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Abstract: Diabetic nephropathy (DN) is the leading cause of end-stage renal failure, and podocyte injury plays a 
major role in the development of DN. In this study, we investigated whether tacrolimus (FK506), an immunosup-
pressor, can attenuate podocyte injury in a type 2 diabetic mellitus (T2DM) rat model with DN. Transmission electron 
microcopy was used to morphologically evaluate renal injury. The urinary albumin (UAL), creatinine clearance rate 
(Ccr) and major biochemical parameters, including glucose, insulin, serum creatinine (Scr), urea nitrogen, total cho-
lesterol (CHO) and triglyceride (TG), were examined 12 weeks after the administration of FK506. The expressions of 
the canonical transient receptor potential 6 (TRPC6), nuclear factor of activated T-cells (NFAT) and nephrin were de-
tected by Western blotting and qPCR. In the rat model of DN, the expressions of TRPC6 and NFAT were significantly 
elevated compared with the normal rat group; however, the treatment with FK506 normalized the increased expres-
sion of TRPC6 and NFAT and attenuated podocyte ultrastructure injury. UAL, Ccr and the biochemical parameters 
were also improved by the use of FK506. In cell experiments, FK506 improved the decreased expression of nephrin 
and suppressed the elevated expression of both TRPC6 and NFAT caused by high glucose in accordance with TRPC6 
blocker U73122. Our results demonstrated that FK506 could ameliorate podocyte injury in T2DM, which may be 
related to suppressed expressions of TRPC6 and NFAT.
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Introduction

Diabetic nephropathy (DN) is a major microvas-
cular complication of diabetes and a leading 
cause of end stage renal disease (ESRD) [1]. 
DN is clinically characterized by proteinuria and 
pathologically by glomerular hypertrophy and 
glomerular basement membrane (GBM) thick-
ening with foot process effacement [2]. The 
passage of albumin into Bowman’s space is 
overwhelmingly impeded by the size- and 
charge-selective glomerular filtration barrier, 
which consists of three interdependent layers: 
endothelial cells, the GBM, and podocytes. 
Porosities and its slit diaphragm structure  
are of vital importance to the maintenance  
of the filtration barrier. Studies of diabetic 
patients and animal models have revealed  
that the onset of albuminuria is most closely 

associated with podocytopathies involving foot 
process effacement, podocyte hypertrophy, 
detachment, apoptosis, and perhaps epithe- 
lial-to-mesenchymal transition (EMT); there-
fore, podocyte injury plays a crucial role in the 
initiation of DN [3-5]. Thus, research to identify 
the mechanism of podocyte injury is essential. 
Earlier studies have shown that the renin-angio-
tensin system (RAS), reactive oxygen species 
(ROS), peroxisome proliferator-activated recep-
tors (PPAR), advanced glycation end-products, 
adiponectin, and microRNA are involved in the 
injury of podocytes [3]. Moreover, vascular 
endothelial growth factor (VEGF) [6], mechani-
cal stress [7], the NOTCH pathway [8, 9] and 
TGF-β [10] were also found to serve as impor-
tant mediators of podocyte injuries. As report- 
ed by Brenner et al., ACE inhibition and angio-
tensin receptor blockers reduced the progres-
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sion of clinical DKD [11]. Although early aggres-
sive blood glucose control, improvement of 
blood lipid abnormalities and antihypertensive 
treatment, including blockade of the renin-
angiotensin system, have improved prognosis, 
they have limited effects on reducing protein-
uria, and additional treatments to slow progres-
sion are still lacking. Considering the severe 
consequences from ESRD, f﻿﻿inding new targets 
and more effective therapies for DN is urgent.

