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Abstract
Aims/hypothesis In previous studies we have shown a
significant involvement of the growth hormone (GH)–IGF
axis in animal models of type 1 diabetes mellitus, but the
role of this endocrine system in type 2 diabetes mellitus is
less well characterised. We therefore examined the endo-
crine and renal GH–IGF axis changes in db/db mice, a
model of type 2 diabetes mellitus and nephropathy.
Materials and methods Obese and lean animals were
followed, beginning at hyperglycaemia onset, for 4 weeks.
Albuminuria and creatinine clearance, as well as kidney and
glomerular morphology were assessed. Tissue protein
levels were determined by western blotting and mRNA
levels by RT-PCR.

Results Serum GH and IGF1 levels immediately prior to
killing were decreased and liver mRNA levels of insulin-
like growth factor binding protein 1 (Igfbp1) were increased
in obese animals. Kidney weight was increased in obese
animals, associated with hyperfiltration, albuminuria and
glomerular hypertrophy. Administration of a somatostatin
analogue (PTR-313) did not improve any of these param-
eters of diabetic renal involvement. Renal Igf1 mRNA was
decreased and renal Igfbp1 mRNA and protein were
significantly increased in obese animals. Renal insulin-
driven levels of phosphorylated forkhead box O1 (FOXO1)
were decreased in obese animals.
Conclusions/interpretation Diabetic db/db mice show signif-
icant renal changes (and IGFBP1 renal accumulation), similar
to the findings in models of type 1 diabetes mellitus. A de-
creased signalling through the insulin receptor and decreased
FOXO1 phosphorylation may allow Igfbp1 gene transcription.
These renal changes are associated with low circulating IGF1
and GH levels and unchanged hepatic growth hormone
receptor expression, unlike the condition in type 1 diabetes
mellitus. This suggests that further GH inhibition to modulate
renal complications in type 2 diabetes mellitus is not indicated.
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Abbreviations
AG mean glomerular cross-sectional area
DN diabetic nephropathy
FOXO1 forkhead box O1
GH growth hormone
GHR growth hormone receptor
IGFBP1 insulin-like growth factor binding protein 1
VG mean glomerular tuft volume
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Introduction

Diabetic nephropathy (DN) is a common renal complication
of both type 1 and 2 diabetes and the most common single
cause of end-stage renal disease in the Western world. In
addition, type 2 diabetic patients fare poorly on dialysis and
have an excess mortality. While the pathogenesis of DN in
type 1 diabetic patients has been better characterised, its
pathogenesis in type 2 diabetic patients is less well
understood [1]. Type 2 diabetes is characterised by insulin
resistance and accumulation of fat in parenchymal organs.
Many of the pathogenic theories on causes of DN in type 2
diabetes relate to chronic hyperglycaemia and its associated
toxic effects on target organs [2]. In addition, insulin
resistance is an early and pivotal change [3]. Changes in the
other endocrine regulatory pathways related to glucose
homeostasis, such as glucagon, cortisol, epinephrine and
growth hormone (GH), are less well defined.

