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Objective(s): The aim of this study was to observe the impact of sirolimus on proteinuria in 

streptozotocin (STZ) induced diabetic rats.  
Materials and Methods: Rats were given a single injection of STZ to induce diabetic rat model. Rats’                
24 hr urine was collected to test, urinary and the kidney tissues were harvested at the 8th and 20th weeks, 
respectively. Podocyte morphological changes were examined by electron microscopy and the ZO-1, 
podocin expressions in kidneys were detected by immunohistochemistry; the protein levels of Raptor 
and pS6 were measured by Western blot assay. 

Results: In the early stage of diabetic nephropathy (DN), sirolimus reduced the proteinuria significantly 
(P<0.05); but in the advanced stage of DN, sirolimus worsened proteinuria (P<0.05). Electron 
microscopy test suggested that sirolimus could reduce the injury of podocyte at the early DN, but 
increased the injury at the late DN podocyte. Immunohistochemistry results indicated that sirolimus 
increased the expressions of podocin and ZO-1 at the early DN (P<0.05), but reduced the expressions of 
ZO-1 and podocin (P<0.05) at the advanced DN. In the different periods of DN, the expression levels of 
Raptor and pS6 in sirolimus-treated groups were significantly lower than in the DN control groups 
(P<0.05).  
Conclusion: Sirolimus can reduce proteinuria and alleviate the early DN podocyte injury in diabetic rat 
model by inhibiting the activity of mTORC1; but in the advanced stage of DN, sirolimus can increase 
podocyte injury and urine protein level. 
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Introduction 
Nephrotoxicity of calcineurin inhibitors (CNI) is 

the leading cause of long-term graft dysfunction after 
renal transplantation. Therefore, alternative drugs are 
being explored. Recently, mammalian target of 
rapamycin (mTOR) receptor inhibitors (such as 
sirolimus and its derivatives everolimus) were widely 
used instead of CNI after transplantation. The mTOR 
therapy exhibited promising results such as improved 
and delayed deterioration of renal function (1).  

The mTOR inhibitor sirolimus (SRL, also known as 
rapamycin) used to be reported as having no "nephro- 
toxicity", but the recent studies have found that SRL may 
increase proteinuria after transplantation (2, 3). Protein- 
uria worsened in patients when they converted CNI to 
sirolimus, especially in the patients who already had 
proteinuria before the conversion (4). Moreover, as 
reported, high concentration of SRL in the dose range 
of therapy may lead to renal lesions such as focal 
segmental glomerulosclerosis, along with massive 
proteinuria (5). However, it is noteworthy that,  
treatment with early conversion (post-operation, 3~6 
months) from CNI to SRL or direct mTOR receptor 
inhibitors treatment after transplantation would 
decline the incidence of proteinuria and urine protein 
levels (1, 6). Therefore, early conversion is recommen- 
ded in the early stages after renal transplantation or 

in patients whose urine protein level is less than 500–
800 mg in 24 hr (7). However, the effects of SRL on 
renal transplantation patients with different 
proteinuria levels remain unclear. Kim et al. found a 
significant interplay between SRL and CNI on the 
expression of the selected podocyte proteins in 
mouse podocytes. This might explain the higher 
incidence of proteinuria by CNI/SRL combination in 
clinical settings (8), and there is also a study that 
suggests mTOR inhibitors affect podocyte integrity  
with respect to podocyte proteins, cytoskeleton, 
inflamma-tion, and apoptosis (9). Besides, our 
previous study demonstrated that SRL treatment 
worsened proteinuria in the BSA-induced rat model, 
mainly through affecting the podocyte (10).  

Podocyte injury is a classic marker of diabetic  
kidney damage, and rats in different stages of diabetic  
nephropathy (DN) exhibit different proteinuria levels 
(11). Susztak et al. claimed that glucose-induced ROS 
production initiates podocyte apoptosis and podocyte 
depletion in vitro and in vivo and suggest that 
podocyte apoptosis/depletion represents a novel early 
pathomechanism(s) leading to DN in murine type 1 and 
type 2 diabetic models (12). Early DN manifests kidney 
swelling, glomerular perfusion, microalbuminuria, and 
podocyte framework is basically normal; however, 
glomerular atrophy, interstitial fibrosis, proteinuria, and  
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podocyte damage were shown at the late stages of DN 
(11, 13), and there is data that provides evidence for                
an association between podocyte loss and albumin 
excretion rate (14). 