Many drugs can exert a podocyte protective 
effect. In clinical settings, ARBs, ACEIs, renin 
inhibitors, aldosterone inhibitors, beta-block-
ers, calcium channel blockers (CCB) and diuret-
ics are current therapeutic modalities for pati- 
ents with DN. Among them, monotherapy with 
either an ACEI or ARB is currently recommend-
ed as first line therapy for diabetic nephro- 
pathy [1]. RAS activation, a major mediator of 
renal injury, can increase the local formation  
of angiotensin II (Ang II) in the kidneys and  
then cause many pathophysiological changes 
associated with DN [12, 13]. According to the 
aforementioned studies, angiotensin-convert-
ing enzyme inhibitors (ACEIs) and/or AT1R 
blockers (ARBs) suppress the development  
and progression of DN in both type 1 and type 
2 diabetic patients [14]. Zhou et al. recently 
reported that valsartan, an ARB, slowed the 
progression of diabetic nephropathy in db/db 
mice via a reduction in podocyte injury and 
renal oxidative stress and inflammation. Nijen- 
huis et al. found that Ang II contributed to podo-
cyte injury by increasing TRPC6 expression via 
an NFAT-mediated positive feedback signaling 
pathway [15]. Except for the above drugs, some 
immunosuppressor DN treatments have dem-
onstrated efficacy in recent years. Wu et al. 
found that mycophenolate mofetil (MMF) treat-
ment ameliorates early renal injury by inhibit- 
ing oxidative stress and the overexpression of 
intercellular adhesion molecule-1, monocyte 
chemotactic protein-1 and transforming growth 
factor-β1 in renal tissue in diabetic rats [16]. As 
reported by Gooch et al., calcineurin (CaN) play 
an important role in glomerular hypertrophy 
and extracellular matrix accumulation (ECM) in 
early diabetic nephropathy [17]. The CaN inhibi-
tor cyclosporine A (CsA) had a preventive effect 
on glomerular hypertrophy and ECM accumula-
tion in early diabetic rats [18]. However, the 
mechanism of this protective effect is still 
under debate. A recent study showed that CsA 
had a direct antiproteinuric effect on podocytes 

by inhibiting NFAT, as NFAT induces proteinuria 
and podocyte apoptosis. FK506 is a newer 
immunosuppressor and CaN inhibitor with few 
side effects and better tolerance, and it is  
widely used in post-transplantation. FK506 
also showed rapid proteinuria remission in 
refractory IgAN patients, and the possible 
mechanism of FK506 in proteinuria remission 
might involve podocyte cytoskeleton stabiliza-
tion by inhibiting CaN expression [19]. Addi- 
tionally, a recent research study showed that 
FK506 could ameliorate renal injury in early 
experimental diabetic rats; the underlying 
mechanism may at least partly relate to the 
suppression of increased CaN in the renal tis-
sue of diabetic rats [20]. Detailed information 
about the effects of FK506 on podocytes 
remains to be elucidated.

Transient receptor potential cation channel 6 
(TRPC6) is an essential component of podo- 
cyte slit diaphragms. An increasing amount of 
research has demonstrated the relationship 
between TRPC6 and podocyte injuries. Muta- 
tions in the TRPC6 gene can cause both inher-
ited glomerular disease such as FSGS [21]. 
Additionally, TRPC6 was also up-regulated in a 
subset of acquired human proteinuric kidney 
diseases, as well as in experimental models of 
acquired glomerular disease [22]. Furthermore, 
high glucose can induce apoptosis in podo-
cytes by stimulating TRPC6 [23]. Previous evi-
dence showed that angiotensin II (AngII) in- 
creased TPRC6 expression in non-renal cells, 
including mesenteric artery myocytes and ven-
tricular myocytes [24, 25]. The TRPC6 channel 
plays a crucial role in activating the nuclear  
factor of activated T cells (NFAT) induced by 
AngII, which participates in the progression  
of cardiac hypertrophy [26]. New evidence 
showed that podocyte TRPC6 expression is 
enhanced in hyperglycemic and proteinuric 
STZ-induced diabetic rats and that chronic 
enhanced TRPC6 expression could be an 
important factor in inducing persistent podo-
cyte injury in the pathogenesis of proteinuria 
[27]. A recent study indicated that the activa-
tion of TRPC6 by AngII drives a positive feed-
back pathway in which AngII-induced, TRPC6-
mediated Ca2+ influx stimulates NFAT expres-
sion, leading to enhanced TRPC6 expression 
and podocyte injuries [15]. The expression of 
TRPC6 and NFAT contributes to the initiation  
of podocyte injury.
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In our study, we mainly focused on the effect of 
FK506 on podocytes in T2DM rats because of 
the pivotal role of podocyte injury in DN. We 
aimed to investigate whether FK506 could 
attenuate podocyte injury in T2DM rats, and if 
so, how FK506 realizes this effect and whether 
this protection is mediated by NFAT and TRPC6. 