Nephropathy in type 1 diabetic patients has been better
characterised over the past 10–15 years [4], including the
role played by different growth factors, such as GH and
IGF1. We have previously described an increase, similar to
that in human disease, in circulating GH levels in the
nonobese diabetic mouse model of type 1 diabetes mel-
litus. This was associated with decreased liver growth
hormone receptor (Ghr, previously known as Ghr/bp)
mRNA and decreased GH binding to liver membranes [5],
suggesting a state of GH resistance. In addition, we have
shown that renal cortical Ghr (i.e. Ghr/bp) mRNA levels
and GHR (i.e GHR/BP) immunoreactivity are elevated in
streptozotocin-induced type 1 diabetic rats at a late stage
(1 month after manifestation diabetes) [6], in spite of an
apparent opposite endocrine effect (decrease in liver
GHR). In another study we showed that renal hypertrophy
is accompanied by an increase in extractable IGF1 protein
levels in the non-obese diabetic mouse up to 1 month after
the onset of diabetes mellitus [7], suggesting a role for
IGF1 in the development of DN. This increase in renal
IGF1 protein was accompanied by an actual decrease in
kidney Igf1 mRNA levels. Renal insulin-like growth factor
binding protein 1 (IGFBP1) levels were elevated [8],
hinting at a local trapping of circulating IGF1 by IGFBP1.
Subsequently, we have shown that a GHR antagonist had
salutary effects on DN markers, in association with a
concomitant inhibition of renal IGF1 protein accumula-
tion, but without affecting either somatic growth or
circulating GH and IGF1 levels [9]. In contrast, adminis-
tration of GH to streptozotocin-induced diabetic rats
exacerbated DN in association with a marked increase in
renal IGFBP1 message [10], adding another aspect to the
pathogenic role of GH in DN. Thus, inhibition of GH
action may have therapeutic implications for type 1
diabetic patients with DN.

The purpose of this study was to examine the endocrine
GH-IGF changes in type 2 diabetes mellitus, as well as the
early kidney changes in this disease, using a representative
animal model, the db/db mouse.

Materials and methods

Animal experimentation We purchased 4-week-old female
db/db mice from Harlan Laboratories (Bicester, UK).
Animal breeding complied with the National Institutes for
Health Guide for the Care and Use of Laboratory Animals.
The local institutional review committee approved the study
protocol. Mice were still normoglycaemic at that age and
became diabetic at age 6 weeks, when the experiment was
started. Animals were housed in standard laboratory cages
and had free access to normal mouse chow and unlimited
tap water. The onset of diabetes mellitus was determined by
the appearance and persistence of glycosuria, checked twice
a week with chemstrips (Ketostix; Bayer, Newbury, UK).
When the urine glucose test was positive, tail capillary
glucose blood samples were examined with a glucometer
(Elite; Bayer Diagnostics, Puteaux, France). Diabetes
mellitus was diagnosed when blood glucose levels were
above the normal values for these mice (above 9.9 mmol/l)
on two consecutive days. The second day of persistent
hyperglycaemia was counted as day 1 of diabetes mellitus.
Lean heterozygous and nondiabetic db/N mice were used as
controls. All animals were killed 4 weeks after the onset of
diabetes mellitus, as previously described [11]. Body
weight was measured twice weekly. Water intake was
recorded every other day. Urine was collected for 24 h,
using metabolic cages, on the day prior to killing. A
standardised method of GH stimulation and secretion was
applied [12], in which mice were anaesthetised with
intraperitoneal pentobarbital (50 mg/kg) and blood was
drawn from the retrobulbar plexus at least 5 min after
injection. The serum was separated and frozen at −20°C for
later measurements of glucose, IGF1 and GH. Immediately
after killing, the right kidney and the liver were carefully
removed and immediately frozen in liquid nitrogen and
then stored at −70°C. A coronal 2-mm slice from the
midportion of the left kidney was separated and fixed in a
4% paraformaldehyde solution for histomorphological
assessment.

A subset of experiments was performed using a somato-
statin analogue (PTR-313: Peptor, Rehovot, Israel) previ-
ously described by us as having protective effects on the
kidney in a model of type 1 diabetes mellitus [11]. The agent
was provided daily over 4 weeks by s.c. injections (1 mg
kg−1 day−1) to diabetic animals, with control animals
receiving the equivalent amount of saline. Animals were
killed as previously described.
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Immunoassays for serum GH Serum GH was measured by
RIA, as previously described [13], using a specific
polyclonal antibody. The sensitivity of the method was
0.04 ng murine GH per tube; the CVs for tested sera at 13.9
and 201.1 μg/l were 13.6 and 5.9%, respectively. All sera
were run in the same assay.

