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Summary 

Akt kinase regulates numerous cell functions including glucose 

metabolism, cell growth, survival, protein synthesis, and control 

of local hemodynamics. mTOR is one of down-stream effectors of 

Akt involved in the initiation of protein translation. However, 

renal Akt signaling in Type 1 diabetes (DM) in vivo, in particular 

under the conditions reflecting differences in metabolic control, 

has received less attention. Renal cortical activity and expression 

of Akt and mTOR (kinase assay, western blotting) were 

determined in streptozotocin-diabetic rats (D) with different 

levels of glycemic control (blood glucose 22.0±1.0, 13.4±1.5, 

8.1±0.4 mmol/l, p<0.05 between the groups), achieved by 

varying insulin treatment (0, 4 and 12 IU/day), and in control 

rats with (C4) or without (C) chronic insulin administration. Renal 

Akt activity was reduced in D rats without insulin treatment and 

severe hyperglycemia (D-0, -62 %, p<0.01 vs. C), partially 

restored in moderately hyperglycemic rats (D-4, -30 %, p<0.05 

vs. C), and normalized in D rats with intensive insulin and tight 

metabolic control (D-12). Expression of active mTOR paralleled 

Akt activity in D-0 (-51 %, p<0.01 vs. C), but not in D-4 and D-

12 that demonstrated increases in active mTOR (+55 %, +80 % 

resp., p<0.05) as compared to C. Moreover, insulin activated 

renal Akt (+82 %, p<0.01), but not mTOR in C4. In conclusion, 

glycemic control and intensity of insulin treatment are important 

modulators of renal Akt and mTOR activity in diabetes. While Akt 

activity is reversible by tight metabolic control, combination of 

hyperglycemia and insulin treatment resulted in enhancement of 

mTOR activity. In addition to Akt, other signaling pathways likely 

contribute to regulation of renal mTOR activity in diabetes. 
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Introduction 
 

Akt/protein kinase B (Akt) has been implicated 
in regulation of a number of cell functions including 
glucose uptake, glycogen synthesis, cell growth, survival, 
apoptosis, protein synthesis, and endothelial nitric oxide 
production (Shiojima and Walsh 2002). Akt can be 
activated by a wide variety of growth stimuli, such as 
growth factors and cytokines, and represents an important 
intermediate in insulin signaling (Downward 1998). Akt 
activation typically occurs via tyrosine kinase receptors 
such as receptors for insulin or growth factors in an 
phosphatidylinositol 3 - kinase (PI3K)-dependent manner 
(Downward 1998). Mammalian target of rapamycin 
(mTOR) is one of the down-stream targets of Akt 
involved in regulation of protein synthesis. Upon insulin 
and growth factor stimulation, mTOR is phosphorylated 
(activated) by Akt (Scott et al. 1998) and facilitates 
protein translation through inhibitory phosphorylation 
eIF-4E binding protein (4E-BP1) (Bhandari et al. 2001), 
a translation repressor. These events result in activation 
of the translation of specific mRNA subpopulations. 

Renal hypertrophy, extracellular matrix (ECM) 
accumulation, altered apoptosis as well as changes in 
regional hemodynamics have been implicated in the 
pathophysiology of nephropathy in Type 1 diabetes 
(DM1) (Cooper 1998). Considering multiple functions of 
Akt and mTOR, it is possible that alterations in activities 
of these molecules may play a role in pathophysiology of 
diabetic nephropathy. Enhanced protein synthesis may 
contribute to the development of renal hypertrophy via 
enhanced extracellular matrix accumulation, one of the 
key elements in the pathophysiology of diabetic 
nephropathy.  

In DM1, the kidney is exposed to fluctuating 
levels of blood glucose and exogenous insulin, 
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administered as the major treatment of the disease. 
Although it has been well established that both glucose 
and insulin, can modulate Akt activity in various cell 
types and tissues (Dobrzynski et al. 2002, el-Remessy et 
al. 2005, Kondo and Kahn 2004, Laviola et al. 2001, Lee 
et al. 2007, Mariappan et al. 2007, Sheu et al. 2004), 
renal Akt signaling in DM1 in vivo, in particular in 
clinically relevant conditions reflecting differences in 
metabolic control and insulin treatment, has received less 
attention. To address this issue, we determined Akt and 
mTOR activity and expression in renal cortex of STZ-
diabetic rats at early stages of nephropathy with different 
levels of glycemic control achieved by varying insulin 
treatment. In addition, we also studied effects of chronic 
insulin administration on Akt and mTOR in non-diabetic 
rats. 
 