Materials and methods

Animals

Eight-week-old male Wistar SPF rats (weight 
200 g, Institute of Drug Control of Qingdao, 
China) were housed in individual cages in a 
temperature-controlled room and had free 
access to food and water under a 12-h light/
dark cycle. To establish the T2DM model, rats 
were fed with a high-calorie diet (10% animal 
fat, 20% cane sugar, 2.5% cholesterol, 1% cho-
late and 66.5% regular chow). After 8 weeks, 
the rats that fed on the high-calorie diet were 
intraperitoneally administered a low dose of 
streptozotocin (30 mg/kg, Sigma, St. Louis, 
MO, USA). And insulin sensitivity index (ISI) 
[ISI=22.5/[FBG (fasting blood glucose)×FINS 
(fasting serum insulin)], HOMA method] was 
used for assessing the T2DM model.

Then, the rats were divided into four groups:  
NC group (normal control, N=10), DM group 
(DM+NS, 0.9% normal saline, N=10), DTL group 
(DM+ low dose FK506, 0.5 mg/kg·d, N=10), 
and DTH group (DM+ high dose FK506, 1 mg/
kg·d, N=10). Gastric gavage of FK506 (Astellas 
Ireland Co., Ltd.) and NS was conducted once  
a day for 12 weeks, and all rats were given a 
normal caloric diet. Then, the body weights 
(BWs) of the rats were examined, and urine 
samples were collected. Afterwards, the rats 
were sacrificed to collect blood samples and 
kidneys.

Cell culture

Conditionally immortalized mouse podocytes 
(MPC-5) were cultured as described previously 
[28]. Cells were cultured under growth-permis-
sive conditions at 33°C with 5% CO2 in RPMI-
1640 medium (Hyclone, USA) supplemented 
with 10% fetal bovine serum (Hyclone), 10 U/ml 
mouse recombinant interferon-gamma (IFN-γ; 
PeproTech USA) and 100 U/ml penicillin plus 
100 mg/ml streptomycin (Sigma). To induce  
differentiation, podocytes were maintained in 
nonpermissive conditions at 37°C in the ab- 

sence of IFN-γ for at least 2 weeks and then 
used for experiments. After serum starvation 
for 24 hours, differentiated podocytes were 
divided into five groups: NG group (normal glu-
cose, 5.6 mmol/L), HG group (high glucose, 30 
mmol/L), HM group (NG+ mannitol 25 mmol/L), 
FK group (HG+ FK506 5 µg/ml), and U73122 
group (HG+TRP channel inhibitor, U73122 10 
µmol/L). After 48 hours, the expressions of 
mRNA and TRPC6, NFAT2, and nephrin proteins 
were detected by real-time quantitative PCR 
and Western blot analysis.

Measurement of biochemical parameters

FBG was measured by tail vein blood with a  
glucometer (One Touch™Surestep™; Lifescan, 
Inc., Milpitas, CA, USA). The serum insulin level 
was determined using an enzyme-linked immu-
nosorbent assay (ELISA) kit (Aquatic Diagnostic 
Ltd & Glasgow, Scotland). Serum creatinine 
(Scr), blood urea nitrogen (BUN), total choles-
terol (TC), triglyceride (TG), aspartate transami-
nase (AST) and alanine transaminase (ALT) lev-
els were determined using an automatic bio-
chemistry analyzer. All of these biochemical 
parameters were examined at the 12th week 
after the administration of FK506.

Determination of urine albumin and creatinine 
concentrations

To determine the urine albumin (UAL) and cre-
atinine (Ucr) concentrations, 24 h urine sam-
ples were collected before and 12 weeks after 
the administration of FK506. UAL excretion was 
measured using a turbidimetric immunoassay 
kit (Shibayagi Co., Ltd., Shibukawa, Japan). The 
Ucr level was evaluated using an automatic bio-
chemistry analyzer (Hitachi Ltd., Tokyo, Japan). 
Creatinine clearance (Ccr) was then calculated 
(Ccr=UCr/Scr × V, V: ml/min, urine per minute).