Immunoassays for serum IGF1 Serum IGF1 was measured
as previously described [13], by the functional separation
method, in which excess IGF2 blocks the interference of
IGF binding proteins. The test sensitivity was 0.02 ng IGF1
per tube; the intra-assay CVs for sera with IGF1 levels
ranging between 80, 212 and 412 ng/ml were 8.9, 2.9 and
9.6%, respectively. All sera were run in the same assay.

Urine albumin excretion The urine samples, which were
collected prior to killing, were stored at −20°C until
assayed. A modified ELISA determined the urinary
albumin concentration in the urine samples as previously
described [13]. Intra- and inter-assay CVs were less than 5
and 10%, respectively. In the present study, all urine
samples were run in one assay, in duplicates.

Immunohistochemistry For immunohistochemistry studies,
paraffin sections (4 μm) were deparaffinised in xylene,
hydrated in gradual ethanol concentrations and reacted for
1 h at room temperature with a monoclonal antimouse IGF1
antibody (Upstate, Charlottesville, VA). This was followed
by incubation with an appropriate biotinylated second
antibody for 30 min and with biotin avidin-peroxidase
complex for 30 min (Vectastain ABC kit; Vector, Burlin-
game, CA). The reaction was developed with 3,3-diamino-
benzidine as a substrate. The intensity of the staining was
evaluated under light microscopy in a semiquantitative way
(+1 to +3) for the different glomerular areas.

Estimation of glomerular volume The mean glomerular tuft
volume (VG) was determined from the mean glomerular
cross-sectional area (AG) by light microscopy, as previously
described [14]. AG was determined as the average area of a
total of 80 to 100 glomeruli (tuft omitting the proximal
tubular tissue within the Bowman capsule); VG was
calculated as: (VG = β/κ × [AG]

3/2), where β=1.38 is the
shape coefficient for spheres (the idealised shape of
glomeruli) and κ=1.1 is a size distribution coefficient.

mRNA studies Total RNA was prepared from frozen tissues
by the standard methods. Evaluation of renal and liver Igf1
and Igfbp1 mRNAs was performed using the RT–PCR
method, as previously described [10].

Igf1, Igfbp1 and β actin cDNA were amplified by PCR
using specific primers. Igf1 sense: GGACCAGAGACCC
TTTGCGGGG; Igf1 antisense: GGCTGCTTTTGTAGGC

TTCAGTGG; Igfbp1 sense: TCCTCTGTCATCTCTGGG
CTCTCA; Igfbp1 antisense: CGCCACGAGCACCTT
GTTCA; β actin sense: GACGAGGCCCAGAGCAAGAG;
β actin antisense: GGGCCGGACTCATCGTACTC. Every
experiment was amplified with at least two different numbers
of cycles to ensure that amplification was at the exponential
phase of PCR. We found that 25–30 cycles for Igf1 and
Igfbp1 and 20–25 cycles for β actin were in this range.
Under these conditions we also found a linear dose response
of the PCR product to increasing doses of cDNA. PCR
products were quantified densitometrically using Fluorchem
software (Alpha-Innotech, San Leandro, CA). To correct for
differences in loading, we corrected densitometric values of
Igf1 and Igfbp1 cDNAs with corresponding values of β-actin
cDNA and calculated the Igf1:β-actin and Igfbp1:β-actin
ratios.

Western immunoblot analysis Western immunoblot analysis
was performed from kidney and liver samples as previously
described [10]. For the detection of kidney phosphorylated
forkhead box O1 (FOXO1) (Ser256) and liver GHR, 200-
μg portions of sample protein were loaded in each gel lane,
subjected to 10% SDS polyacrylamide gel and electro-
blotted into nitrocellulose membranes. Blots were blocked
for 1 h in TBS buffer containing 5% non-fat dehydrated
milk, followed by overnight incubation with polyclonal
antibody against IGFBP1 (Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit polyclonal antibody against phospho-
FOXO1 (Ser256) (Cell Signaling Technology, Beverly,
MA) and polyclonal antibody against GHR (Santa Cruz)
diluted in TBS containing 5% dried milk or diluted in TBS
containing 5% BSA (phospho-FOXO1). Protein expression
was quantitated densitometrically using Fluorchem soft-
ware (Alpha-Innotech).