Methods 
 
Diabetic rat model 

 Studies were conducted in adult male 
Wistar rats (Anlab, Prague, Czech Republic) with initial 
body weight of about 270 g. The rats were made diabetic 
by intraperitoneal injection of streptozotocin (Sigma, 
St. Louis, MO), 65 mg/kg body weight. Three days later, 
induction of diabetes was confirmed by measurements of 
tail blood glucose (BG) level using a reflectance meter 
(One Touch II, Lifescan, Milpetas, CA). All experiments 
were carried out with the approval of, and in accordance 
with the regulations of, the Institutional Animal Care and 
Use Committee of the Institute for Clinical and 
Experimental Medicine. The animals were housed with a 
light-dark cycle of 12 hours each, and with free access to 
food (standard chow) and water. 

 
Study design 

Diabetic rats were then randomized to receive no 
insulin treatment (severely diabetic rats, DM-0, n=6), 
4 IU of insulin/day (Insulatard, Novo Nordisk, 
Copenhagen, Denmark) to achieve moderate 
hyperglycemia (DM-4, n=6), or 12 IU of insulin/day 
(diabetic rats on intensive insulin treatment, DM-12, 
n=6), to achieve tight metabolic control. Age-matched 
non-diabetic rats served as controls (C, n=8). In addition, 
non-diabetic rats treated with 4 IU of insulin/day (C4, 
n=5) were also studied. After 4 weeks of diabetes, the rats 
were sacrificed, and the blood was collected for 
determinations of blood glucose and plasma insulin 
levels. The kidneys were quickly removed on ice, divided 

into cortical and medullary portions, homogenized in 
lysis buffer as previously described (Komers et al. 2007). 
Aliquotes were frozen in liquid nitrogen and stored in  
–70 oC. Total protein concentration in each sample was 
determined by BCA analysis (Pierce Biotechnology, Inc. 
Rockford, IL). 

 
Akt kinase assay  

The homogenates were analyzed using Akt 
kinase activity assay kit (Cell Signaling, MA) according 
to the manufacturer’s instructions. In brief, renal cortical 
homogenates (300 µg) were immunoprecipitated with 
immobilized anti-phospho-Akt antibody and incubated 
with the Akt substrate GSK-3 in the presence of ATP. 
Protein expression of phosphorylated GSK-3, as a 
measure of Akt activity, was then determined by western 
blotting using the anti-phospho-GSK-3 antibody.  

 
Immunoblot analysis  

Equal amounts of protein of each sample were 
analyzed by western blotting and visualized as previously 
described (Komers et al. 2007) using primary antibodies 
raised against phospho-Serine-473-Akt (P-Ser473-Akt, 
1:500, Cell Signaling, Beverly, MA) or phospho-Serine-
2448-mTOR (P-Ser2448-mTOR, 1:500, Cell Signaling). 
Following the detections of phosphoproteins, total Akt 
and total mTOR proteins were detected on stripped 
membranes. To determine equality of loading, 
membranes were restripped and reprobed for actin (Santa 
Cruz, Santa Cruz, CA).  

 
Analytical methods  

Serum insulin concentrations were measured 
using a rat insulin RIA kit (Amersham Biosciences, 
Piscataway, NJ).  

 
Statistical analysis  
 Data are expressed as mean ± SEM. All analyses 
were performed by analysis of variance (ANOVA) 
followed by the Scheffé test. P<0.05 value was 
considered as statistically significant.  
 
Results 
 

Physical and metabolic parameters in control 
and diabetic rats reflected approximately differences in 
metabolic control (Table 1). DM-0 and DM-4 
demonstrated reduced weight gain, as compared to 
control animals and diabetic rats with insulin treatment. 
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Body weights in DM-4 rats were greater than in DM-0 
rats, but lower than in DM-12 rats. All groups of diabetic 
rats demonstrated renal hypertrophy assessed both by 
kidney weight and kidney to body weight ratios. Renal 
hypertrophy was most prominent in DM-0 rats that 
demonstrated higher kidney/body weight ratios as 
compared to diabetic rats with insulin treatments. All 
groups of diabetic rats had higher BG as compared to 
control animals, and there were also significant 
differences in BG between the groups of diabetic rats, 
consistent with the intensity of insulin treatment. DM-0 
rats had markedly lower plasma insulin levels than other 
groups of rats. In DM-4 rats, plasma insulin was not 
different from controls, whereas the DM-12 rats 
demonstrated significant hyperinsulinemia. Control rats 
receiving 4 IU of insulin displayed no statistically 
significant differences in physical and metabolic  
parameters when compared to control animals. Plasma 
insulin levels in C4 group were higher than in untreated 
control animals, although this difference did not reach 
statistical significance.  