Noninvasive blood pressure measurement

Blood pressure was measured using the tail-
cuff method (LE5002, DSL, USA) at a resting, 
conscious condition in a climate-controlled 
room (23°C). Systolic blood pressure (SBP) was 
consecutively measured five times.

Transmission electron microscopy

The morphological characteristics of renal cor-
tex sections (50 nm), including the thickness  
of GBM, and the condition of podocytes were 
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observed by transmission electron microscopy. 
The renal specimens were examined and pho-
tographed using a JEM-1200 transmission 
electron microscope (Jeol Ltd., Tokyo, Japan). 
The detailed procedure of morphological evalu-
ation was in accordance with previous studies 
[29, 30].

Immunohistochemistry staining of TRPC6

Immunostaining was performed on 3-µm-thick 
sections after deparaffinization. Microwave 
antigen retrieval was performed in citrate buf-
fer at pH 6.0 for 10 min prior to peroxide 
quenching with 3 % H2O2 in PBS for 10 min  
and pre-blocked with normal goat serum for 20 
min. For primary antibody labeling, slides were 
incubated with antibodies that recognize goat 
anti-TRPC6 at a 1:500 dilution overnight at  
4°C and incubated with biotinylated secondary 
antibodies (1:1,000) for 20 min. Streptavidin-
peroxidase was applied, and the sections were 
rinsed (3 × 5 min) in PBS. Finally, the immunos-
taining was visualized using DAB and counter-
stained with hematoxylin. Semiquantitative im- 
munohistochemical analysis was scored as fol-
lows: no staining (-), weak staining (+), moder-
ate staining (++), and strong staining (+++). 

Golden Bridge Biotechnology Co., Ltd., China) 
was used as a secondary antibody. The blots 
were detected using an enhanced chemilumi-
nescence (ECL) system (Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd., China).

Quantitative polymerase chain reaction (qPCR) 
analysis

Frozen renal cortex tissues were homogeniz- 
ed, and total RNA was extracted with Trizol re- 
agent (Invitrogen Life Technologies, Carlsbad, 
CA, USA). The extracted RNA was measured  
by agarose gel electrophoresis for quality and 
by spectrometry for quantity. A reverse tran-
scription reaction kit (Cat. no. DRR035A; Ta- 
KaRa Biotechnology Co. Ltd., Dalian, China) 
was used. For fluorescence qPCR, a 1,000 ng 
mRNA sample was added to the reverse tran-
scription system. This sample was diluted with 
EASY dilution (TaKaRa Biotechnology Co. Ltd., 
Dalian, China) in a 10-fold series to generate  
a standard curve. The qPCR process was per-
formed in an ABI Prism®7000 HT sequence 
detection system (cat. no. 11744-100; Applied 
Biosystems, Invitrogen Life Technologies). Prim- 
ers for nephrin, NFAT and TRPC6 were designed 
and synthesized by Shanghai Sangon Biological 

Table 1. Primers used in the study (mouse)
GenBank accession 
number Primer Sequence Length 

(bp)
NM_001282086.1 TRPC6 (F) 5’-TCTCTGGTTTACGGCAGCAGA-3’ 228

TRPC6 (R) 5’-GGAGCTTGGTGCCTTCAAATC-3’
NM_001164109.1 NFAT2 (F) 5’-GGTGCCTTTTGCGAGCAGTA-3’ 185

NFAT2 (R) 5’-TGAGCCCTGTGGTGAGACTTG-3’
NM_019459.2 Nephrin (F) 5’-ACCTCCTGTCATTGATTGGCC-3’ 147

Nephrin (R) 5’-CCCCAAGCTATGGACACTGGT-3’
NM_001289726.1 GAPDH (F) 5’-CTCATGACCACAGTCCATGC-3’ 201

GAPDH (R) 5’-CACATTGGGGGTAGGAACAC-3’

Table 2. Primers used in the study (rat) 
GenBank acces-
sion number Primer Sequence Length 