Other assays During animal breeding blood glucose levels
were determined with a glucometer (Bayer Diagnostics);
the glucose oxidase method was used when the animals
were killed. Urine creatinine values were assessed simulta-
neously to calculate creatinine clearance as an indicator of
glomerular filtration rate.

Statistical analysis The t test was used for the comparison
of continuous variables. A p value of less than 0.05 was
considered significant. Means are given as ± SEM.

Results

Growth and metabolic parameters Body weight in obese
animals when killed was significantly elevated (48±3 g) in
comparison with the lean controls (23±2 g). Mean serum
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glucose levels in obese animals during the study were
25.3±2.7 vs 6.4±0.55 mmol/l in lean animals. No animals
died in the course of the experiment. Serum GH levels
at the time of killing were decreased in the obese group
(16±2 vs 26±5 μg/l in lean animals; p<0.05) (Fig. 1a).
A similar decrease was seen for circulating IGF1 (237±7 vs
433±28 ng/ml in obese vs lean animals; p<0.05) (Fig. 1b).
Hepatic Ghr mRNA levels were unchanged in obese
animals (90±8% vs that of lean animals). Hepatic GHR
protein content was analysed by western blot and found to
be unchanged (Fig. 2). Hepatic Igfbp1 mRNA was
increased in obese animals (243±15% vs that of lean
animals; p<0.05) (Fig. 3).

Kidney weight and renal functional studies Kidney weights
were increased in the obese group (169±3 vs 134±3 mg in
lean animals; p<0.05) (Fig. 4a). Creatinine clearance was
calculated from 24 h urine collection in all animals, using
metabolic cages prior to sacrifice, and served as a marker of
glomerular filtration rate (Fig. 4b). It was markedly
elevated in the obese animals in comparison with controls
(3.5±0.3 vs 1.7±0.4 μl min−1 g−1 body weight in lean
animals, p<0.05). Albuminuria was also measured from the
24 h urine collections (Fig. 4c). A similar trend to that
described for creatinine clearance was observed for albu-
minuria, i.e. a marked increase in obese animals (0.76±0.01
vs 0.1±0.02 μg 24 h−1 g−1 bodyweight in lean animals, i.e.
760±90% that of lean animals; p<0.05). Glomerular
volume increased significantly in the obese group (4.3±
0.4×105 vs 2.1±0.1×105 μm3 in the lean group, i.e. 205±
20% that of lean animals; p<0.05) (Fig. 4d).

Renal IGF1 and IGFBP1 Kidney Igf1 mRNA levels were
significantly decreased at 4 weeks after the onset of
diabetes in the obese group, compared with the control
groups (70±7% that of lean animals; p<0.05) (Fig. 5).
Renal immunostainable IGF1 showed no clear differences
between the experimental groups. Steady-state renal Igfbp1
mRNA levels were increased in the obese group (142±5%
that of lean animals; p<0.05) (Fig. 6a,b). A similar pattern
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was observed for IGFBP1 protein content, as assessed by
western blot analysis (241±39% that of lean animals)
(Fig. 6c,d). Renal phosphorylated FOXO1 levels were
decreased in diabetic animals (52±9% that of lean animals;
p<0.005) (Fig. 7).

Intervention with the somatostatin analogue (PTR 313)
decreased circulating IGF1 levels in control animals injected
with the agent (337±10 vs 434±28 ng/ml in lean animals,
p<0.05), showing its basic ability to act as somatostatin in
these animals too. However, no significant effect by this agent
(measured by body weight, circulating GH, circulating IGF1,
kidney weight, creatinine clearance and albuminuria) could be
shown when it was provided to the diabetic animals.

