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Recent studies indicate that renal gluconeogenesis is substantially stimulated in patients with type 2 diabetes, but the
mechanism that is responsible for such stimulation remains unknown. Therefore, this study tested the hypothesis that renal
gluconeogenesis is intrinsically elevated in the Zucker diabetic fatty rat, which is considered to be an excellent model of type
2 diabetes. For this, isolated renal proximal tubules from diabetic rats and from their lean nondiabetic littermates were
incubated in the presence of physiologic gluconeogenic precursors. Although there was no increase in substrate removal and
despite a reduced cellular ATP level, a marked stimulation of gluconeogenesis was observed in diabetic relative to nondiabetic
rats, with near-physiologic concentrations of lactate (38%), glutamine (51%) and glycerol (66%). This stimulation was caused
by a change in the fate of the substrate carbon skeletons resulting from an increase in the activities and mRNA levels of the
key gluconeogenic enzymes that are common to lactate, glutamine, and glycerol metabolism, i.e., mainly of phosphoenolpyruvate carboxykinase and, to a lesser extent, of glucose-6-phosphatase and fructose-1,6-bisphosphatase. Experimental
evidence suggests that glucocorticoids and cAMP were two factors that were responsible for the long-term stimulation of renal
gluconeogenesis observed in the diabetic rats. These data provide the first demonstration in an animal model that renal
gluconeogenesis is upregulated by a long-term mechanism during type 2 diabetes. Together with the increased renal mass
(38%) observed, they lend support to the view so far based only on in vivo studies performed in humans that renal
gluconeogenesis may be stimulated by and crucially contribute to the hyperglycemia of type 2 diabetes.
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T

ype 2 diabetes is a heterogeneous metabolic disorder
that is becoming a global epidemic with major health
consequences. It is characterized by defects in both
insulin secretion and tissue sensitivity to insulin (1,2), leading
to hyperglycemia. It is well accepted that part of this hyperglycemia results from the abnormal persistence of hepatic glucose
production during the absorptive state and by an increase to
excessive levels of hepatic glucose production in the postabsorptive state (3). Thus, an elevated glucose production in type
2 diabetes has until recently be generally attributed exclusively
to the liver. This is not necessarily justified because it is well
established that, on a gram-for-gram basis, the kidney can
synthesize glucose at rates several times higher than those
observed in the liver (4). In line with this, studies that were
performed in vivo during the past decade suggested that the
synthesis of glucose by the kidneys of postabsorptive humans
may explain 5 to 25% of the total glucose formed by gluconeogenesis in the body (5– 8). Human renal gluconeogenesis has
also been demonstrated to be almost equal to hepatic glucone-
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ogenesis in obese patients who undergo a prolonged fasting (9);
moreover, this metabolic process has been shown to be stimulated in patients with type 2 diabetes (10,11) and inhibited by
insulin (8,13,14). Despite the latter observations and the potential pathophysiologic importance of renal gluconeogenesis in
type 2 diabetes, an intrinsic stimulation of renal gluconeogenesis to our knowledge has not been reported in any animal
model of type 2 diabetes. This lack of an appropriate model that
spontaneously displays increased renal gluconeogenesis so far
has represented a significant limitation in the understanding of
the mechanisms by which the kidney might be involved in the
hyperglycemia observed in type 2 diabetes.
Therefore, to test the hypothesis that intrinsic renal gluconeogenesis is stimulated in type 2 diabetes, we conducted a study in
which renal gluconeogenesis in Zucker diabetic fatty (ZDF) rats,
an excellent model for the study of type 2 diabetes (15,16), was
compared with that in lean nondiabetic Zucker rats. For this,
isolated renal proximal tubules, the exclusive nephron segments
that contain the key gluconeogenic enzymes (17,18), were isolated
and incubated with lactate or glutamine or glycerol, three physiologic substrates that are taken up by the human and rat kidney in
vivo (19 –21). We also measured the activities of the key gluconeogenic enzymes that are common to lactate, glutamine, and glycerol gluconeogenesis and the expression of the genes that code for
these enzymes. In addition, we attempted to identify factors that
are responsible for the changes observed.
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Materials and Methods
Reagents
l-Glutamine, glycerol, and glutaminase (grade V) were from Sigma
(Saint Quentin-Fallavier, France). l-Lactate, other enzymes, coenzymes,
and oligo dT were purchased from Roche (Meylan, France). Superscript
II reverse transcriptase (RT), platinum Taqpolymerase, and dNTP were
obtained from Invitrogen (Pontoise, France). The mRNA extraction kit
was purchased from Dynal (Oslo, Norway), and primers were obtained
from Genset SA (Paris, France). L-[U-14C]lactate (5.62 GBq/mmol) was
from Amersham (Little Chalfont, UK).

Rats
All experiments were approved by the Institutional Animal Care and
Use Committee of the Lyon 1 University. Male ZDF rats (ZDF/Gmi:
fa/fa) and lean control rats (ZDF/Gmi-lean:fa/⫹ or ⫹/⫹) were obtained from Charles River (Saint Germain sur l’Arbresle, France) at 13
wk of age. They were given a Purina 5008 Chow (IPS Product Supplies
Inc., London, England) ad libitum and had free access to water. For
testing their possible role in regulating renal gluconeogenic enzyme
activities in diabetic rats, either dexamethasone or cAMP (25 or 50
mg/kg body wt, respectively) was injected intraperitoneally in nondiabetic rats either 6 or 18 h before the preparation of isolated kidney
tubules. The control, nondiabetic rats were treated intraperitoneally
with the vehicle (tricaprylin in the case of dexamethasone and saline in
the case of cAMP).

