides and long chain acyl CoAs (LCACoAs)
[9], excessive production of tumor necrosis factor-α
[10], reduction in the concentration of adiponectin
[11] and increased c-Jun amino-terminal kinase (JNK)
activity [12].

Diets high in fat have also been shown to cause im-
paired insulin suppression of endogenous glucose pro-
duction [13, 14, 15]. This has been associated with a
NEFA-induced increase in gluconeogenesis [15, 16,
17, 18]. Recently, we have confirmed that the dietary
fat-induced increase in gluconeogenesis is associated
with increased levels of fructose-1,6-bisphosphatase, a
regulatory enzyme in the glucose synthesising path-
way [15, 19]. Interestingly, it has been suggested that
fat-induced hepatic insulin resistance precedes muscle
insulin resistance [13] raising the possibility that he-
patic insulin resistance can contribute to muscle and
fat insulin resistance observed under states of in-
creased dietary fat intake.

The secondary consequences of impaired suppres-
sion of gluconeogenesis have not been formally test-
ed. An increase in glucose production could enhance
glucose entry into muscle and fat cells causing ‘glu-
cose toxicity’, a phenomenon that has been attributed
to a number of processes including increased flux
through the hexosamine biosynthesis pathway (HBP)
[5, 20, 21] and the intracellular accumulation of tri-
glycerides [22].

To determine the consequences of chronically im-
paired suppression of gluconeogenesis we have pro-
duced transgenic rats that overexpress the regulated
enzyme of gluconeogenesis, phosphoenolpyruvate
carboxykinase (PEPCK) predominantly in the kidney
under the control of a non-insulin responsive promoter
[23]. These rats developed a number of features asso-
ciated with the metabolic syndrome including obesity,
mild hyperglycaemia, hyperinsulinaemia, and dyslip-
idaemia [24]. The aim of this study was to investigate
the consequences of impaired EGP regulation on pe-
ripheral glucose uptake. We show that an impaired
suppression of EGP leads to insulin resistance in mus-
cle and adipose tissue.

Methods

Animals. PEPCK transgenic rats expressing the PEPCK gene
predominantly in the kidney under the control of the metal-

lothionein promoter were produced as previously described on
the PVG/c background strain. We have previously shown that
there is no PEPCK expression in fat, heart, muscle, lung and
brain of transgenic rats [23]. The rats were housed in the Uni-
versity of Melbourne, Department of Medicine Animal Re-
search Facility at the Royal Melbourne Hospital. Control rats
(PVG/c) were purchased from the Animal Resource Centre
(Perth, WA, Australia) at 11 to 12 weeks of age and then
housed in the University of Melbourne, Department of Medi-
cine animal facility for 3 weeks. Lighting was artificial and
timer controlled with a 12-h light/dark cycle. Room tempera-
ture was kept constant at 22°C. Rats were fed a standard labo-
ratory chow diet consisting of 74% carbohydrate, 6% fat and
20% protein, by weight (Barastoc Pty, Pakenham, Victoria,
Australia). All procedures were approved by the Royal Mel-
bourne Hospital Research Foundation Animal Ethics Commit-
tee, approval number AEC 2000.002.

Experimental procedure. After an overnight fast, polyethylene
catheters (Crichley Electrical, NSW, Australia) were inserted
into the right jugular vein and left carotid artery. The venous
catheter was used for infusion and the arterial catheter for
blood sampling. A tracheostomy was carried out to prevent up-
per airway obstruction during the experiment. Anaesthesia was
monitored regularly and maintained throughout the experiment
by intravenous administration of pentobarbitone sodium 
(Nembutal, Rhone Merieux, QLD, Australia). Body tempera-
ture was monitored with a rectal temperature probe and main-
tained at 37°C with a heating lamp.