There were marked decreases in P-Ser473-Akt 
expression in DM-0 rats, lacking insulin treatment 
(Fig.1A). Treatment with suboptimal insulin dose in  
DM-4 rats resulted in partial restoration of Akt 
phosphorylation, whereas DM-12 rats demonstrated 
similar expression of P-Ser473-Akt as controls (Fig. 1A). 
Both treatments with suboptimal (DM-4) and intensive 
insulin (DM-12) regimen were associated with increases 
in Akt phosphorylation compared to DM-0 group. 
However, there was no statistical difference in P-Ser473-
Akt expression between the DM-4 and DM-12 rats 
despite substantial differences in insulin dose. Expression 
of total Akt protein, consisting of both active and inactive 
kinase, did not differ between groups (Fig. 1A). Similar 
to analysis of P-Ser473-Akt expression, in vitro kinase 

assay revealed significant reduction in Akt kinase activity 
in DM-0 as compared to both control (Fig. 1B) and D-12 
rats, partial restoration of Akt activity in DM-4 and 
similar Akt activity in DM-12 rats as in controls.   

In DM-0 rats, mTOR phosphorylation was 
reduced as compared to control animals (Fig. 2). In 
contrast to DM-0, P-Ser2448-mTOR expression in DM-4 
and DM-12 rats was higher than in control animals 
(p<0.05). Total mTOR expression in diabetic rats was not 
different from that in controls (Fig. 2).  

Administration of insulin to normal rats was 
associated with increased expression of P-Ser473-Akt 
(Fig. 3A). Expression of total Akt protein did not change. 
In contrast to Akt, expression of P-Ser2448-mTOR, as 
well as total mTOR protein, were similar in control and 
C4 rats (Fig. 3B).   
 
Discussion 
 

In the present studies renal Akt and mTOR 
activity and expression were measured in diabetic rats 
with different levels of metabolic control achieved by 
complete lack or different doses of exogenous insulin.  
Diabetic rats with severe hyperglycemia, no insulin 
treatment, and markedly reduced plasma insulin levels, 
demonstrated marked reductions in renal cortical Akt 
kinase activity. Akt activity was partially restored in 
moderately hyperglycemic diabetic rats treated with 
suboptimal dose of insulin, and completely normalized in 
diabetic rats with intensive insulin treatment and the best 
glycemic control. In addition, non-diabetic rats treated 
with insulin that achieved similar plasma insulin levels as 
moderately hyperglycemic diabetic rats, displayed 
marked increases in Akt phosphorylation as compared to 
control animals without insulin treatment.  

The two major components of diabetic metabolic 

Table 1. Metabolic and hormonal characteristics in and control and diabetic rats 
 

 n BW 
(g) 

RKW 
(mg) 

RKW/100 g BW 
 

Plasma insulin    
(nmol/l) 

Blood glucose
(mmol/l) 

Control 6 335±10 1082±22 0.33±0.01 1.03±0.14 5.4±0.1 
DM-0 6 270±11 b 1338±50 b 0.50±0.01 b 0.15±0.03 b 22.0±1.0 b 
DM-4 6 309±6 ad 1158±20 c 0.38±0.01 bd 1.42±0.12 d 13.4±1.5 bd 
DM-12 6 343±5 de 1268±36 be 0.37±0.01 bd 1.82±0.21 ad 8.1±0.4bde 
C4 5 345±3 1056±32 0.33± 0.01 1.41±0.14 5.0±0.8 