Preparation of Renal Proximal Tubules and Incubations
At 14 to 17 wk of age, the fed rats were anesthetized with sodium
pentobarbital (35 mg/kg intraperitoneally). After catheterization of a
carotid artery, blood was withdrawn for measurement of blood acidbase parameters with a blood microsystem acid base analyzer (model
BMS 3; Radiometer, Copenhagen, Denmark) and blood ketone-body
levels as described previously (21); plasma was also separated by
centrifugation at 4°C for measurement of cAMP and corticosterone
levels. Then, the kidneys were removed and weighed and placed in
ice-cold Krebs-Henseleit medium. Renal proximal tubules were prepared by collagenase treatment of renal cortex slices as described by
Baverel et al. (22). Incubations were performed for 60 min in 25-ml
stoppered Erlenmeyer flasks in an atmosphere of O2/CO2 (19:1). Tubules were incubated in 4 ml of Krebs-Henseleit medium (24) with or
without 1 and 2 mM lactate or glutamine and 0.5 and 2 mM glycerol.
The flasks were prepared in duplicate for all experimental conditions.
Incubation was stopped by adding perchloric acid (3% [vol/vol] final
concentration) to each flask. In all experiments, zero-time flasks with
and without substrates were prepared by adding perchloric acid before
the tubules. After removal of the denatured protein by centrifugation,
the supernatant was neutralized with 20% (wt/vol) KOH for metabolite
determination. For testing their influence, insulin and glucose were
added to the medium of tubules from diabetic and nondiabetic rats
incubated for 60 min with 1 mM [U-14C]lactate (approximately 2000
Bq/flask); in these experiments, incubation and collection of the 14CO2
that was formed were carried out as described previously (24).

Metabolite Assays
All of the metabolites studied were determined by the methods
described by Passonneau and Lowry (25). The 14C-glucose that was
formed from [U-14C]lactate was isolated as described by Katz et al. (26)
and counted by liquid scintillation. The dry weight of the tubules that
were added to each flask and blood metabolites and acid-base parameters were determined as described previously (21,22). Plasma cAMP
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and corticosterone levels were measured by competitive immunoassay
kits provided by R&D Systems Europe (Lille, France).

Measurement of Enzyme Activities
Preparation of renal proximal tubule homogenates and measurement
of phosphoenolpyruvate carboxykinase (EC 4.1.1.32), fructose-1,6bisphosphatase (EC 3.1.3.11), and glucose-6-phosphatase (EC 3.1.3.9)
were conducted by methods previously described in detail (27).

Semiquantitative Analysis of mRNA Expression
To determine the glucose-6-phosphatase, phosphoenolpyruvate carboxykinase, and fructose-1,6-bisphosphatase mRNA levels in the kidney cortex of diabetic rats and their control littermates, we performed
semiquantitative RT-PCR as described previously (27). Levels of each
mRNA of interest were related to those of the housekeeping ␤-actin
gene transcripts. Gene-specific oligonucleotide primers (20 nucleotides)
were selected from the published cDNA sequences of mouse and rat
glucose-6-phosphatase, phosphoenolpyruvate carboxykinase, and fructose-1,6-bisphosphatase. As an internal control, a primer pair was selected from the cDNA sequence of rat ␤-actin. Forward and reverse
primers that were chosen for glucose-6-phosphatase and phosphoenolpyruvate carboxykinase were those that were used for the mouse
kidney in a previous study (27). The fructose-1,6-bisphosphatase (accession no. M86240) primers were as sense 5⬘-TGTTTTGATCCCCTCGATGG-3⬘ and antisense 5⬘-TCCAGCATGAAGCAGTTGAC-3⬘. The
␤-actin (accession no. NM_031144) primers were sense 5⬘-GAAGTGTGACGTTGACATCC-3⬘ and antisense 5⬘-AATCTCCTTCTGCATCCTGT-3⬘, giving a PCR product of 103 bp. The ␤-actin was amplified for
24 cycles with glucose-6-phosphatase, 23 cycles with phosphoenolpyruvate carboxykinase, and 22 cycles with fructose-1,6-bisphosphatase,
each cycle using the following parameters: 94°C for 30 s, 60°C for 45 s,
and 72°C for 60 s. The linearity of amplification was verified in each
experiment. PCR products were separated electrophoretically on a 2%
(wt/vol) agarose gel (Invitrogen, Paisley, Scotland) for glucose-6-phosphatase and fructose-1,6-bisphosphatase or on a 2% (wt/vol) agarose
⫺1000 gel for phosphoenolpyruvate carboxykinase (Invitrogen) and
stained with SYBR Green I (Molecular Probes Europe, Leiden, The
Netherlands). The gel then was scanned using a fluorescence laser
scanner (Molecular Dynamics, Sunnydale, CA). Band intensities were
quantified using the Image Quant software. mRNA levels are reported
relative to ␤-actin.

Statistical Analyses
Net substrate utilization and product formation by kidney tubules
were calculated as the difference between the total contents of the flask
(tissue ⫹ medium) at the start (zero-time incubations) and after 1 h of
incubation. The metabolic rates are expressed in nanomoles of substance removed or produced per hour per milligram of tubule dry
weight, and the enzyme activities are reported as micromoles of substrate used or product formed per milligram of tubule protein per hour;
they are given as means ⫾ SEM. The conversion of [U-14C]lactate into
14
C-glucose was calculated by dividing the radioactivity in glucose by
the specific radioactivity of 14C-lactate. The results were analyzed by
the t test for unpaired data, comparing values obtained in diabetic with
those in nondiabetic rats.