Glucose turnover. A primed (2-min, 100 µBq·min−1) continu-
ous infusion (5.5 µBq·min−1) of [6-3H]-glucose was adminis-
tered during basal and euglycaemic-hyperinsulinaemic clamp
experiments to measure whole body glucose turnover [25].
During the hyperinsulinaemic clamp experiments, following an
initial priming dose, insulin was infused at a constant rate at ei-
ther 2 mU·kg−1·min in transgenic rats or 4 mU·kg−1·min in con-
trol rats to produce similar plasma insulin concentrations in the
two groups of rats. In a separate group of PEPCK transgenic
rats, insulin was infused at the higher 4 mU·kg−1·min. Blood
glucose concentration was maintained by the infusion of a 5%
glucose solution. Blood samples were collected during steady
state conditions at 90, 100 and 110 min. Under steady-state
conditions the rate of glucose appearance equals the rate of
glucose disappearance. The rate of glucose disappearance (Rd)
was calculated by dividing the infusion rate of [6-3H]-glucose
(dpm·min−1) by the plasma [6-3H]-glucose specific activity.
The rate of endogenous glucose production (EGP) was mea-
sured as the difference between the calculated Rd and the rate
of infused glucose.

Measurement of individual tissue glucose uptake. A modifica-
tion of the labelled 2-[1-14C]-deoxyglucose technique [26] was
used to measure glucose uptake into individual tissues [25].
Following the collection of blood samples for measurement of
whole body glucose turnover, a bolus of 2-[1-14C]-deoxyglu-
cose (370 µBq) was injected intravenously and blood samples
were collected at 2, 5, 10, 15, 30 and 45 min. Immediately fol-
lowing the collection of the last blood sample at 45 min, the
rats were killed by a lethal overdose of pentobarbitone sodium
and tissues including heart, diaphragm, quadriceps (red and
white), soleus, gastrocnemius (red and white), brown adipose
and white adipose tissue were rapidly removed, frozen in liq-
uid nitrogen and stored at −70°C for subsequent analysis. The
time course of 2-[1-14C]-deoxyglucose disappearance from
plasma and the degree of phosphorylated 2-deoxyglucose ac-
cumulation in individual tissues were determined [25]. Glu-
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cose uptake into individual tissues was calculated as previous-
ly described [26].

Analysis of Plasma Glucose, Insulin and NEFA The concentra-
tion of glucose was measured by the glucose oxidase assay us-
ing an automated glucose analyser (YSI 2300 Stat Plus, Yellow
Springs Instruments, Yellow Springs, Ohio, USA). Plasma in-
sulin concentrations were measured using a rat insulin radio-
immunoassay kit (Linco Research, St. Charles, Mo., USA).
Fasting NEFA concentrations were measured in plasma sam-
ples that were collected in sequestrene tubes before the infu-
sion of heparin using a colorimetric assay kit (Wako Pure
Chemical Industries, Va., USA).

Kidney and liver PEPCK mRNA expression. Total RNA was
extracted from kidney and liver using the guanidinium thiocy-
anate procedure as previously described [23]. RNA was then
reverse transcribed using random priming with an AMV re-
verse transcriptase kit (Promega, Annandale, NSW, Australia).
Relative expression of the PEPCK transcript were measured by
quantitative Real-Time PCR using SYBR Green (Applied Bio-
systems, Scoresby, Victoria, Australia) to detect products
formed from PEPCK specific primers (PEPCK forward primer
5′-AGTTGAATGTGTGGGTGATGACA-3′; reverse primer 5′-
AAAACCGTTTTCTGGGTTGATG-3′), which was compared
against the product amplified by β-actin specific primers (β-
actin forward primer 5′-CGTGAAAAGATGACCCAGATCA-
3′; reverse primer 5′-CACAGCCTGGATGGCTACGT-3′).

PEPCK enzyme activity. Kidney and liver was collected in
groups of rats that were fasted overnight, but had not been in-
fused with 14C labelled tracer. Tissue samples were homogeni-
sed and assayed for PEPCK enzyme activity using the oxaloac-
etate-H14CO3 exchange method [27].

Tissue glycogen measurement. Glycogen content was measured
in red and white gastrocnemius muscle obtained under basal
and hyperinsulinaemic clamp conditions. Muscle was freeze
dried, dissected free of visible connective tissue and blood and
powdered and glycogen concentrations were determined [28].

Muscle and fat GLUT4 protein content. GLUT4 protein con-
tent was measured in muscle and brown and white adipose tis-
sue samples from PEPCK transgenic and control rats using a
rabbit polyclonal antibody specific for GLUT4 (R1159) [29].