(bp)
NM_053559.1 TRPC6 (F) 5’-TACGGATTGTGGAGGCTATTCT-3’ 98

TRPC6 (R) 5’-AAAGTCATCTTGCTGGAGTTCA-3’
NM_001244933.1 NFAT2 (F) 5’-GAGGGAAGAAGATGGTGTTGTC-3’ 125

NFAT2 (R) 5’-GCACAGGTCTCGGTCAGTTT-3’
NM_022628.1 Nephrin (F) 5’-AAGTACGAATGGACCCCTATGAC-3’ 176

Nephrin (R) 5’-CAGGGCTGTAGGAAACGGGTG-3’
NM_017008.4 GAPDH (F) 5’-GGCACAGTCAAGGCTGAGAATG-3’ 143

GAPDH (R) 5’-ATGGTGGTGAAGACGCCAGTA-3’

Twenty glomeruli were ex- 
amined randomly per treat-
ment group.

Western blotting

Cells and the homogenized 
renal cortex tissue were 
lysed in cold cell lysis buf-
fer with protease and pho- 
sphatase inhibitors. The 
proteins were separated 
on 10% SDS-PAGE gels 
and subsequently trans-
ferred to nitrocellulose 
membranes. The primary 
antibodies for TRPC6 (rab-
bit anti-rat, Santa Cruz 
Biotechnology, Inc.), NFAT 
(rabbit anti-rat, Santa Cruz 
Biotechnology, Inc.) and 
nephrin (rabbit anti-rat, 
Santa Cruz Biotechnology, 
Inc.) were used at a ratio  
of 1:500-1:4000. Horse- 
radish peroxidase-conju-
gated anti-immunoglobu- 
lin IgG (Beijing Zhongshan 
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Engineering Technology Co., Ltd. The primers 
used in the PCR process are presented in 
Tables 1, 2. The results are presented as the 
ratio of the target gene copy to the housekeep-
ing gene GAPDH copy.

Statistics analysis

All data are presented as the means ± SEM. 
Statistically significant differences were ass- 
essed by analysis of variance (one-way ANOVA). 
All statistical analyses were performed using  
a commercially available statistical package 
(SPSS 17.0). A P value of <0.05 indicates statis-
tical significance.

Results

Biochemical parameters

As shown in Table 3, FBG and ISI in the DM, DTL 
and DTH groups were significantly higher than 
that in the NC group. However, the results did 
not show significant alteration between the DM 
and FK506-treated groups. Moreover, the lipid 
metabolic parameters, including TG and TC lev-
els, were significantly elevated in the DM group 
compared with the NC group. However, no sig-
nificant differences in TG or TC levels were 
found between the untreated diabetic group 
and FK506-treated group. AST and ALT, which 
indicate hepatic function, did not change sig-
nificantly in the FK506-treated group.

The urinary albumin, Ccr and SBP, KW/BW

The DM group exhibited significant increases  
in UAL, Ccr and SBP, and KW/BW compared 
with the NC group (P<0.05), and UAL, Ccr and 
KW/BW were suppressed by the 12 week FK- 

es of GBM were uniform in the NC group (Fig- 
ure 2A). GBM thickness (731.30±76.16 versus 
238.00±17.73; P<0.01), foot process fusion 
rate (75.00±3.30 versus 4.40±2.71; P<0.01) 
and foot process width (515.40±31.08 ver- 
sus 261.10±31.96; P<0.01) increased in the 
DM group compared with the NC group (Fig- 
ure 2B, 2E-G). However, treatment with low-
dose FK506 suppressed the thickening of the  
GBM (321.40±32.30 versus 731.30±76.16; 
P<0.01) and reduced the foot process fusion 
rate (19.80±1.99 versus 75.00±3.30; P<0.01) 
and foot process width (318.17±29.49 versus 
515.4±31.8; P<0.01) compared with the DM 
group. Compared with the DM group, after the 
high-dose FK506 treatment, the above indica-
tors were also ameliorated, but there was no 
significant difference between the DTL group 
and DTH group (Figure 2C-G).

The distribution and expression of TRPC6 in 
diabetic rats

The immunohistochemistry in kidney tissues 
showed that the staining intensity expression 
level of TRPC6 was increased (as +++) in DM 
rats compared with NC rats (Figure 3A, 3B). 
With the FK506 treatment, TRPC6 expression 
decreased (++ to +) (Figure 3C, 3D). There were 
no significant changes in the TRPC6 expression 
level between the DTL and DTH groups.