Results
As shown in Table 1, the body weight of the nondiabetic rats
was slightly but significantly lower than that of the diabetic
animals. Striking, the weight of the two kidneys of the diabetic
rats exceeded by 38% that of the nondiabetic rats. Table 1 also
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Table 1. Baseline characteristics of nondiabetic lean Zucker rats and ZDF rats

Body weight (g)
Weight of the two kidneys
Blood glucose concentration (mM)
Blood pH
Plasma bicarbonate (mM)
Blood ␤-hydroxybutyrate concentration (mM)
Blood acetoacetate concentration (mM)
Plasma cAMP concentration (nM)
Plasma corticosterone concentration (ng/ml)
a

Nondiabetic

Diabetic

369 ⫾ 7 (n ⫽ 11)
2.6 ⫾ 0.1 (n ⫽ 11)
8.4 ⫾ 0.3 (n ⫽ 11)
7.38 ⫾ 0.02 (n ⫽ 4)
26.3 ⫾ 1.2 (n ⫽ 4)
0.17 ⫾ 0.01 (n ⫽ 4)
0.11 ⫾ 0.01 (n ⫽ 4)
10 ⫾ 2 (n ⫽ 6)
368 ⫾ 44 (n ⫽ 5)

398 ⫾ 13b (n ⫽ 10)
3.6 ⫾ 0.1b (n ⫽ 10)
28.3 ⫾ 1.0b (n ⫽ 10)
7.37 ⫾ 0.02 (n ⫽ 4)
25.4 ⫾ 1.9 (n ⫽ 4)
0.37 ⫾ 0.20b (n ⫽ 4)
0.32 ⫾ 0.11b (n ⫽ 4)
18 ⫾ 2b (n ⫽ 6)
674 ⫾ 69b (n ⫽ 5)

Values are means ⫾ SEM. for the number (n) of rats shown in parentheses. ZDF, Zucker Diabetic Fatty.
P ⬍ 0.05 nondiabetic versus diabetic, unpaired t test.

b

shows that there was no metabolic acidosis in the diabetic rats
despite their significantly higher blood concentrations of both
␤-hydroxybutyrate and acetoacetate. It is interesting that the
plasma cAMP and corticosterone levels were markedly elevated (80 and 84%, respectively) in diabetic rats when compared with nondiabetic rats.

Metabolism of Lactate, Glutamine, and Glycerol in Renal
Proximal Tubules from Lean Zucker Rats and ZDF Rats
Table 2 shows that the removal of lactate but not glutamine
and glycerol was inhibited in tubules from diabetic rats when
compared with that in tubules from control rats. With lactate,
glutamine, and glycerol as substrate, there was no change in the
accumulation of pyruvate, glutamate, and lactate, respectively.
Striking, mean glucose synthesis was stimulated by 38% from
lactate, 51% from glutamine, and 66% from glycerol, despite a
fall of cellular ATP levels. Accumulation of intermediates of

neither the tricarboxylic acid cycle nor aspartate, alanine,
3-glycerophosphate, or glycogen was observed in any of the
experimental conditions used. Assuming that all of the products that were found to accumulate arose from added substrates, the complete oxidation of lactate, glutamine, and glycerol, which can be estimated by carbon balance, was greatly
reduced— even suppressed in the case of glycerol—in tubules
from diabetic rats.
At zero-time, the tubules from five control rats and those
from four diabetic rats contained 1.5 ⫾ 1.1 and 3.8 ⫾ 0.7
nmol/mg dry wt glycogen (in glycosyl equivalents), respectively (NS). After 60 min of incubation in the presence of 1 mM
lactate, the glycogen content was 2.2 ⫾ 1.1 and 3.5 ⫾ 0.7
nmol/mg dry wt, respectively (NS). Glucose synthesis in the
absence of exogenous substrate was 6 ⫾ 1 and 15 ⫾ 1 nmol/mg
dry wt per h (114%; P ⬍ 0.01) in tubules from control (n ⫽ 16)

Table 2. Metabolism of 1 mM lactate and glutamine and of 0.5 mM glycerol in isolated renal proximal tubules
from nondiabetic lean Zucker rats and ZDF ratsa
Substrate

Rats

Amount of
Concentration
Tubules per Flask ATP
(nmol/mg
dry wt)
(mg dry wt)

Metabolite Removal
(⫺) or Production

Lactate

Carbon
Balance

Pyruvate Glucose

Nondiabetic (n ⫽ 11)
Diabetic (n ⫽ 7)

5.3 ⫾ 0.4
6.8 ⫾ 0.9

12.6 ⫾ 2 (n ⫽ 4)
⫺406 ⫾ 26
34 ⫾ 6
45 ⫾ 4 282 ⫾ 22
7.1 ⫾ 0.9b (n ⫽ 4) ⫺311 ⫾ 16b 14 ⫾ 11 62 ⫾ 5b 173 ⫾ 6b
Glutamine Glutamate Glucose

Glutamine Nondiabetic (n ⫽ 11)
Diabetic (n ⫽ 10)

5.3 ⫾ 0.4
6.8 ⫾ 0.8

12.1 ⫾ 2.4 (n ⫽ 4) ⫺298 ⫾ 18
7.1 ⫾ 0.9b (n ⫽ 4) ⫺243 ⫾ 17
Glycerol

110 ⫾ 7
85 ⫾ 11
Lactate

41 ⫾ 4 106 ⫾ 10
62 ⫾ 6b 34 ⫾ 14b
Glucose

11.8 ⫾ 2.1 (n ⫽ 4) ⫺130 ⫾ 13
5.8 ⫾ 1.2b (n ⫽ 4) ⫺159 ⫾ 16

18 ⫾ 1
26 ⫾ 3

44 ⫾ 6
24 ⫾ 14
73 ⫾ 7b ⫺13 ⫾ 7b

Lactate

Glycerol

Nondiabetic (n ⫽ 5)
Diabetic (n ⫽ 5)

5.3 ⫾ 0.7
6.2 ⫾ 0.3

a
Results (nmol/mg dry wt per h) are reported as means ⫾ SEM for the number (n) of experiments given in parentheses.
With lactate, glutamine, and glycerol as substrate, carbon balance was calculated as the difference between the substrate
removed on the one hand and the sum of twice the glucose produced and the pyruvate or glutamate or lactate accumulated
on the other hand, respectively.
b
P ⬍ 0.05 nondiabetic versus diabetic rats, unpaired t test.