Tissue triglyceride and LCA-CoA measurement. Muscle sam-
ples were collected from PEPCK transgenic and control rats
that were fasted overnight and administered a lethal overdose
of pentobarbitone sodium. Previously described methods were

used to measure the content of triglyceride and long-chain ac-
yl-CoA [22, 30] in red and white gastrocnemius.

Statistical analysis. Results are expressed as mean ± SEM. A
non-paired, Student’s two-tailed t test was used to determine
statistical significance between the means of two sample popu-
lations. A p value of less than 0.05 was considered statistically
significant.

Results

Animal characteristics. PEPCK transgenic and control
rats of both sexes were studied at approximately 
14 weeks of age. At this age, the body weight of both
male and female PEPCK transgenic rats was higher
than control rats (Table 1). This increase in body
weight was accompanied by higher weights of gonad-
al and infrarenal fat depots in PEPCK transgenic com-
pared to control rats . As there was no sex difference
in any glucose metabolism parameters measured, data
from male and female rats were pooled.

Plasma glucose, insulin and NEFA concentrations
were measured in PEPCK transgenic and control rats
during the glucose turnover studies. Under basal con-
ditions plasma glucose concentrations were compara-
ble between PEPCK transgenic and control rats. Basal
insulin concentrations tended to be higher in PEPCK
transgenic rats but did not reach statistical signifi-
cance (p=0.13). Despite increased adipose tissue de-
pots, there was no difference in basal plasma NEFA
concentrations between PEPCK transgenic and control
rats (Table 2).

During the hyperinsulinaemic clamp, exogenous
glucose was infused to prevent hypoglycaemia. This
resulted in higher plasma glucose concentration in the
PEPCK transgenic compared to control rats. To
match plasma insulin concentrations during the hy-
perinsulinaemic clamp, PEPCK transgenic rats were
infused with 2 mU·kg–1·min–1 and control rats were
infused at a rate of 4 mU·kg–1·min–1 insulin. This re-
sulted in comparable plasma insulin concentration be-
tween PEPCK transgenic and control rats. This en-
abled direct comparison of glucose metabolism pa-

Table 1. Body weights and fat-pad weights of PEPCK transgenic and control rats

Control PEPCK transgenic

Male Female Male Female

Age (weeks) 14.1±0.2 15.2±0.5 14.0±0.9 13.2±1.3
Body weight (g) 258±5 175±6 367±18a 205±7a

Fat pads
Epididymal (g) 1.05±0.19 2.29±0.49a

Infrarenal (g) 0.85±0.70 0.62±0.07 3.04±0.34a 0.93±0.10a

Periovarian (g) 0.53±0.05 0.95±0.13a

Values are expressed as means ± SEM (n=6–8). a p<0.05 compared to control rats
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rameters between the two groups of rats. A separate
group of PEPCK transgenic rats were infused with
4 mU·kg–1·min–1 insulin (designated as higher insu-
lin infusion rate in Table 2) and the plasma insu-
lin level achieved was 1260±150 pmol/l (p<0.05 vs
2 mU·kg–1·min–1 PEPCK transgenic group).

Endogenous Glucose Production. Under basal condi-
tions the rate of EGP was comparable between PEPCK
transgenic and control rats. During the hyper-
insulinaemic clamp, EGP was completely suppressed
in control rats, whereas in PEPCK transgenic rats EGP
was not different from basal, despite comparable in-
sulin concentrations. Therefore during the hyper-
insulinaemic clamp, EGP was increased in PEPCK
transgenic compared to control rats. Even at the higher
insulin infusion rate EGP was decreased but not com-
pletely suppressed in PEPCK transgenic rats (Fig. 1A).