Expression of nephrin, NFAT2 and TRPC6 at 
both protein level and mRNA level in animal 
experiment

In animal experiments, nephrin mRNA and pro-
teins had lower expressions in the DM group 
compared with that in the NC group (Figure 4A, 

Table 3. General data of the rats used in the study after 12 weeks of 
treatment (mean ± SEM)a

Characteristics NC (n=10) DM (n=10) DTL (n=10) DTH (n=10)
ISI 0.221±0.024 0.052±0.004* 0.060±0.005* 0.059±0.004*
FINS ng/ml 18.57±1.01 22.09±1.75 20.16±1.57 20.49±1.61
FBG mmol/L 5.56±0.64 19.44±0.47* 18.58±0.58* 18.55±0.52*
TG mmol/L 1.49±0.15 4.83±0.69* 4.42±0.48* 4.30±0.70*
TC mmol/L 0.76±0.24 3.99±0.25* 3.78±0.26* 3.75±0.34*
AST U/L 47.8±4.57 48.9±4.12 48.2±3.45 47.9±5.04
ALT U/L 42.9±3.54 44.1±3.60 43.2±3.29 43.1±3.14
aISI: insulin sensitivity index; FINS: Fasting serum insulin; FBG: Fasting blood glucose; TC: 
Total cholesterol; TG: Triglyceride; AST: aspartate aminotransferase; ALT: alanine amino-
trans; NC: Control group; DM: Type 2 diabetes model group; DTL: valsartan group; DTH: 
*P<0.05 (compared with the NC group).

506 treatment (P<0.05). 
However, no significant 
difference in SBP was 
found between the un- 
treated diabetic group 
and FK506-treated dia-
betic group (Figure 1).

Variation of podocyte ul-
trastructure

The transmission elec-
tron microscopy images 
revealed that the foot  
processes of neighboring 
podocytes were interdigi-
tated, and the thickness-
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4B), but the protein and mRNA expression of 
NFAT were significantly higher in the DM group 
than in the NC group (Figure 4C, 4D). After the 
12-week FK506 treatment, the protein and 
mRNA expression of NFAT was significantly sup-
pressed in both the DTL and DTH groups com-
pared with the DM group (Figure 4C, 4D). The 
suppressed expression of nephrin in the DM 
group was improved by FK506 (Figure 4A, 4B). 
Similarly, the FK506 treatment also normalized 
the up-regulated expression of TRPC6 in the 
DM group (Figure 4E, 4F).

Expression of nephrin, NFAT2 and TRPC6 pro-
tein and mRNA levels in vitro

In the HG group, the expression of nephrin pro-
tein and mRNA was significantly diminished in 
HG group compared with the NG and HM 
groups, but this deficiency of nephrin in DM 
was remarkably improved by the FK506 treat-

ment (Figure 5A, 5B). The expression of NFAT 
and TRPC6 were both elevated by high glucose 
intake and then suppressed by the use of 
FK506 (Figure 5C-F). In the U73122 group,  
the TRPC6 blocker U73122 clearly stimulates 
the expression of nephrin (Figure 5A, 5B) and 
decreases the expression of NFAT (Figure 5C, 
5D) and TRPC6 (Figure 5E, 5F) compared to 
the HG group, which indicated that the de- 
creased expression of nephrin induced by high 
glucose intake was mediated by TRPC6.

Discussion

The increasing prevalence and incidence of DN 
has imposed global socio-economic stress on 
healthcare systems worldwide. According to 
the projections, the number of adult diabetic 
patients will be greater than 430 million in 
2030 [31]. Therefore, it has become increas-
ingly urgent to understand the detailed mecha-

Figure 1. FK506 suppressed the elevated level of UAL, Ccr and KW/BW. The DM group showed a significant eleva-
tion in UAL (A), Ccr (B) and KW/BW (C) compared to the NC group, which can be improved by FK506. However, 
FK506 did not affect the increased SBP of DM rats (D).
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nisms underlying the pathogenesis of diabetic 
nephropathy and to find novel targets for the 

prevention and therapy of this disease. In this 
study, we found that the DM rats showed dis-

Figure 2. Effects of FK506 on ultrastructural variations of podocyte in DN rats. Four groups were included in this 
morphological observation (A. NC, B. DM, C. DTL, D. DTH). GBM thickness (E), foot process fusion rate (F) and foot 
process width (G) all increased in DM rats, and the FK506 treatment improved the impaired ultrastructure of podo-
cytes in DM rats.