J Am Soc Nephrol 17: 398 – 405, 2006

Type 2 Diabetes and Renal Gluconeogenesis

401

Table 3. Effect of insulin and glucose on the metabolism of 1 mM 关U-14C兴lactate in isolated renal proximal tubules
from nondiabetic lean Zucker rats and ZDF ratsa
Experimental Condition

1 mM 关U-14C兴lactate
1 mM 关U-14C兴lactate ⫹ 100 nM insulin
1 mM 关U-14C兴lactate ⫹ 5 mM glucose
1 mM 关U-14C兴lactate ⫹ 25 mM glucose

Rats

Glucose
Produced

关U-14C兴Lactate
Converted into
14
C-Glucose

Percentage of
Radioactive Glucose
Synthesized

Nondiabetic
Diabetic
Nondiabetic
Diabetic
Nondiabetic
Diabetic
Nondiabetic
Diabetic

39 ⫾ 1
59 ⫾ 3b
38 ⫾ 2
60 ⫾ 4b
—
—
—
—

54 ⫾ 3
73 ⫾ 7b
54 ⫾ 2
74 ⫾ 6b
55 ⫾ 2
75 ⫾ 7b
52 ⫾ 3
75 ⫾ 7b

69 ⫾ 6
62 ⫾ 3
71 ⫾ 5
62 ⫾ 3
—
—
—
—

Kidney tubules (5.8 ⫾ 0.8 and 8.6 ⫾ 0.4 mg dry wt per flask for nondiabetic and diabetic rats, respectively) were incubated
as described in the Materials and Methods section. Results (nmol/mg dry wt per h) are reported as means ⫾ SEM for four
experiments with nondiabetic rats and four experiments with diabetic rats. The percentage (means ⫾ SEM) of radioactive
glucose synthesized was calculated as half the 关U-14C兴lactate converted into 14C-glucose divided by the glucose produced.
b
P ⬍ 0.05 nondiabetic versus diabetic rats, unpaired t test.
a

and diabetic (n ⫽ 15) rats, respectively. After 60 min of incubation without any exogenous substrate, the glycogen content
of these tubules was 1.1 ⫾ 0.6 and 2.4 ⫾ 0.5 nmol/mg dry wt,
respectively (NS).
In tubules from diabetic rats when compared with those from
nondiabetic rats, glucose synthesis from 2 mM lactate, glutamine, and glycerol was stimulated by 69, 56, and 50%, respectively. The corresponding values were 91 ⫾ 10 (n ⫽ 10) versus
54 ⫾ 4 (n ⫽ 11) nmol/mg dry wt per h (P ⬍ 0.05), 81 ⫾ 8 (n ⫽
10) versus 52 ⫾ 5 (n ⫽ 11) nmol/mg dry wt per h (P ⬍ 0.05), and
78 ⫾ 1 (n ⫽ 5) versus 52 ⫾ 3 (n ⫽ 5) nmol/mg dry wt per h (P ⬍
0.05).

Effect of Insulin and Glucose on Conversion of
into 14C-Glucose

14

C-Lactate

Table 3 shows that addition of 100 nM insulin or 5 or 25 mM
glucose did not alter the conversion of [U-14C]lactate into 14Cglucose in tubules either from nondiabetic or from diabetic rats.
It also shows that, irrespective of the experimental condition,
such conversion was higher in tubules from diabetic than in
tubules from nondiabetic rats. As seen in Table 2, glucose
production was also higher in tubules from diabetic than in
those from nondiabetic rats (Table 3). In the presence of 1 mM
[U-14C]lactate plus 5 or 25 mM glucose, it was not possible to
measure enzymatically the glucose synthesized from lactate in

a reliable manner because of the high glucose concentration.
For the same reason, no substantial glucose removal could be
measured enzymatically with 5 and 25 mM glucose as sole
substrate, and lactate accumulation was negligible (results not
shown).

Activities of Phosphoenolpyruvate Carboxykinase, Fructose1,6-Bisphosphatase, and Glucose-6-Phosphatase in Renal
Proximal Tubules from Lean Zucker Rats and ZDF Rats
Table 4 shows that diabetes stimulated in a statistically significant manner the activity of the three key gluconeogenic
enzymes that are common to lactate and glutamine gluconeogenesis; it greatly stimulated the activity of phosphoenolpyruvate carboxykinase (2.2-fold) and, to a much lesser extent, those
of glucose-6-phosphatase (1.4-fold) and of fructose-1,6-bisphosphatase (1.2-fold).