PEPCK mRNA and enzyme activity. PEPCK mRNA
was measured in liver and kidney samples obtained
from control and PEPCK transgenic rats under basal
conditions and following insulin infusion. Kidney
PEPCK mRNA was higher in PEPCK transgenic
compared to control rats under basal and during insu-
lin infusion conditions (Fig. 1B). This was consistent
with the enzyme assay which showed that kidney
PEPCK activity was 16% higher in PEPCK transgenic
compared to control rats (p<0.05, Fig. 2). Insulin in-
fusion at the higher rate did suppress kidney PEPCK
mRNA towards control values in PEPCK transgenic
rats (Fig. 1B). In contrast, liver PEPCK mRNA was
not different basally and suppressed to similar levels
following insulin infusion in both PEPCK transgenic
and control rats (Fig. 1C). This suggests that the
transgene was not expressed in liver of PEPCK
transgenic rats. Furthermore, liver PEPCK enzyme

Table 2. Plasma glucose, insulin and NEFA concentrations under basal and hyperinsulinaemic clamp conditions

Control PEPCK transgenic PEPCK transgenic 
(higher insulin infusion rate)

Basal
Plasma glucose (mmol/l) 7.1±0.3 7.3±0.4
Plasma insulin (pmol/l) 210±30 285±45
Plasma NEFA (mmol/l) 0.8±0.1 0.8±0.1

Clamp
Plasma glucose (mmol/l) 6.3±0.6 9.7±0.4a 6.0±0.8
Plasma insulin (pmol/l) 810±165 945±90 1260±150a

Values are expressed as means ± SEM (n=4–9). ap<0.05 compared to control rats

Fig. 1A–C. (A) Endogenous glucose production, (B) kidney
PEPCK mRNA and (C) liver PEPCK mRNA under basal and
hyperinsulinaemic clamp conditions in PEPCK transgenic (open
and grey bars) and control rats (closed bars). Values are present-
ed as means ± SEM. * p<0.05 vs control, # p<0.05 vs basal

Fig. 2. Liver and kidney PEPCK enzyme activity in PEPCK
transgenic (open bars) and control rats (closed bars). Values
are presented as means ± SEM. * p<0.05 vs control
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activity was the same in PEPCK transgenic and con-
trol rats (Fig. 2).

Rate of glucose disappearance. During basal condi-
tions there was no difference in the rate of glucose
disappearance (Rd) between control and PEPCK trans-
genic rats (Fig. 3A). During the hyperinsulinaemic
clamp, the Rd in PEPCK rats was lower than that in
the control rats, indicative of whole body insulin resis-
tance. At the higher plasma insulin concentration, Rd
was not different between PEPCK transgenic and con-
trol rats.

As stated earlier, the plasma glucose concentration
in the hyperinsulinaemic clamp was higher in the
PEPCK transgenic compared to control rats. To ac-
count for the mass action effect of glucose on the Rd,
metabolic clearance rate (MCR) was calculated
(Fig. 3B). Basal MCR was the same in PEPCK trans-
genic and control rats. However under hyper-
insulinaemic clamp conditions MCR was lower in
PEPCK transgenic compared to control rats. MCR
was increased with the higher insulin infusion rate in
PEPCK transgenic rats such that it was comparable to
that achieved at a lower plasma insulin concentration
in control rats.

Tissue glucose uptake. To determine the site(s) of in-
sulin resistance in PEPCK transgenic rats, glucose up-

take into individual tissues was measured using 2-[1-
14C]-deoxyglucose (Table 3, Fig. 4). Compared to bas-
al values, glucose uptake into all tissues was increased
in PEPCK transgenic and control animals in response
to the hyperinsulinaemic clamp (p<0.05). The only
exception was white adipose tissue of PEPCK trans-
genic rats, which was completely unresponsive to the
stimulatory effects of insulin.

Under basal conditions the rate of glucose uptake
into heart, diaphragm, red quadriceps, soleus, white
and brown adipose tissue was lower in PEPCK trans-
genic than control rats, while uptake into the other tis-
sues (white quadriceps, red and white gastrocnemius)
was comparable between the two groups).

During the hyperinsulinaemic clamp, the rate of glu-
cose uptake into white quadriceps and gastrocnemius,
soleus and white and brown adipose tissue was lower in
PEPCK transgenic compared to control rats while up-
take into other tissues (heart, diaphragm, red quadriceps
and gastrocnemius) was comparable between the two
groups of rats. Insulin resistance persisted in white gas-
trocnemius, soleus and white adipose tissue even at the
higher insulin infusion rate in PEPCK transgenic com-
pared to control rats (Table 3, Fig. 4).