 
BW, body weight; RKW, right kidney weight. a p<0.05, b p<0.01 vs. Control; c p<0.05, d p<0.01 vs. DM-0; e p<0.05 vs. DM-4. 
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milieu that have been modulated in this study, i.e. glucose 
and insulin, have been previously shown to strongly 
influence Akt activities in various cell types and tissues 
(Dobrzynski et al. 2002, el-Remessy et al. 2005, Kondo 
and Kahn 2004, Laviola et al. 2001, Lee et al. 2007, 
Mariappan et al. 2007, Sheu et al. 2004). Our present 

observations also indicate that metabolic control is an 
important factor in the control of renal cortical Akt 
activity in diabetes. Akt activity in diabetic rats reflected 
variations in BG levels and intensity of insulin treatment. 
Corresponding to our observations in DM-0 rats, 
diabetes/hyperglycemia-induced reductions in Akt 
activity have been reported in murine retinal endothelial 
cells (Kondo et al. 2004), and in rat myocardium 
(Dobrzynski et al. 2002, Laviola et al. 2001). 
Considering established pathways of Akt activation, one 
of plausible explanations for reduced Akt activity in  
DM-0 is absolute lack of insulin. Indeed, Akt activity 
determined both as expression of P-Ser473-Akt and by 
kinase assay paralleled plasma insulin levels in diabetic 
rats.  

Furthermore, hyperglycemia could also 
contribute. High glucose has been shown to be associated 
with reduced ability of Akt to be activated by known 
agonists in the skeletal muscle and endothelial cells  
(el-Remessy et al. 2005, Kondo and Kahn 2004, Krook et 
al. 1997). Indeed, similar phenomenon was observed in 
the present study. The same dose of insulin that only 
partially restored Akt activity in DM-4 rats, resulted in a 
significant increase in Akt phosphorylation in  
non-diabetic, normoglycemic animals. The ability of 
insulin to markedly enhance Akt phosphorylation in 
normal rats, as opposed to mere restoration of P-Akt 
expression in diabetic rats with insulin treatment that 
demonstrated similar, or in the case of DM-12 rats, even 
higher plasma insulin levels, suggests some degree of 
resistance to insulin actions in the diabetic kidney.  

Interestingly, studies focusing on alterations of 
renal Akt signaling in the diabetic kidney and in renal 
cells in vitro exposed to high glucose have so far 
provided conflicting evidence. Our observations are in 
accordance with the report by Lin et al. (2006) showing 
markedly lower phospho-Akt expression in mesangial 
cells exposed to high glucose in conjunction with 
enhanced apoptosis. In contrast, growth hormone-induced 
Akt activation in STZ-diabetic rats was enhanced as 
compared to control animals (Thirone et al. 2002). Other 
studies have reported rapid glucose-induced Akt 
phosphorylation in murine and rat mesangial cells (Sheu 
et al. 2004), proximal tubular cells (Mariappan et al. 
2007), glomerular epithelial cells, and enhanced renal Akt 
activity in STZ-diabetes in vivo (Lee et al. 2007).  

We can only speculate about the explanation for 
disparate findings in the present studies and the above 
discussed evidence. Time factor may be important. For 

 
Fig. 1. Renal cortical protein expression and activity of Akt
kinase in control and diabetic rats. A. P-Ser473-Akt (active) and
total Akt in renal cortical homogenates harvested from control 
animals, diabetic rats without insulin treatment (DM-0), and 
diabetic rats treated with 4 IU (DM-4) and 12 IU (DM-12) of 
insulin as described in Methods. The data are presented as
Akt/actin ratios. Representative blots are shown in the upper
inset. B. Renal cortical Akt activity in control and diabetic rats
determined by in vitro kinase assay using GSK-3 as a substrate. A
representative blot of phospho-GSK-3 is shown in the upper
panel. * p<0.05 vs. control; † p<0.01 vs. control; ‡ p<0.05 vs. 
DM-0; ¶ p<0.01 vs. DM-0; π p<0.05 vs. DM-4. 
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example, high glucose-induced Akt phosphorylation in 
proximal tubular cells (Mariappan et al. 2007) was 
detectable up to 15 min, but returned to baseline after 
30 min of exposure to high glucose. In vivo, renal cortical 
Akt activation was detected in diabetic rats early  
(3-4 days) after induction of diabetes (Lee et al. 2007). In 
the present studies, the kidneys were analyzed 4 weeks 
after the induction of diabetes. These differences in study 
designs indicate that present findings are not necessarily 
in disagreement with the above discussed renal evidence. 
High-glucose activation of Akt may be a phenomenon 
characteristic for acute phase of hyperglycemia/diabetes.  