Phosphoenolpyruvate Carboxykinase, Fructose-1,6Bisphosphatase, and Glucose-6-Phosphatase mRNA Levels in
the Renal Cortex from Lean Zucker Rats and ZDF Rats
Figure 1 clearly shows that a statistically significant elevation
of the renal cortical cellular levels of phosphoenolpyruvate
carboxykinase (3.0-fold increase), glucose-6-phosphatase (2.3fold increase), and fructose-1,6-bisphosphatase (1.5-fold in-

Table 4. Activity of key gluconeogenic enzymes that are common to lactate and glutamine gluconeogenesis in
renal proximal tubules from nondiabetic lean Zucker and ZDF ratsa
Rats

Phosphoenolpyruvate
Carboxykinase

Fructose-1,6-Bisphosphatase

Glucose-6-Phosphatase

Nondiabetic (n ⫽ 5)
Diabetic (n ⫽ 6)

1.1 ⫾ 0.1
2.4 ⫾ 0.1b

2.0 ⫾ 0.1
2.4 ⫾ 0.1b

5.1 ⫾ 0.1
7.1 ⫾ 0.4b

a
Values, expressed in mol/mg protein per h, are presented as means ⫾ SEM for the number (n) of experiments given in
parentheses.
b
P ⬍ 0.05 nondiabetic versus diabetic rats, unpaired t test.
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weak effect on phosphoenolpyruvate carboxykinase activity,
the effect of cAMP was studied 6 h after its injection; this
resulted in a much more pronounced stimulation of the three
enzyme activities (Table 5).

Discussion
Unlike type-2 diabetic patients in vivo (10,11), no animal
model of type 2 diabetes has been reported until now to display
an increased renal gluconeogenesis. To our knowledge, this
study is the first to demonstrate such an elevation in vitro from
three physiologic substrates that are taken up by the human
and rat kidney in vivo (19 –21).

Biochemical and Molecular Mechanisms for Long-Term
Stimulation of Renal Gluconeogenesis in Diabetic
Zucker Rats

Figure 1. mRNA levels of glucose-6-phosphatase (G6Pase),
phosphoenolpyruvate carboxykinase (PEPCK), and fructose1,6-bisphosphatase (FBPase) in diabetic rats and their nondiabetic littermates. The mRNA levels were analyzed by semiquantitative reverse transcription–PCR analysis, as described in
Materials and Methods. The amplified cDNA were separated
by agarose-gel electrophoresis, as shown in the lower part of
the figure. Band intensities were quantified and are reported
relative to the ␤-actin band. The values are means ⫾ SEM for
four diabetic rats and four nondiabetic rats. The statistical
difference between diabetic and lean rats was measured by the
unpaired t test: *P ⬍ 0.05.

crease) mRNA occurred in diabetic rats when compared with
those in control animals.

Effect of Dexamethasone and Dibutyryl-cAMP
Administration on Activity of Key Gluconeogenic Enzymes
in Renal Proximal Tubules from Nondiabetic Lean
Zucker Rats
Table 5 shows that the intraperitoneal administration of 25
mg/kg body wt dexamethasone 18 h earlier stimulated the
activity of phosphoenolpyruvate carboxykinase (63%) and, to a
much lesser extent, of glucose-6-phosphatase (12%) but not that
of fructose-1,6-bisphosphatase. Therefore, at least one other
factor was responsible for the stimulation of the activity of the
last enzyme. It is interesting that the activities of fructose-1,6bisphosphatase and glucose-6-phosphatase were increased by
21 and 19%, respectively, in renal proximal tubules of lean rats
at the same time point (18 h) after an intraperitoneal injection
with 50 mg/kg body wt dibutyryl cAMP (Table 5); under the
same conditions, the activity of phosphoenolpyruvate carboxykinase was only slightly (9%) but in a statistically significant manner stimulated in these tubules (Table 5). Given its

Increased renal gluconeogenesis in diabetic rats was due to a
change in the fate of lactate, glutamine, and glycerol carbon
skeleton; indeed, gluconeogenesis was favored at the expense
of complete oxidation (Table 2). It should be emphasized that
increased glucose synthesis in tubules from diabetic rats was
confirmed by using radioactive lactate as substrate even in the
presence of a high glucose concentration (Table 3). Note that the
distribution of lactate between glucose synthesis and oxidation
that was observed in this work was similar to that found by
Krebs et al. (28) in one study but different from what they
reported in another study (29). It is also important to underline
that lactate, glutamine, and glycerol gluconeogenesis was
greater in tubules from diabetic rats despite a lower concentration of ATP in these tubules when compared with those of
control rats. Because ATP is a key compound in gluconeogenesis, its lower availability was compensated by other mechanisms that led to a stimulation of glucose synthesis. Note that
the fall in ATP concentration, which can be only a consequence
but not the cause of the increased gluconeogenesis observed in
these tubules, is in agreement with the diminution of substrate
oxidation.
In agreement with the elevation of renal gluconeogenesis in
our diabetic rats, we found a stimulation of the three key
gluconeogenic enzymes that are common to gluconeogenesis
from both lactate and glutamine. In keeping with the stimulation of the activities of fructose-1,6-bisphosphatase and glucose-6-phosphatase, the synthesis of glucose from glycerol was
also found to be greatly stimulated. It is interesting that the
elevations of the corresponding mRNA levels in the renal cortex of diabetic rats establish that the stimulation of the activities
of the three enzymes mentioned above occurred by a long-term
regulation involving the upregulation of the genes that code for
these enzymes. Note here that the expression of the ␤-actin
gene, which we used as a reference for the expression of the
genes for key gluconeogenic enzymes, has been shown to remain unaltered in the kidney of diabetic rats (30).