Muscle glycogen content. Glycogen content was mea-
sured in red gastrocnemius (which showed compara-
ble glucose uptake between PEPCK transgenic and

Fig. 3A, B. (A) Rate of glucose disappearance and (B) meta-
bolic clearance rate under basal and hyperinsulinaemic clamp
conditions in PEPCK transgenic (open and grey bars) and con-
trol rats (closed bars). Values are presented as means ± SEM. 
* p<0.05 vs control

Fig. 4A, B. Rate of glucose uptake in (A) brown adipose tissue
and (B) white adipose tissue under basal and hyperinsulin-
aemic clamp conditions in PEPCK transgenic (open and grey
bars) and control rats (closed bars). Values are presented as
means ± SEM. * p<0.05 vs control
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control rats) and white gastrocnemius (which showed
reduced glucose uptake in PEPCK transgenic com-
pared to control rats) under basal and hyper-
insulinaemic clamp conditions (Table 4). Glycogen
content of both red and white gastrocnemius muscle
was the same in control and PEPCK transgenic rats
under basal conditions. Insulin infusion caused an in-
crease in muscle glycogen content in both PEPCK
transgenic and control rats but there was no difference
in insulin-stimulated glycogen accumulation between
the two groups.

Muscle triglyceride and long-chain acyl-CoA content.
To further investigate other possible causes of reduced
insulin muscle sensitivity, triglyceride and long-chain
acyl-CoA content was measured in red and white gas-
trocnemius from PEPCK transgenic and control rats
under basal conditions (Table 5). The triglyceride con-
tent of both white and red gastrocnemius was lower in
PEPCK transgenic compared to control rats. Long-
chain acyl-CoA content of both gastrocnemius mus-
cles was the same between transgenic and control rats.

Muscle and adipose tissue GLUT4 protein content.
Total GLUT4 protein content was determined in red
and white gastrocnemius and in white and brown adi-
pose tissue from PEPCK transgenic and control ani-
mals (Fig. 5). There was no difference in total GLUT4

content in red or white gastrocnemius muscle between
PEPCK transgenic and control animals. In contrast, in
the more severely insulin-resistant adipose tissue from
PEPCK transgenic rats, total GLUT4 was reduced by
59% in white fat (p<0.001) and by 30% in brown adi-
pose tissue compared to control rats (p<0.001).

Discussion

Insulin resistance is an early defect in the develop-
ment of Type 2 diabetes. The increase in the incidence

Table 4 Muscle glycogen content (µmol·g-1) under basal and hyperinsulinaemic clamp conditions

Control PEPCK transgenic PEPCK transgenic 
(higher insulin infusion rate)

Red gastrocnemius
Basal 62.6±13.5 63.2±15.1
Insulin 117.2±15.5a 114.2±12.3a 122.6±8.8a

White gastrocnemius
Basal 58.2±13.8 73.7±9.5
Insulin 113.2±13.7a 143.7±5.3a 147.6±26.4a

Values are expressed as means ± SEM (n=4–5). a p<0.05 compared to basal

Table 5 Muscle triglyceride (µmol·g–1) and long chain acyl
CoA (LCACoA nmol·g–1) content under basal conditions in
PECK transgenic and control rats

Control PEPCK transgenic

Triglyceride
Red gastrocnemius 2.0±0.2 1.3±0.1a

White gastrocnemius 6.4±1.4 2.7±1.1a

LCACoA
Red gastrocnemius 16.9±1.7 17.8±1.5
White gastrocnemius 6.4±1.0 6.2±0.8

Values are expressed as mean ± SEM (n=4–5). a p<0.05 com-
pared to control

Table 3 Glucose uptake rates (µmol/100 g.min) into individual tissues under basal and hyperinsulinaemic clamp conditions

