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Abstract Diabetic nephropathy (DN) is a serious com-

plication of diabetes with a poorly defined etiology and

limited treatment options. Early intervention is key to pre-

venting the progression of DN. Mitofusin 2 (Mfn2) regulates

mitochondrial morphology and signaling, and is involved in

the pathogenesis of numerous diseases. Furthermore, Mfn2

is also closely associated with the development of diabetes,

but its functional roles in the diabetic kidney remain

unknown. This study investigated the effect of Mfn2 at an

early stage of DN. Mfn2 was overexpressed by adenovirus-

mediated gene transfer in streptozotocin-induced diabetic

rats. Clinical parameters (proteinuria, albumin/creatinine

ratio), pathological changes, ultra-microstructural changes

in nephrons, expression of collagen IV and phosph-p38,

ROS production, mitochondrial function, and apoptosis

were evaluated and compared with diabetic rats expressing

control levels of Mfn2. Endogenous Mfn2 expression

decreased with time in DN. Compared to the blank trans-

fection control group, overexpression of Mfn2 decreased

kidney weight relative to body weight, reduced proteinuria

and ACR, and improved pathological changes typical of the

diabetic kidney, like enlargement of glomeruli, accumula-

tion of ECM, and thickening of the basement membrane. In

addition, Mfn2 overexpression inhibited activation of p38,

and the accumulation of ROS; prevented mitochondrial

dysfunction; and reduced the synthesis of collagen IV, but

did not affect apoptosis of kidney cells. This study demon-

strates that Mfn2 overexpression can attenuate pathological

changes in the kidneys of diabetic rats. Further studies are

needed to clarify the underlying mechanism of this protec-

tive function. Mfn2 might be a potential therapeutic target

for the treatment of early stage DN.
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Introduction

Diabetic nephropathy (DN) is the leading cause of end-

stage renal disease (ESRD) and a common but serious

complication of diabetes. The pathologic features of early

DN include mesangial cell proliferation, mesangial extra-

cellular matrix (ECM) accumulation, glomerular basement

membrane (GBM) thickening, and glomerular hypertrophy,

which are followed eventually by diffuse nodular glomer-

ulosclerosis [1]. Various mechanisms are implicated in the

pathogenesis of DN, including increased aldose reductase

activity [2], enhanced activity of protein kinase C isoforms

[3], increased formation of advanced glycation end-prod-

ucts [4], hyperglycemia-driven mitochondrial overproduc-

tion of reactive oxygen species (ROS) [5], and abnormal

signaling transduction pathways [6–8]. However, none of

these possible mechanisms has been proven, and no uni-

versally accepted approach has been found to prevent the

development of DN. The best therapeutic option is to arrest

the development of DN at the earliest stage possible.

Mitofusin 2 (Mfn2, MGI:2442230) is a newly discov-

ered multifunctional protein widely expressed in heart,

skeletal muscle, liver, brain, kidney, and other organs [9,

10]. Mfn2 is essentially a transmembrane GTPase embed-

ded in the mitochondrial outer membrane that mediates

mitochondrial fusion [11]. Mfn2 deficiency and subsequent

disruption of mitochondrial dynamics have been linked to
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human neurodegenerative diseases, such as Charcot–

Marie–Tooth type 2A, Parkinson’s disease, and Alzhei-

mer’s disease [12, 13]. The physiologic and pathologic

functions of Mfn2 are believed to extend beyond mito-

chondrial fusion. Emerging evidence indicates that Mfn2

inhibits the proliferation of various cells, including vas-

cular smooth muscle cells and myocardial cells, and pre-

vents neointimal hyperplasia [9, 14–16]. These effects of

Mfn2 might be attributed to its influence on associated

signaling pathways because it contains a characteristic

amino acid sequence (N-DVKGYLSKVRGISEVL-C) that

may act as a binding site for Ras, an upstream activator of

the MAPK cascade [15–19].