Figure 3. The distribution and expression of TRPC6 in DM rats (×400). In the DM group (B), TRPC6 showed an 
increased staining intensity (+++) in podocytes compared to the NC group (A). In the DTL (C) and DTH groups (D), 
FK506 had a lower staining intensity (as ++~+) than in the DM group.
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rupted biochemical conditions, impaired podo-
cyte ultrastructure and significant changes in 
some crucial markers, such as nephrin, NFAT 
and TRPC6, compared to normal control rats. 
These findings revealed that the DM model that 
we used successfully represents the condi- 
tion of diabetic nephropathy. Our results also 
showed that FK506, a new immunosuppressor, 
decreased proteinuria, attenuated the impaired 
podocyte ultrastructure, improved renal func-
tion, elavated the expression of nephrin and 
decreased the expression of TRPC6 and NFAT 
in DM rats. These results indicate that FK506 
exerted a podocyte protective function by medi-
ating TRPC6 and NFAT.

It is currently widely recognized that microalbu-
minuria is an early clinically identifiable marker 
of DN, and microalbuminuria may develop into 
proteinuria and hyperfiltration, followed by a 
reduction in the glomerular filtration rate (GFR). 
It is thought that proteinuria is not simply an 
indicator of glomerular damage, nor just a pre-
dictor of DN progression, but affects disease 
processes [32]. We detected the 24 h UAL and 
Ccr before and 12 weeks after the administra-
tion of FK506 and found that treatment with 
FK506 decreased 24 h UAL and Ccr in T2DM 
rats. This result indicates a possible positive 
effect of FK506 on the early stage of DN. 
Additionally, FK506 treatment did not affect 

Figure 4. Effects of FK506 on protein and mRNA expressions of Nephrin (A, B), NFAT2 (C, D) and TRPC6 (E, F) in 
podocytes in vivo (N=10). Data are presented as the means ± S.E.M. *P<0.05 (compared with the NC group), 
#P<0.05 (compared with the DM group).
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BUN, AST and ALT, which means that there 
could be no nephrotoxicity and hepatotoxicity  
in T2DM rats at both doses. We also found  
that FK506 did not aggravate the disturbance 
of lipid metabolism in DN. Moreover, although 
FK506 is toxic to beta cells in the pancreas and 
it can lead to increased blood glucose level, we 
did not find increased blood glucose after the 
12-week treatment with both doses, particu-
larly the low dose, in our experiment. This find-
ing may indicate that the doses we used are 
safe. Above all, FK506 treatment in DN patients 
is an emerging clinical therapeutic strategy.

Research on the pathogenesis of albuminuria 
has demonstrated major achievements. Podo- 
cytopathy, involving foot process effacement, 
podocyte hypertrophy, detachment and apopto-
sis, plays a crucial role in the initiation and pro-
gression of albuminuria [33]. Nephrin was the 
first protein demonstrated to compose the slit 
diaphragm, and previous studies revealed the 
diminished expression and altered localization 
of nephrin in a nephropathy model of both type 
1 and type 2 diabetes [34]. In our study, Western 
blotting and qPCR showed reduced expression 
of nephrin in T2DM, and the transmission elec-

Figure 5. Effects of high glucose, U73122 and FK506 on protein and mRNA expressions of Nephrin (A, B), NFAT2 
(C, D), and TRPC6 (E, F) in podocytes in vitro (N=10). Data were presented as means ± S.E.M. *P<0.05 (compared 
with NG group), #P<0.05 (compared with HG group).
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tron microscopy clearly indicated the increased 
GBM thickness, foot process fusion rate and 
foot process width in T2DM rats, which was 
consistent with a previous report [35]. However, 
FK506 overexpressed nephrin and improved 
the ultrastructure of podocytes in T2DM rats. A 
cell experiment confirmed the effect of FK506 
on nephrin with an identical result to a test in 
vitro. Based on these findings, we presume that 
FK506 may elevate the expression of nephrin 
and improve the damaged podocyte ultrastruc-
ture, as well as exert a protective effect on 
podocytes in DN. Therefore, FK506 is a poten-
tially novel safe agent in patients with DN.