Basal Clamp Higher insulin infusion rate

Control PEPCK Control PEPCK PEPCK transgenic
transgenic transgenic

Heart 6.7±1.7 2.8±0.4b 23.8±4.3a 26.2±8.3a 26.7±5.7a

Diaphragm 7.5±1.8 3.3±0.9b 38.1±6.6a 22.4±5.0a 22.6±5.2a

Red quadriceps 3.6±0.8 1.7±0.3b 15.5±1.2a 13.0±3.8a 10.5±2.9a

Red gastrocnemius 2.0±0.6 1.9±0.4 10.9±1.9a 8.4±3.5a 5.7±1.6ab

White quadriceps 1.6±0.2 1.1±0.1 9.9±2.4a 4.0±0.5ab 7.0±2.4a

White gastrocnemius 1.3±0.1 1.1±0.1 6.2±0.8a 3.0±0.5ab 3.2±0.9ab

Soleus 2.2±0.3 1.4±0.3b 10.3±2.1a 4.7±0.7ab 5.4±2.2ab

Values are expressed as means ± SEM (n=4–9). ap<0.05 compared to basal; bp<0.05 compared to control



PEPCK in a rat hepatoma cell line led to increased
glucose production [33]. Furthermore transgenic mice
overexpressing liver PEPCK showed increased glu-
cose production, hyperglycaemia, hyperinsulinaemia
and glucose intolerance [34, 35]. The transgenic rats
used in this study over-express PEPCK predominantly
in the kidney under the control of a non-insulin re-
sponsive promoter [23] and resulted in impaired sup-
pression of EGP during an hyperinsulinaemic clamp.
Thus the same concentration of plasma insulin that re-
sulted in complete suppression in control rats was un-
able to suppress EGP from basal values in the PEPCK
transgenic rats. In fact, even at a higher insulin infu-
sion rate, EGP was not completely suppressed in the
transgenic rats, which is indicative of the importance
of PEPCK to the regulation of gluconeogenesis. Like
liver PEPCK over-expressing mice [35], renal PEPCK
mRNA was more than twice as high in the transgenic
compared to wild-type rats. However PEPCK enzyme
activity measured in the basal state was increased only
by 16%. It can be concluded therefore that even a
modest increase of renal PEPCK activity can have
major consequences if no suppression occurs when in-
sulin concentrations are increased post-prandially. En-
zyme activity was not measured in the liver over-ex-
pressing mice [35].

Interestingly moderate increase of insulin sup-
pressed liver, but not kidney, PEPCK mRNA in both
the PEPCK transgenic and control rats. As has been
previously suggested [32], this implies that kidney
PEPCK is not as insulin responsive as liver PEPCK
and that increased renal glucose production can be a
substantial contributor to glucose turnover [36, 37]. It
has been shown that in patients undergoing liver trans-
plantation endogenous glucose production falls about
50% after removal of the liver, representing renal glu-
cose production [38]. Indeed it has been suggested
that if gluconeogenesis accounts for approximately
50% of endogenous glucose production in the postab-
sorptive state [39], that the kidney accounts for ap-
proximately 40% of overall gluconeogenesis [40].
Early studies in animals showed an increase in the rate
of glucose infusion required to maintain euglycaemia
when the liver and kidneys were removed as com-
pared to when only the liver was excised [41, 42].
Furthermore experimental diabetes in animals results
in increased renal gluconeogenesis and glucose pro-
duction in vitro [43, 44]. Recently increased renal glu-
cose production has been described in patients with
Type 2 diabetes which could contribute to the ensuing
hyperglycaemic state [45].

Impaired suppression of EGP led to peripheral in-
sulin resistance with Rd being reduced in our PEPCK
transgenic compared to control rats. This is in contrast
to transgenic liver PEPCK overexpressing mice which
did not show a decrease in Rd compared to wild-type
[35]. This might be due to species differences (rat vs
mouse) or to a difference in the tissue in which PEP-
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of insulin resistance and Type 2 diabetes in many so-
cieties is thought to be due to changes in diet and life-
style [6]. A diet high in fat has been shown to reduce
insulin-stimulated glucose uptake and to impair sup-
pression of EGP [13, 14]. Furthermore, it has been
suggested that the defect in the suppression of EGP by
insulin precedes the defect in insulin action in periph-
eral tissues [13]. While a high-fat diet might cause pe-
ripheral insulin resistance by direct effects on muscle
and adipose tissue, the effect of high fat to stimulate
gluconeogenesis [15, 16, 17, 18] could have more
consequences than simply impaired suppression of en-
dogenous glucose output, as chronic impaired sup-
pression of glucose production leads to obesity and
peripheral insulin resistance.