Therefore, we constructed the diabetic rat model 
to imitate patients with different levels of proteinuria 
after renal transplantation and tried to explore the 
mechanism of the effects of SRL on DN. 

 
Materials and Methods 
Animal studies 

All animal procedures were carried out in accor -
dance with international guidelines and approved by 
Wenzhou Medical University Animal Policy and 
Welfare Committee. Total of 37 male Sprague-Dawley  
rats at 8 weeks of age (body weight, 200~220 g) were 
obtained from Animal Experiment Center of Wenzhou 
Medical University and allowed to acclimate for 1 
week. All rats were housed in plastic cages at 24~26°C 
and 55% humidity relatively with 12 hr: 12 hr light-
dark cycles and free access to standard laboratory  
rodent chow and water before the experiment. The 
animals’ body weights and food intake were measured 
weekly.  

8 rats served as control. 29 rats were starved for 
16 hr and injected once into the tail vein with STZ (55 
mg/kg, Sigma-Aldrich, America) in sodium citrate 
buffer (1 mg/kg). After 72 hr, blood glucose was 
obtained by tail snipping. Rats with a blood glucose 
level≥16.7 mmol/l thrice were considered diabetic.  
For the experiment, the rats received insulin in the 
form of daily long-acting insulin (2~4 units, Lantus,  
Aventis) injections. The measurements were obtained 
while plasma glucose concentration was maintained 
at approximately 16~30 mmol/l under steady-state 
conditions.   

Normal and diabetic rats were divided into five 
groups. Group I: Normal control group (n=8). Group II: 
Early diabetic nephropathy control group（DN) 
received saline solution for 8 weeks after being diabetic 
(2 ml/kg/day, n=8). Group III: The rats received 
sirolimus (Wyeth, America) for 4 weeks after 4 weeks 
being diabetic (2 ml/kg/day, n=8). Group IV: Advanced 
Diabetic nephropathy control group（DN) received 
saline solution for 20 weeks after being diabetic (2 
ml/kg/day, n=6). Group V: The rats received sirolimus 
for 4 weeks after 16 weeks being diabetic (2 ml/kg/day, 
n=7). Urinary protein excretions were measured by our 
hospital’s laboratory according to the manufacturer’s 
instructions by collecting urine over a 24 hr period using 
metabolic cages at the 8th and 20th weeks (rats were 
fastened, but allowed water ad libitum).  

Rats were anesthetized with chloral hydrate injected 
intraperitoneally (IP). Both kidneys were removed from 
renal capsules in an ice-brine bath. Kidney specimens 
were processed as previously described (15). Briefly, 
small renal tissue sections were obtained from renal 

cortex.  
 

Histological examination 
The kidney samples were fixed in 4% poly formal- 

dehyde, and the tissue sections were stained with 
hematoxylin and eosin stains (HE). We examined the 
slides under light micro-scope (200×). For electron 
microscopy, some of the kidney tissues were fixed in                 
2.5% glutaraldehyde, some were fixed in 4% para- 
formaldehyde for immunohistochemistry. The rest of 
the samples were stored in liquid nitrogen for 
Western blot analysis later. 
 
Immunohistochemistry 

Tissue sections (3 µm) were rehydrated in 3% 
H2O2 at 37°C for 5~10 min and then blocked with 5% 
goat serum/PBS for 30 min. Rabbit polyclonal anti-
ZO-1 (diluted 1:500; Santa Cruz Biotechnology)                
and rabbit anti-podocin polyclonal antibody (diluted 
1:500; Santa Cruz Biotechnology) were applied to 
tissue sections according to the manufacturer’s  
instructions. Each immunohistochemical assay inclu -
ded negative controls replacing the primary antibody  
with diluted primary antibody. After washing three 
times with TBS (5 min each), sections were incubated 
with HRP-conjugated anti-rabbit IgG secondary  
antibody (Amersham, Arlington Heights, IL) for 1 hr at 
37°C. 50 μl of sigma-3,3′-diaminobenzidine substrate 
solution was added to sections and incubated for 10 
min at room temperature (RT), rinsed thrice with PBS 
and counterstained with Mayer's hematoxylin for 6~10 
min, dehydrated, cleared, and mounted in Entellan.  