Factors Responsible for Long-Term Stimulation of Renal
Gluconeogenesis in Diabetic Zucker Rats
Metabolic Acidosis, Insulin, and Leptin. Because our diabetic rats were not acidotic, the role of metabolic acidosis,
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Table 5. Effect of dexamethasone and dibutyryl-cAMP on the activity of key gluconeogenic enzymes in renal
proximal tubules from nondiabetic lean Zucker rats
Experimental Condition

Phosphoenolpyruvate
Carboxykinase

Fructose-1,6-Bisphosphatase

Glucose-6-Phosphatase

Control
Dexamethasone (25 mg/kg
body wt, 18 h earlier)
Control
cAMP (50 mg/kg body wt, 18 h earlier)
Control
cAMP (50 mg/kg body wt, 6 h earlier)

1.6 ⫾ 0.1
2.6 ⫾ 0.1b

1.9 ⫾ 0.2
1.9 ⫾ 0.2

4.2 ⫾ 0.5
4.7 ⫾ 0.5b

1.1 ⫾ 0.07
1.2 ⫾ 0.08b
0.9 ⫾ 0.1
1.9 ⫾ 0.2b

1.4 ⫾ 0.2
1.7 ⫾ 0.2b
1.7 ⫾ 0.1
2.5 ⫾ 0.2b

3.1 ⫾ 0.6
3.7 ⫾ 0.8b
3.3 ⫾ 0.3
4.9 ⫾ 0.3b

Values, expressed in mol/mg protein per h, are presented as means ⫾ SEM for four experiments in each experimental
series.
b
P ⬍ 0.05. Because each experiment involved one control and one treated rat, statistical difference between the
dexamethasone- or the dibutyryl-cAMP–treated rats and the control rats was measured by the paired t test.
a

which is responsible for the stimulation of gluconeogenesis in
renal cortical slices prepared from rats that have type 1 diabetes
(31–33), can be ruled out. Although insulin has been shown
repeatedly to inhibit gluconeogenesis in the human kidney in
vivo (7,9,13,14) and in one study in the rat kidney in vivo (34), it
is unlikely that it did so by a direct mechanism that altered gene
expression because experiments that have been performed in
the rat kidney indicate that insulin has no direct effect on the
activity or synthesis of phosphoenolpyruvate carboxykinase in
the kidney of diabetic rats (32,35). Moreover, our study shows
that insulin does not inhibit glucose synthesis from lactate in
isolated kidney tubules (Table 3). Therefore, disappearance in
vivo of a possible direct inhibitory effect of insulin on renal
gluconeogenesis in our diabetic rats, which are known to be
insulinopenic at 14 to 17 wk of age, was probably not involved
in the intrinsic stimulation of in vitro renal gluconeogenesis that
we observed in these rats. It also should be pointed out that
leptin resistance, which is characteristic of our diabetic rats,
could not be involved in the effects observed because leptin
receptors in the rat kidneys are localized exclusively in the
renal inner medulla (36). Similarly, glucagon, whose plasma
levels have been shown to be elevated in patients with type 2
diabetes (37), was probably not involved directly in the stimulation of renal gluconeogenesis, because this hormone does not
stimulate the production of cAMP in the renal proximal tubule
(38).
Glucocorticoids and cAMP. By contrast, it is conceivable
that corticosterone, whose circulating concentration was elevated in our diabetic Zucker rats like in a previous study by
other authors (39), was responsible, at least in part, for the
stimulation of renal glucose synthesis in our diabetic rats. Indeed, glucocorticoids have been shown to upregulate (1) the
expression of the phosphoenolpyruvate carboxykinase gene
(33,40,41), (2) the enzymatic activities of phosphoenolpyruvate
carboxykinase and glucose-6-phosphatase (35,42– 44), and (3)
the capacity of rat renal cortical slices to synthesize glucose
from pyruvate and succinate (45) but not the expression of the
glutaminase gene (41) or the activity of fructose-1,6-bisphosphatase (43) in the rat kidney. In agreement with the last

observations, the activities of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase but not that of fructose-1,6bisphosphatase were stimulated in renal proximal tubules of
lean Zucker rats that were treated with dexamethasone (Table
5). The absence of effect of dexamethasone on the activity of
fructose-1,6-bisphosphatase, in agreement with the absence of a
glucocorticoid response element in the corresponding gene
(46), suggests, therefore, that at least another factor was responsible for the upregulation of the expression of the fructose-1,6biphosphate gene. In this respect, our data presented in Table 5
strongly suggest that cAMP, which has been shown to stimulate the transcription of the fructose-1,6-bisphosphatase gene in
liver (46), had the same effect in the kidney of our diabetic rats,
which contains the same fructose-1,6-bisphosphatase subunit
as the rat liver (47). In agreement with our findings, cAMP
stimulates the transcription of the phosphoenolpyruvate carboxykinase gene (41,43) but not that of glutaminase in the rat
kidney (41). Note that it is conceivable that the diabetic hyperglucagonemia, resulting in part from the disappearance of the
insulin-induced inhibition of glucagon secretion, via the elevation of circulating cAMP levels, was indirectly responsible in
vivo for the stimulation of intrinsic renal gluconeogenesis that
we observed.
Thus, our results strongly suggest that, in our diabetic rats, at
least circulating glucocorticoids and cAMP acted in conjunction
to stimulate renal gluconeogenesis. In agreement with this view
and our finding that plasma cAMP levels were increased by
80% in our diabetic rats is the demonstration by Nakae et al. (48)
that dexamethasone plus cAMP stimulated the expression of
the phosphoenolpyruvate carboxykinase and glucose-6-phosphatase genes in LLCPK1-FBPase⫹ cells.