Studies on the relationship between Mfn2 and diabetes

are limited. Previous studies have found deficient mito-

chondrial oxidative phosphorylation and decreased Mfn2

expression in patients with type 2 diabetes and obesity

[20–22], whereas exercise and weight loss increased

Mfn2 expression [21, 23, 24]. In diabetic patients, insulin

improves the mitochondrial structure [25]. Moreover,

insulin influences the biogenesis of mitochondria by

upregulating Mfn2, which may in turn block MEK-

dependent signaling and activate the PI3K-signaling path-

way [26]. These findings suggest that Mfn2 may participate

in the pathogenesis of diabetes. However, studies investi-

gating the function of Mfn2 in the kidneys are limited.

The morphology of mitochondria is determined by the

balance between fission and fusion [27–29]. In the study by

Brook, knockout of Bak (a Bcl-2 family protein) reduces

cytochrome c release and apoptosis in transformed baby

mouse kidney cells. The dissociation of Bak from Mfn2

may decrease mitochondrial fusion, thereby inducing

mitochondrial fragmentation [30, 31]. Mitochondrial frag-

mentation has also been demonstrated in ischemic and in

nephrotoxic models of acute renal failure. Mitochondrial

fragmentation occurs early in many cytotoxic processes and

contributes to the subsequent development of mitochondrial

membrane permeabilization, release of apoptogenic factors,

and cell apoptosis [32, 33]. These studies focused on the

balance between mitochondrial fusion and fragmentation.

However, other putative functions of Mfn2, such as regu-

lation of signal transduction, have not been addressed.

As reported in previous studies, Mfn2 plays a protective

role against cell injury; however, whether Mfn2 has similar

protective effects in DN is unknown. Hence, the underlying

mechanisms need to be addressed to exploit Mfn2 in

clinical practice. Consequently, the primary objective of

the present study is to investigate whether Mfn2 plays a

protective role in the early stage of DN by evaluating the

pathologic changes in the kidneys and the related molec-

ular biological parameters in Mfn2-overexpressing diabetic

rats (established by STZ injection). The second objective is

to explore the possible mechanisms of Mfn2-mediated

protection. Previous studies revealed that ECM accumu-

lation in DN is closely associated with activation of the p38

MAPK-signaling pathway, oxidative stress, and mito-

chondrial dysfunction [34–39]. Therefore, we also exam-

ined oxidative stress parameters, mitochondrial function,

and the changes in the p38 MAPK-signaling pathway

during DN. To the best of our knowledge, this is the first

study to investigate the role of Mfn2 in DN.

Materials and methods

Experimental animals

Male Sprague-Dawley rats (10 weeks old, weighing

200–250 g) were purchased from the Experimental Animal

Center of Sichuan University. The rats were divided ran-

domly into four groups of 32: an animal model group (group

B) that received a single intraperitoneal injection of strep-

tozotocin (STZ; 65 mg/kg) dissolved in citrate solution

(0.1 M citric acid and 0.2 M sodium phosphate, pH 4.5), a

control group (group A) that received an equivalent volume

of citrate buffer alone, a Model ? AdGFP group (group C),

and a Model ? AdMfn2 group (group D) that received

injection of STZ at 7 days after adenovirus-mediated gene

transfer in vivo. All animals injected with STZ developed

diabetes, as indicated by plasma glucose levels[13.9 mmol/

l at 48 h following the injection [40, 41]. All rats were fed the

same diet and water. Insulin was not given to any of the

animals. Blood and urine samples were collected and tested

for glucose, urine protein, and urinary albumin/creatinine

ratio. The rats were sacrificed to obtain the kidney tissue at

the 0th, 2th, 4th, and 8th week(s) after STZ. The endpoint

was set at the 8th week. Kidney and body weight were also

measured. The study was conducted following the Principles

of Laboratory Animal Care (NIH publication no. 85-23,

revised in 1996) for the care and use of animals, and the

protocol was approved by the Animal Care Committee of

West China Hospital, Sichuan University, China.

Gene transfer

An adenovirus encoding the complete Mfn2 open reading

frame (AdMfn2) and a control adenovirus encoding the

green fluorescent protein open reading frame (AdGFP)

were constructed by Vector Gene Technology Co., Ltd.