Linear and granular colored speckles (brown color) 
were defined as positive reactions of ZO-1 and 
podocin, respectively. Sections of each rat were 
quantitated by microscopic examination in randomly 
selected (n=10) high-power lens (x400) with the 
computer program, Image-Pro Plus 3.0 (Media 
Cybernetics, Silver Spring, MD). 

ZO-1 can be expressed in renal tubular epithelium,  
while podocin is normally expressed only in glomeruli.  
Therefore, the positive areas of glomeruli from the 
inner renal cortex (area of interest, AOI) were selected 
for area measurements to analyze mean density (MD, 
MD=IOD sum/Area sum), it stands for the expression 
levels of ZO-1 or podocin protein in the positive part 
of the site).   

 

Western blot assay 
Western blot assays were performed as described 

previously (16). Briefly, renal tissues were homogeniz- 
ed in a lysis buffer and the supernatants were collect- 
ed by centrifugation at 12,000 × g and 4 °C. After 
determining the total protein concentration, twenty  
micrograms of protein per specimen were run on 10% 
SDS-polyacrylamide gel electrophoresis and then 
transferred to nitrocellulose membranes. After block -
ing with non-fat milk for 1 hr at RT, the membranes  
were incubated with different primary antibodies  
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Figure 1. (A) Podocyte foot process fusion was seen in early 
diabetic rats. (B) Sirolimus reduced foot process fusion in early 
diabetic rats. (C) In advanced diabetic rats, foot process fusion 
increased. (D) Sirolimus aggravated the foot process fusion in 
advanced diabetic rats 

 
overnight at 4 °C, washed with tris-buffered saline 
containing 0.05% Tween 20 and incubated with 
secondary horseradish peroxidase-conjugated antibody 
for 1 hr at RT. Antigen-antibody complexes were then 
visualized using an enhanced chemiluminescence kit 
(Amersham, Piscataway, NJ, USA), and the intensity of 
the protein bands was quantified using Quantity One 
software (version 4.6.2, Bio-Rad, USA). The primary 
antibodies against Raptor were purchased from Abcam 
(Cambridge, MA, USA), anti-Phospho-S6 was 
purchased from Cell Signaling Technology (Beverly, 
MA, USA) and β-actin was purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). 

 
Statistical analyses 

All experiments were performed at least thrice.  
Data were presented as means±SEM, and statistical 
comparison among multiple groups was performed 
by two-way analysis of variance (ANOVA) followed                
by Scheffe’s post hoc test. When two independent sets                 
of data were compared, the unpaired t-test was used. 
Differences between groups were considered 
statistically significant at P<0.05. All statistical 
calculations were performed using SPSS (ver. 17.0, 
SPSS Inc, Chicago, IL, USA) 
 

Results  
Sirolimus treatment reduced proteinuria at the 
early diabetic nephropathy but increased it at the 
late diabetic nephropathy  

To analyze effects of sirolimus on diabetic rats, 24 
hr urine protein levels were monitored during the 
early stages of diabetes. The urine protein contents  
from non-diabetic, diabetic, and sirolimus-treated 

diabetic rats were analyzed. The results showed that 
urine protein levels were higher in diabetic and 
sirolimus-treated diabetic rats than in non-diabetic  
rats after 8 weeks of diabetes, and sirolimus treatment 
significantly reduced urine protein levels as compared 
with untreated diabetic rats (Figure 1C).  

To analyze the effects of sirolimus  on the late 
stages of diabetes, urine protein levels were analyzed 
after 20 weeks of diabetes. The results showed that 
sirolimus treatment increased urine protein levels 
after 20 weeks of diabetes in rats (Figure 1F). These 
data indicate that sirolimus has opposite effects on 
urine protein accumulation at the early and late stages  
of diabetes.  

 
Sirolimus reduced podocytes damage at the early 
stages of diabetic nephropathy while enhancing the 
damage at the late stages of diabetic nephropathy  

Podocytes are cells in the Bowman’s capsule in the 
kidneys that wrap around the capillaries of the 
glomerulus, and whose damage is the typical 
symptom of DN. Therefore, podocytes damages are 
observed at the early stage (8 weeks) of DN (Figure 
1A). The results showed that sirolimus treatment 
reduce the podocytes damage and its barrier function 
to protect protein leakage (Figure 1B). At the late 
stage (20 weeks), foot process effacement was more 
obvious in sirolimus treatment group compared to the 
DN group (Figure 1D, E). 