As reported, FK506 has a renoprotective func-
tion in various models. FK506 could improve 
renal function by decreasing CaN activity in 
both the cytoplasm and the nucleus of renal 
tubule cells in a rat model of ischemia-reperfu-
sion injury [36] Liu et al. found that FK506  
had a therapeutic effect on the progression of 
proteinuria and renal damage by downregulat-
ing TRPC6 and CaN in the rat model of adriam-
ycin-induced nephropathy [35]. Moreover, in  
an early experimental diabetic rats model in- 
duced by streptozotocin, FK506 also amelio-
rated renal injury, and the underlying mecha-
nism may be at least partly correlated with sup-
pressing increased CaN [20]. In that study, the 
expression of CaN protein increased 2.4-fold  
in the kidney of diabetic rats, and FK506 treat-
ment with 0.5 and 1.0 mg/kg reduced incre- 
ased expression of CaN protein by 38.0% and 
73.2%, respectively. Their results showed that 
the amelioration of renal injury induced by 
FK506 may be at least partly related to sup-
pression of increased CaN in renal tissue in  
diabetic rats. However, the detailed underling 
mechanism remains to be elucidated. This 
study provides important information about 
podocyte protection induced by FK506.

Many studies have provided strong evidence 
that CaN, NFAT and TRPC6 are closely related 
to the initiation of proteinuria. In podocytes, 
TRPC6-mediated Ca2+ influx activates Ca2+-
dependent CaN, which dephosphorylates NFAT. 
The activation of NFAT enhances TRPC6 tran-
scription and is eventually detrimental to the 
glomerular filter, causing proteinuria [15]. It  
has been demonstrated that TRPC6-mediated 
Ca2+ influx stimulates NFAT-dependent TRPC6 
expression, which is regarded as positive feed-
back [15, 37]. FK506 is a well-known CaN inhi- 

bitor that inhibits CaN activity by binding to  
the FK binding protein (FKBP) domain [38]. 
According to a literature review, the renoprotec-
tion by FK506 may be at least partly related to 
the suppression of TRPC6 and NFAT. In our 
experiments, we used a different rat model of 
DN, which was closer to natural T2DM. There 
was a significant elevation of NFAT and TRPC6 
expression in DN rats, and the 12 week FK506 
treatment remarkably inhibited this elevation. 
Both animal experiments and cell experiments 
presented the same results. The use of a 
TRPC6 blocker and FK506 both inhibited the 
expression of NFAT and elevated the expres-
sion of nephrin in high glucose treated podo-
cytes, which indicated that TRPC6 played a piv-
otal role in the initiation and progression of 
podocyte injury and that FK506 exerts its reno-
protective effect by suppressing TRPC6.

Overall, we may reasonably conclude that 
FK506 attenuates podocyte injury in this DN 
rat model of T2DM. FK506 protects podo- 
cytes via a CaN/NFAT/TRPC6 pathway. FK506 
may first inhibit CaN and then inhibit its sub-
strate NFAT. Then, the down-regulated expres-
sion of NFAT leads to the suppression of tran-
scription of NFAT-responsive genes such as 
TRPC6. Because the overexpression of TRPC6 
is involved in podocyte injuries [27], FK506-
induced suppressed expression of TRPC6 may 
be a crucial factor that results in the ameliora-
tion of podocyte injury and clinical symptoms.

Our experiments explored the effect of FK506 
on diabetic nephropathy and conducted a pre-
liminary investigation of the probable mecha-
nism of this effect. The application of low-dose 
FK506 in DN patients is a promising treatment. 
However, more studies need to be conducted  
in the future. More samples and longer study 
periods are needed, and the efficacy and com-
plications of FK506 in diabetic nephropathy 
and their detailed mechanisms need to be 
elucidated.
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