Discussion

This study emphasises the major differences between type 1
and type 2 diabetes mellitus regarding both its GH–IGF
endocrine and local–renal changes. An apparently similar
combination of endocrine GH–IGF changes (low circulat-
ing IGF1 and GH levels) was previously described in type
2 diabetic humans [15]. The unchanged hepatic GHR levels
in the model used in our study are also very different from
their marked decrease in type 1 diabetes mellitus [4], again
similar to indirect observations in humans (unchanged
serum GHR levels, a surrogate marker of liver GHR
production) [16]. The exact effects of type 2 diabetes
mellitus on GHR signalling in the model used by us have
not been fully elucidated yet. In vitro studies suggest that
hepatic GH resistance may develop in response to chronic
hyperinsulinaemia [17]. The result of these changes may be
a decrease in circulating IGF1 and IGF1 action, which may
by itself be a mechanism for decreased beta cell survival in
long-term type 2 diabetes mellitus [18, 19]. Free serum
IGF1 levels (which depend on levels of the significant IGF
binding proteins) were not measured in our study. Increased
IGFBP1 levels (mainly its phosphorylated and highly
IGF1-bound fraction) may prevent the mitogenic actions
of IGF1 on blood vessels and are inversely related to
adverse outcomes of type 2 diabetes mellitus, such as
hypertension or macrovascular disease [20]. In our exper-
iment, given the increased levels of both renal and hepatic

a

b

c

d

K
W

 (
m

g)

*

0

1

2

3

4

C
re

at
in

in
e 

cl
ea

ra
nc

e
(µ

l m
in

-1
 g

-1
 B

W
) 

*

0

1

2

3

4

5

G
lo

m
er

ul
ar

 v
ol

um
e

(1
05 

 µm
3 )

0

50

100

150

200
*

U
rin

e 
al

bu
m

in
 e

xc
re

tio
n

(µ
g 

24
h-

1  
g-

1  
B

W
)

0

0.2

0.4

0.6

0.8

1

*

Fig. 4 Mean absolute kidney weight (KW) (a), creatinine clearance (b),
urinary albumin excretion (c) and glomerular volume (d) at 4 weeks in
the control lean (C) and obese diabetic (D) groups. BW bodyweight.
Values are mean±SEM; n=8 in each group. *p<0.05 vs C

Igf1 

K
id

ne
y 

Ig
f1

 : 
β-

ac
tin

 
 m

R
N

A *

0

0.1

0.2

0.3

0.4

0.5

β-Actin 

a

b

Fig. 5 Representative ethidium bromide stain of renal Igf1 mRNA
(a), using RT-PCR. The two pairs of lanes depicted per experimental
group each represent duplicates from two animals. Amplification of
β-actin mRNAwas done, using the same amount of initial total RNA.
b Densitometric analysis of five separate RT-PCR reactions (repre-
senting five different animals per group). The renal Igf1:β-actin ratio
is presented as arbitrary units. *p<0.05 vs C

Diabetologia (2007) 50:1327–1334 1331



IGFBP1 and the decrease in total IGF1, free IGF1 was
expected to be low.

The main endocrine difference between type 1 and type
2 models is the decrease in serum GH in obese db/db mice,
whereas GH levels increase in type 1 diabetes mellitus [5].
There are significant similarities between the metabolic
syndrome and untreated GH deficiency in adults, including
abdominal/visceral obesity and insulin resistance. Abdom-

inal/visceral distribution of adipose tissue is associated with
endocrine disturbances, including increased activity of the
hypothalamic–pituitary–adrenal axis and a blunted secre-
tion of GH and sex steroids [21], partly explaining the low
concentrations of circulating IGF1. GH replacement in men
with abdominal obesity can diminish the negative metabol-
ic consequences of visceral obesity [22], suggesting that
low levels of this hormone are important for the metabolic
aberrations in obese type 2 diabetic patients [23]. In our
study we showed that the addition of a GH antagonist
(somatostatin) did not affect any of the renal parameters
(hypertrophy, hyperfiltration and albuminuria), contrary to
previous reports on beneficiary effects of GH antagonists in
type 1 diabetes mellitus [13], thus supporting the concept
that no further suppression of GH is indicated in type 2
diabetes mellitus.