 
Sirolimus effects on podocin in podocytes 

Podocin is located on slit diaphragm of podocytes, 
it can reflect the degree of podocytes damages (17,18).  
To study podocin’s expression patterns in kidney, 
histochemical assay was performed by using non-
diabetic, diabetic, and sirolimus-treated diabetic rat 
renal samples. After 8 weeks of diabetes, podocin  
levels were obviously lower in diabetic and sirolimus-
treated diabetic groups than in the non-diabetic group.  
However, sirolimus treatment significantly increased 
podocin expressions compared to the untreated 
group after 8 weeks (Figure 2A). 

After 20 weeks, sirolimus treatment obviously 
reduced podocin expressions (Figure 2B), suggesting 
that sirolimus reduced podocytes damages at the 
early stage of DN, but it has opposite effects at the late 
stage. 

 
Sirolimus effect on ZO-1 protein in podocytes 

ZO-1 protein represents a tight connection between 
podocyte and junction barrier as well as permeability 
function (19). In non-diabetic rat renal tissues, ZO-1 
protein is along the glomerular capillary loops and 
tubular epithelium membrane with uniform linear 
distribution. At the 8th week of diabetes, ZO-1 protein 
levels were lower in diabetic and sirolimus-treated 
diabetic group than in the non-diabetic group. 
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Figure 2. 24 hr urine protein levels. *P<0.05, sirolimus-treated 
group compared with untreated group in diabetic rats of 8 weeks; 
#P<0.05, sirolimus-treated group compared with untreated group 
in diabetic rats of 20 weeks 
 
 
 

However, sirolimus treatment significantly increased 
ZO-1 expression compared to untreated group (Figure 
3A). 

At the 20th week of diabetes, sirolimus treatment 
obviously reduced ZO-1 levels  (Figure 3B) suggesting 
that sirolimus reduced podocytes damages on barrier 
function at the early stage of DN, but it has opposite 
effects to enhance the damages at the late stage. 
 
Sirolimus effects on mTORC activity at the different 
stages of diabetic nephropathy 

mTORC comprises mTORC1 and mTORC2, and 
Raptor is a specific component of mTORC1. Sirolimus  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (A) Immunohistochemical staining of ZO-1 in 8 week diabetic 
rats’ kidneys. (B) Immunohistochemical staining of ZO-1 in 20 week 
diabetic rats’ kidneys. (C) ZO-1 expression levels of all groups; *P<0.05, 
sirolimus-treated group compared with untreated group in diabetic 
rats of 8 weeks; #P<0.05, sirolimus-treated group compared with 
untreated group in diabetic rats of 20 weeks 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (A) Immunohistochemical staining of podocin in diabetic 
rats’ kidneys of 8 weeks. (B) Immunohistochemical staining of 
podocin in diabetic rats’ kidneys of 20 weeks. (C) Podocin 
expression levels of all the groups; *P<0.05, sirolimus-treated 
group compared with untreated group in diabetic rats of 8 weeks; 
#P<0.05, sirolimus-treated group compared with untreated group 
in diabetic rats of 20 weeks 

 
 
 
has been known to mainly inhibiting mTORC1 activity 
(20, 21). S6 is a downstream molecule of mTOR 
signaling, and it is activated by phosphorylation (22). 
At the early stage of diabetes (8 weeks), sirolimus 
treatment significantly reduced the levels of Raptor 
and Phospho-S6 (pS6) compared to the untreated 
group (Figure 4).  

At the late stage of diabetes (20 weeks), the 
expressions of Raptor and pS6 were analyzed after 
sirolimus medication. The results showed that sirolimus 
treatment obviously reduced Raptor and pS6 levels, 
indicating that sirolimus inhibits mTORC1 activity at 
different stages of diabetes in rats (Figure 5). 
 