Conclusion
Renal proximal tubules from ZDF rats synthesized much
more glucose from lactate, glutamine, and glycerol than tubules
from their lean nondiabetic littermates. This stimulation correlates with the increased activities and mRNA level of key
gluconeogenic enzymes. These data, together with the observation that the weight of the kidneys of our diabetic rats was

404

Journal of the American Society of Nephrology

augmented by 38% when compared with that of the nondiabetic animals, strongly suggest that renal gluconeogenesis may
contribute crucially to the hyperglycemia and the elevated systemic glucose production observed in these animals (49).
Among the factors that potentially are involved in the probably
multifactorial long-term stimulation of renal gluconeogenesis
that we observed, our results suggest that both glucocorticoids
and cAMP might play a substantial role by augmenting the
expression of key gluconeogenic genes

Acknowledgments
A.E. was supported by a fellowship from the National Center for
Scientific Research (Lebanon). This work has benefited from the CeCIL
facilities.
We thank Claire Morel for secretarial assistance.

References
1. DeFronzo RA, Ferrannini E, Koivisto V: New concepts in
the pathogenesis and treatment of noninsulin-dependent
diabetes mellitus. Am J Med 74: 52– 81, 1983
2. Saltiel AR: Series introduction: The molecular and physiological basis of insulin resistance: Emerging implications
for metabolic and cardiovascular diseases. J Clin Invest 106:
163–164, 2000
3. DeFronzo RA: Pharmacologic therapy for type 2 diabetes
mellitus. Ann Intern Med 131: 281–303, 1999
4. Krebs HA: Renal gluconeogenesis. Adv Enzyme Regul 17:
385– 400, 1963
5. Stumvoll M, Chintalapudi U, Perriello G, Welle S, Gutierrez O, Gerich J: Uptake and release of glucose by the
human kidney. Postabsorptive rates and responses to epinephrine. J Clin Invest 96: 2528 –2533, 1995
6. Ekberg K, Landau BR, Wajngot A, Chandramouli V, Efendic S, Brunengraber H, Wahren J: Contributions by kidney
and liver to glucose production in the postabsorptive state
and after 60 h of fasting. Diabetes 48: 292–298, 1999
7. Cersosimo E, Garlick P, Ferretti J: Insulin regulation of
renal glucose metabolism in humans. Am J Physiol 276:
E78 –E84, 1999
8. Cersosimo E, Garlick P, Ferretti J: Regulation of splanchnic
and renal substrate supply by insulin in humans. Metabolism 49: 676 – 683, 2000
9. Owen OE, Felig P, Morgan AP, Wahren J, Cahill GF Jr:
Liver and kidney metabolism during prolonged starvation.
J Clin Invest 48: 574 –583, 1969
10. Meyer C, Stumvoll M, Nadkarni V, Dostou J, Mitrakou A,
Gerich J: Abnormal renal and hepatic glucose metabolism
in type 2 diabetes mellitus. J Clin Invest 102: 619 – 624, 1998
11. Meyer C, Woerle HJ, Dostou JM, Welle SL, Gerich JE:
Abnormal renal, hepatic, and muscle glucose metabolism
following glucose ingestion in type 2 diabetes. Am J Physiol
Endocrinol Metab 287: E1049 –E1056, 2004
12. Meyer C, Dostou JM, Gerich JE: Role of the human kidney
in glucose counterregulation. Diabetes 48: 943–948, 1999
13. Cersosimo E, Garlick P, Ferretti J: Renal glucose production during insulin-induced hypoglycemia in humans. Diabetes 48: 261–266, 1999
14. Meyer C, Dostou J, Nadkarni V, Gerich J: Effects of physiological hyperinsulinemia on systemic, renal, and hepatic
substrate metabolism. Am J Physiol 275: F915–F921, 1998

J Am Soc Nephrol 17: 398 – 405, 2006

15. Peterson RG, Shaw WN, Noel MA, Little LA, Eichberg J:
Zucker diabetic fatty rat as a model for non insulin dependent diabetes mellitus. ILAR News 32: 16 –19, 1990
16. Unger RH: How obesity causes diabetes in Zucker diabetic
fatty rats. Trends Endocrinol Metab 8: 276 –282, 1997
17. Guder WG, Ross BD: Enzyme distribution along the
nephron. Kidney Int 26: 101–111, 1984
18. Schoolwerth AC, Smith BC, Culpepper RM: Renal gluconeogenesis. Miner Electrolyte Metab 14: 347–361, 1988
19. Stumvoll M, Meyer C, Mitrakou A, Nadkarni V, Gerich JE:
Renal glucose production and utilization: New aspects in
humans. Diabetologia 40: 749 –757, 1997
20. Squires EJ, Hall DE, Brosnan JT: Arteriovenous differences
for amino acids and lactate across kidneys of normal and
acidotic rats. Biochem J 160: 125–128, 1976
21. Elhamri M, Martin M, Ferrier B, Baverel G: Substrate uptake and utilization by the kidney of fed and starved rats in
vivo. Ren Physiol Biochem 16: 311–324, 1993
22. Baverel G, Bonnard M, D’Armagnac de Castanet E, Pellet
M: Lactate and pyruvate metabolism in isolated renal tubules of normal dogs. Kidney Int 14: 567–575, 1978
23. Krebs HA, Henseleit K: [Studies on urea synthesis in animals]. Hoppe-Seyler’s Z physiol Chem 210: 33– 66, 1932
24. Baverel G, Lund P: A role for bicarbonate in the regulation
of mammalian glutamine metabolism. Biochem J 184: 599 –
606, 1979
25. Passonneau JV, Lowry OH: Enzymatic Analysis: A Practical
Guide, Totowa, Humana Press, 1993
26. Katz J, Dunn A, Chenoweth M, Golden S: Determination of
synthesis, recycling and body mass of glucose in rats and
rabbits in vivo with 3H- and 14C-labelled glucose. Biochem
J 142: 171–183, 1974
27. Conjard A, Brun V, Martin M, Baverel G, Ferrier B: Effect
of starvation on glutamine ammoniagenesis and gluconeogenesis in isolated mouse kidney tubules. Biochem J 368:
301–308, 2002
28. Krebs HA, Hems R, Weidemann MJ, Speake RN: The fate
of isotopic carbon in kidney cortex synthesizing glucose
from lactate. Biochem J 101: 242–249, 1966
29. Weidemann MJ, Krebs HA: The fuel of respiration of rat
kidney cortex. Biochem J 112: 149 –166, 1969
30. Kiess W, Hoeflich A, Yang Y, Groenbaek H, Flyvbjerg A:
Streptozotocin induction of diabetes in rats leads to increased insulin-like growth factor-II/mannose-6-phosphate receptor mRNA expression in kidney but not in lung
or heart. Growth Regul 6: 66 –72, 1996
31. Kamm DE, Cahill GF Jr: Effect of acid-base status on renal
and hepatic gluconeogenesis in diabetes and fasting. Am J
Physiol 216: 1207–1212, 1969
32. Kamm DE, Strope GL, Kuchmy BL: Renal cortical and
hepatic phosphoenolpyruvate carboxylase in the diabetic
rat: Effect of acid-base status. Metabolism 23: 1073–1079,
1974
33. Iynedjian PB, Hanson RW: Messenger RNA for renal phosphoenolpyruvate carboxykinase (GTP). Its translation in a
heterologous cell-free system and its regulation by glucocorticoids and by changes in acid-base balance. J Biol
Chem 252: 8398 – 8403, 1977
34. Kida K, Nakajo S, Kamiya F, Toyama Y, Nishio T, Nakagawa H: Renal net glucose release in vivo and its contribution to blood glucose in rats. J Clin Invest 62: 721–726,
1978