In spite of these endocrine dissimilarities between
models of type 1 and type 2 diabetes, local renal changes
in type 2 diabetes mellitus are similar to those found in type
1 diabetes mellitus (renal and glomerular hypertrophy,
hyperfiltration, albuminuria) [24]. In both models changes
can be seen after a similar short period of hyperglycaemia.
The local renal IGF changes associated with the type 2
diabetic phenotype (decreased renal Igf1 mRNA and
increased renal IGFBP1 accumulation) are still similar to
those seen in models of type 1 diabetes.

The lack of a difference in immunostaining for renal IGF1
could be due to the low sensitivity of this semi-quantitative
method. We have previously shown that renal IGFBP1 levels
were also elevated in a model of nephropathic type 1 diabetes
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mellitus [7]. In that model, the change in renal (and serum)
IGFBP1 was ascribed to decreased serum insulin, which is
known to be a potential regulator of IGFBP1 gene
expression [25]. However, we have now shown that renal
IGFBP1 is also increased in our model of type 2 diabetes
mellitus, where circulating GH is decreased and hyper-
insulinaemia has been described [26]. This potential
contradiction may be explained by recently discovered
pathways of insulin resistance involving the downregula-
tion of the transcription factor FOXO1 [27], a known
insulin-controlled positive regulator of IGFBP1 transcrip-
tion [28]. Insulin inhibits FOXO1 activity by phosphory-
lating it via v-akt murine thymoma viral oncogene
homologue 1 (AKT1), thus preventing its entrance into
the nucleus. FOXO1 inhibits hepatic gluconeogenesis, in
addition to its involvement in the inhibition of PDX1 in
pancreatic beta cells, potentially contributing to beta cell
dysfunction [29]. In our study we showed a decrease in
levels of phosphorylated FOXO1, thus enabling the
unphosphorylated FOXO1 fraction to enter into the nucleus
and activate target genes including Igfbp1. The correlation
between IGFBP1 expression and the effects of insulin has
also been shown in humans [19]. Therefore, a state of
insulin resistance as seen in type 2 diabetes mellitus would
be expected to increase IGFBP1 expression through the
regulatory effects of FOXO1. Although original studies
implied that IGFBP1 has an independent effect on cells via
its binding to the integrin receptor [30], most studies using
different models have shown that IGFBP1 has mainly
inhibitory effects on IGF1 actions [31, 32]. Thus, IGFBP1
accumulation may actually inhibit the already decreased
Igf1 expression seen in the model we used.

In summary, kidney changes in db/db mice appear in
conjunction with similar local IGF1/IGFBP1 changes as
seen in type 1 diabetes mellitus. However, circulating GH
levels are initially decreased in these obese mice. The
potential role of GH in the exacerbation of renal diseases
and the potential role of GH inhibition in models of DN in
type 1 diabetes have been previously discussed. However,
given the basically low GH levels in these obese diabetic
mice and in human type 2 diabetes mellitus, modulation of
such IGF1/IGFBP1 renal changes by further GH inhibition
does not seem to be indicated. Alternatively, the renal
complications and local GH–IGF axis changes in type 2
diabetes mellitus may be affected to a greater degree by the
local diabetic environment, which may lead to the upregu-
lation of glucose transporters, such as solute carrier family
2 (facilitated glucose transporter), member 1 (previously
known as GLUT1) [33], or the activation of the diacylglyc-
erol–protein kinase C–extracellular signal-regulated kinase
pathway by hyperglycaemia [34]. Possible interventions in
this model could then include an improvement in renal
insulin signalling [35, 36]. This is exemplified by the use of

insulin sensitisers in humans, such as peroxisome prolifer-
ator-activated receptor gamma agonists, which have been
beneficial in the treatment of renal injury in early diabetic
nephropathy [37, 38]. The potential role of restoring GH
levels [39] and the particular independent effects of renal
IGFBP1 accumulation remain to be determined.
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