PEPCK has been proposed to be an important regu-
latory enzyme of gluconeogenesis [32]. In support of
this we have previously shown that over-expression of

Fig. 5A–D. GLUT4 protein content in (A) white adipose tissue
(WAT), (B) brown adipose tissue (BAT), (C) red gastrocne-
mius (RG) and (D) white gastrocnemius (WG) in PEPCK
transgenic (open bars) and control rats (closed bars). Values
are presented as means ± SEM. * p<0.001 vs control



CK is over-expressed (liver vs kidney). To determine
the site(s) responsible for insulin resistance we mea-
sured glucose uptake in individual tissues using radio-
actively labelled 2-deoxyglucose. We found that adi-
pose tissue was the most resistant tissue. Skeletal
muscle sensitivity was differentially affected in the
transgenic rats. Thus insulin-stimulated glucose up-
take was lower in white but not red quadriceps and
gastrocnemius muscles. While the metabolic differ-
ences between red, which is predominantly oxidative,
and white skeletal muscle, which is predominantly
glycolytic, have been well characterised [46], the so-
leus, a pure red muscle did demonstrate insulin resis-
tance. The difference in the responsiveness of differ-
ent muscles remains unclear.

The decrease in white and brown adipose tissue
glucose uptake was associated with reduced GLUT4
protein content in PEPCK transgenic compared to
control rats. GLUT4 is predominantly present in mus-
cle and adipose tissue and is responsible for glucose
transport during insulin stimulation [47]. In contrast,
muscle GLUT4 protein content was not different be-
tween the two groups of rats, despite white gastrocne-
mius muscle being insulin resistant in the PEPCK
transgenic rats. This tissue-specific reduction of
GLUT4 is similar to that reported in patients with
Type 2 diabetes with a decrease in adipose tissue but
normal skeletal muscle GLUT4 content [48, 49, 50].
Tissue-specific regulation of GLUT4 has also been
described in animals fed a high fat diet, which resulted
in decreased GLUT4 mRNA expression in white adi-
pose tissue but not skeletal muscle [51, 52]. Further
analysis has suggested that the defect in muscle glu-
cose uptake in patients with Type 2 diabetes could be
associated with impairments in trafficking and/or
translocation of GLUT4 to the plasma membrane [53,
54, 55]. In agreement, high fat-induced skeletal mus-
cle insulin resistance in animals has been associated
with defects in the translocation and intrinsic activity
of GLUT4. Therefore in our PEPCK transgenic rats
insulin resistance in white and brown adipose tissue is
associated with decreased GLUT4 protein content.
However insulin resistance in skeletal muscle of the
PEPCK transgenic rats was not associated with a re-
duction in the amount of GLUT4 but could be due to
defects in trafficking and/or translocation of this glu-
cose transporter.

Muscle triglyceride and LCACoA levels, which
have been associated with insulin resistance [9, 22],
were also not different between PEPCK transgenic
and control rats. Furthermore, given that muscle insu-
lin resistance was selective and relatively mild (com-
pared to the adipose tissue), we suggest that it was the
decrease in adipose tissue glucose uptake that was pri-
marily responsible for the reduction in the rate of
whole body glucose disposal and consequently insulin
resistance in our PEPCK transgenic rats. In support of
this, mice with a specific deletion in adipose tissue

GLUT4 also developed glucose intolerance and whole
body insulin resistance [56].

In conclusion, we have shown that a defect in the
suppression of endogenous glucose production can
secondarily lead to peripheral insulin resistance. Al-
though there is no evidence that increased PEPCK ac-
tivity is a mechanism for impaired suppression of en-
dogenous glucose production in human diabetes, it has
been shown that high fat availability stimulates gluco-
neogenesis [18, 57, 58]. Thus it is possible that fat can
cause peripheral insulin resistance not only by direct
effects on muscle and adipose tissue but secondarily
by stimulation of gluconeogenesis.
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