Out of large number of down-stream targets of 
Akt, mTOR was chosen for its role in initiation of protein 
translation (Kasinath et al. 2006, Scott et al. 1998) and 
possible involvement in enhanced renal production of 

ECM proteins (Senthil et al. 2003). In DM-0 rats, 
phosphorylation status of mTOR paralleled observed 
changes in indices characterizing Akt activity. However, 
diabetic rats with suboptimal and intensive insulin 
treatment demonstrated increases in mTOR 
phosphorylation as compared to control animals, and an 
opposite trend compared with DM-0. Moreover, in 
contrast to insulin-treated diabetic animals, there were no 
increases in mTOR phosphorylation in non-diabetic rats 
receiving insulin, at a dose sufficient to markedly activate 
Akt. These findings combined suggest that both 
hyperglycemia and insulin are required for renal mTOR 
activation in diabetes. In vitro, both high glucose and 
insulin have been recently shown to activate mTOR in 
murine proximal tubular cells, although the additive 
effect of glucose and insulin has not been reported 
(Mariappan et al. 2007).  

Kidney/body weight ratios were markedly 
elevated in all groups of diabetic rats, although renal 
hypertrophy was attenuated by insulin treatment. This 
phenomenon indicates that signaling pathways leading to 
renal hypertrophy in severely diabetic rats lacking insulin 
treatment and in diabetic rats with moderate or mild 
hyperglycemia and insulin treatment may differ. 

 
Fig. 2. Renal cortical protein expression of mTOR in control and
diabetic rats. P-Ser2448-mTOR (active) and total mTOR in renal
cortical homogenates harvested from control animals, diabetic
rats without insulin treatment (DM-0), and diabetic rats treated
with 4 IU (DM-4) and 12 IU (DM-12) of insulin as described in 
Methods. The data are presented as mTOR/actin ratios.
Representative blots are shown in the upper inset. * p<0.05 vs. 
control; † p<0.01 vs. control; ¶ p<0.01 vs. DM-0. 
 
 

 
Fig. 3. Effects of insulin on Akt and mTOR in normal rats. 
Expression of P-Ser473-Akt (active) and total Akt (Panel A), and 
P-Ser2448-mTOR (active) and total mTOR (Panel B) in renal 
cortical homogenates harvested from control animals, and non-
diabetic animals treated with 4 IU of insulin was determined by 
western blotting. The data are presented as Akt/actin and 
mTOR/actin ratios. Representative blots are shown in the upper 
inset. † p<0.001 vs. control. 
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Furthermore, mTOR phosphorylation did not parallel 
observed pattern of Akt activity in diabetic rats 
suggesting that in addition to Akt, some other signaling 
pathways contribute to activation of this molecule in 
diabetes. Indeed, Akt-independent pathways leading to 
mTOR phosphorylation have been recently suggested. 
S6 kinase 1 (S6K1) has been identified as direct mTOR 
kinase (Holz and Blenis 2005) acting down-stream from 
protein kinase C. Moreover, high-glucose-induced 
suppression of AMP-activated protein kinase, a natural 
inhibitor of mTOR activation, appears to be also 
operative in glomerular epithelial cells (Lee et al. 2007).  

At this stage, it is impossible to determine the 
significance of alterations in renal Akt signaling for the 
development of kidney disease in Type 1 diabetes. 
Theoretically, Akt may be involved not only in protective 
signaling in the kidney (Shiojima and Walsh 2002), but it 
can also mediate deleterious effects such as renal 
hypertrophy. In contrast, mTOR activation seems to play, 
in accordance with its assumed role in enhanced 
production of ECM in the diabetic kidney, a role in the 
pathophysiology of diabetic nephropathy. Indeed, recent 
experimental study has demonstrated nephroprotective 
action of long-term mTOR inhibition with rapamycin 
(Lloberas et al. 2006). 

In summary, diabetic rats with severe 
hyperglycemia, lack of insulin treatment and low plasma 
insulin levels, demonstrated reduced renal cortical Akt 
activity. This phenomenon was reversible by a tight 
metabolic control. Expression of active mTOR, one of 
down-stream effectors of Akt, was also reduced in 
severely diabetic animals. However, combination of 
hyperglycemia and insulin treatment resulted in increased 
mTOR phosphorylation. Chronic administration of 
insulin in normal rats lead to Akt, but not mTOR 
activation. These observations show that glycemic control 
and intensity of insulin treatment are important 
modulators of renal Akt and mTOR activity in diabetes 
and suggest that, in addition to Akt, other signaling 
pathways contribute to renal mTOR activity in diabetes. 
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