J Am Soc Nephrol 17: 398 – 405, 2006

35. Iynedjian PB, Ballard FJ, Hanson RW: The regulation of
phosphoenolpyruvate carboxykinase (GTP) synthesis in
rat kidney cortex. The role of acid-base balance and glucocorticoids. J Biol Chem 250: 5596 –5603, 1975
36. Serradeil-Le Gal C, Raufaste D, Brossard G, Pouzet B,
Marty E, Maffrand JP, Le Fur G: Characterization and
localization of leptin receptors in the rat kidney. FEBS Lett
404: 185–191, 1997
37. Reaven GM, Chen YD, Golay A, Swislocki AL, Jaspan JB:
Documentation of hyperglucagonemia throughout the day
in nonobese and obese patients with noninsulin-dependent
diabetes mellitus. J Clin Endocrinol Metab 64: 106 –110, 1987
38. Morel F: Sites of hormone action in the mammalian
nephron. Am J Physiol 240: F159 –F164, 1981
39. Sparks JD, Phung TL, Bolognino M, Cianci J, Khurana R,
Peterson RG, Sowden MP, Corsetti JP, Sparks CE: Lipoprotein alterations in 10- and 20-week-old Zucker diabetic
fatty rats: Hyperinsulinemic versus insulinopenic hyperglycemia. Metabolism 47: 1315–1324, 1998
40. Meisner H, Loose DS, Hanson RW: Effect of hormones on
transcription of the gene for cytosolic phosphoenolpyruvate carboxykinase (GTP) in rat kidney. Biochemistry 24:
421– 425, 1985
41. Hwang JJ, Curthoys NP: Effect of acute alterations in acidbase balance on rat renal glutaminase and phosphoenolpyruvate carboxykinase gene expression. J Biol Chem 266:
9392–9396, 1991
42. Alleyne GA, Scullard GH: Renal metabolic response to acid
base changes. I. Enzymatic control of ammoniagenesis in
the rat. J Clin Invest 48: 364 –370, 1969

Type 2 Diabetes and Renal Gluconeogenesis

405

43. Longshaw ID, Alleyne GA, Pogson CI: The effect of
steroids and ammonium chloride acidosis on phosphoenolpyruvate carboxykinase in rat kidney cortex. II.
The kinetics of enzyme induction. J Clin Invest 51: 2284 –
2291, 1972
44. Longshaw ID, Pogson CI: The effect of steroids and ammonium chloride acidosis on phosphoenolpyruvate carboxykinase in rat kidney cortex. I. Differentiation of the
inductive process and characterization of enzyme activities. J Clin Invest 51: 2277–2283, 1972
45. Henning HV, Stumpf B, Ohly B, Seubert W: On the mechanism of gluconeogenesis and its regulation. 3. The glucogenic capacity and the activities of pyruvate carboxylase
and PEP-carboxylase of rat kidney and rat liver after cortisol treatment and starvation. Biochem Z 344: 274 –288,
1966
46. el-Maghrabi MR, Lange AJ, Kummel L, Pilkis SJ: The rat
fructose-1,6-bisphosphatase gene. Structure and regulation
of expression. J Biol Chem 266: 2115–2120, 1991
47. Mizunuma H, Tashima Y: Survey of fructose 1,6-bisphosphatase isoenzyme in rat organs and ontogenic expression
of the enzyme in rat fetus. Int J Biochem 22: 883– 887, 1990
48. Nakae J, Kitamura T, Silver DL, Accili D: The forkhead
transcription factor Foxo1 (Fkhr) confers insulin sensitivity
onto glucose-6-phosphatase expression. J Clin Invest 108:
1359 –1367, 2001
49. Fujimoto Y, Donahue EP, Shiota M: Defect in glucokinase
translocation in Zucker diabetic fatty rats. Am J Physiol 287:
E414 –E423, 2004