 
 

 
 

Figure 5. Western blot analysis of Raptor and pS6 expressions in each 
group; *P<0.05, sirolimus-treated group compared with untreated 
group in diabetic rats of 8 weeks; #P<0.05, sirolimus-treated group 
compared with untreated group in diabetic rats of 20 weeks 
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Discussion 
The injury of glomerulus and loss of glomerular 

function are the main causes of CKD and would finally 
lead to ESRD. The podocytes in glomerulus are most 
susceptible to injury, the damages of which are 
associated with proteinuria and renal failure. Li et al’s 
study indicated that baseline renal function,  
proteinuria, post-liver transplanta- tion, and diabetes  
are important for assessing the protective role of SRL 
in renal dysfunction (23). In our study, proteinuria 
level increased significantly in DN groups compared 
to the control group at 8 weeks; glomerular sclerosis 
and massive proteinuria were observed at 20 weeks. 
We found that sirolimus could reduce proteinuria in 
early DN rats, inhibit podocyte hypertrophy, and 
alleviate podocyte injury, but aggravated proteinuria 
in late DN rats. 

Sirolimus, an mTOR receptor inhibitor, regulates  
cell growth, metabolic balance, proliferation, and 
apoptosis mainly through the PI-3K (PDK1) -Akt-
mTORC1 intracellular kinase pathways. Sirolimus can 
cause proteinuria in humans and animal models (24-
26), but there is also evidence that sirolimus can 
ameliorate renal function (27, 28). The mechanism of 
this phenomenon remains unclear, our results also 
showed this paradox.  

There are two distinct mTOR complexes, rapamycin- 
sensitive mTOR complex1 (mTORC1) which includes 
Raptor, mLST8, and FK-BP12, and the rapamycin-
insensitive mTORC2 which includes Rictor, mLST8, 
and Sin1 (11). There’s report that inhibition of 
mTORC1 could cause proteinuria in renal transplant 
patients (29), use of sirolimus in patients with chronic 
allograft nephropathy could increase the risk for 
proteinuria (30); and there’s evidence that both 
mTORC1 and mTORC2 are needed for podocyte 
development and podocyte maintenance, and mTOR 
function in podocytes is essential for the integrity of 
the filtration barrier (31). 

An important feature of early DN is high perfusion,  
high pressure, and high filtration. Our study found 
that renal structure exhibited hypertrophy of podo- 
cytes, which may result in increased permeability, and 
also found that the expression of podocyte markers  
(ZO-1 and podocin) were reduced, indicating that 
podocytes were damaged. Finally, these changes led to 
microalbuminuria (32). At early DN, the expression of 
mTORC1 Raptor and its downstream effector 
molecular pS6 were significantly increased, indicating 
that the activation of the mTORC1 pathway could lead 
to microalbuminuria. We found sirolimus could 
inhibit the kinase activity of mTORC1, thereby  
significantly reduce urine protein level at early DN, 
which was consistent with the previous report (33). 
Podocyte proliferation did not occur at mature 
glomerular, so there must be volume expansion in 
podocytes to accommodate the high glomerular 
perfusion mainly through the regulation of mTORC1 

activity (16, 34-35). So sirolimus could reduce 
podocyte hypertrophy, permeability, and proteinuria 
through inhibition of mTORC1 activity. 

In the advanced stage of DN, renal lesions  are 
mainly characterized by tubular atrophy, interstitial  
fibrosis, and podocytes loss. Podocytes are terminally 
differentiated epithelial cells lacking the ability to 
proliferate. In recent years, there are reports that 
parietal epithelial cells (PECs) of Bowman's capsule, 
which are also known as podocyte precursor cells, can 
repair this damage (7, 10). PECs’ homeostasis could 
be influenced by regulating the activity of mTOR (36). 
Because sirolimus can regulate metabolic balance 
during various cell proliferation and apoptosis processes, 
we hypothesized that sirolimus aggravating filtration 
barrier damage and proteinuria may be through 
inhibiting the activity of mTORC1 in PECs and 
hampering PECs’ differentiation into podocytes to repair 
damage at the late DN. The mechanism of this 
phenomenon needs to be studied further. 

 

Conclusion  
We found that sirolimus treatment can reduce 

proteinuria at the early stage of DN; however, 
sirolimus increased proteinuria at the advanced stage 
of DN, which is mainly through the regulation of 
mTORC1 activity. The study provides a theoretical  
basis for correctly timed use of sirolimus and reducing 
its damage to the kidneys in renal transplant patients .  
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