A Vira Bind Adenovirus Purification Kit (Cell Biolabs)

was used to multiply and purify viruses. The animals were

anesthetized with intramuscular injection of ketamine

(35 mg/kg) and xylazine (5 mg/kg). After median incision

of the abdomen, the abdominal aorta below the renal

vessels, inferior vena cava, and hepatic portal vessel

were clamped. Approximately 3 ml of the adenoviral
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vector-containing solution (either AdGFP or AdMfn2, titer

at 1 9 1010 PFU/ml in 100 ml elution buffer plus 10%

glycerol) was slowly injected into the renal artery through a

cannula pre-implanted in the distal abdominal aorta. After

1 and 2 h, an additional 1 ml of adenovirus vector–con-

taining solution was injected. After blood flow was

re-established, the abdomen was closed, and the animals

were allowed to recover. On the 7th day after gene transfer,

Mfn2 expression was evaluated, and groups B, C, and D

were injected with STZ [42].

Immunohistochemistry

Transfection efficiency was evaluated in the kidneys by

immunohistochemical staining of 4-lm formalin-fixed,

paraffin-embedded sections. Rabbit anti-mouse Mfn2

antibodies (1:1000 dilution, Sigma) were used as the pri-

mary antibodies. The sections were washed with PBS and

incubated with biotinylated secondary antibody (donkey

anti-rabbit IgG, 1:100 dilution; Jackson Immuno Research

Labs) for 40 min. All the slides were counterstained with

hematoxylin. The positively stained area of the renal glo-

merulus in each section was determined under a micro-

scope. The positive staining area was calculated using

Image-Pro Plus 6.0 image analytic system.

Real-time quantitative polymerase chain reaction

RNA was extracted from the kidney tissues using TRIzol

reagent (Invitrogen) following the manufacturer’s instruc-

tions. After DNase treatment (Promega), RNA was reverse

transcribed into first strand cDNA using RevertAid
TM

First

Strand cDNA Synthesis Kit (MBI). Cycling and real-time

PCR detection were performed using an ABI PRISM�

7900 Sequence Detection System. Cycling conditions were

as follows: 50�C for 2 min then 95�C for 10 min, followed

by 35 cycles of 95�C for 30 s, 50�C for 45 s, and 72�C for

30 s. Gene-specific primers were designed using Vector

NTI (Invitrogen), and expression of b-actin was used as

the internal control for normalization. The primer pairs

for Mfn2 amplification were 50-ATGATAGACGGCTTG

AA-30 (F) and 50-CGACTCCCTCTTTGTGA-30(R), and

the primers were 50-CTTAGTTGCGTTACACCCTTTC-30

(F) and 50-CACCTTCACCGTTCCAGTTT-30 (R) for

b-actin. Transcription abundance was expressed as fold

increase over the control gene calculated by the 2-DDCt

method.

Histological analysis

Formalin-fixed, paraffin-embedded sections (4 lm) were

stained with hematoxylin and eosin and Periodic acid-

Schiff for light microscopic observation. Five glomeruli

from each section were randomly selected to determine the

average glomerular cross-sectional area (GA) under light

microscopy using MIAS-2000 image analysis system

(Zhisheng). The glomerular volume (GV) was calculated

according to the following formula: GV = b/k 9 (GA)3/2,

where b = 1.38 is a shape coefficient, and k = 1.1 is a size

distribution coefficient [43]. The kidney tissues were treated

for electron microscopy as previously described [44]. Ultra-

thin sections were cut, collected on cellodin-coated single

slot grids, and stained with uranyl acetate and lead citrate.

Digital images were obtained using a Leo906 transmission

electron microscope. The average GBM thickness (GBMT)

was measured from electron micrographs.

TdT-mediated dUTP nick end labeling (TUNEL) assay

The paraffin-embedded specimens were cut into 3-lm

sections. Staining was performed using an in situ cell-death

detection kit AP (Roche) according to the manufacturer’s

instructions. In brief, the tissue sections were treated with

20 lg/ml proteinase K for 30 min, washed with phosphate-

buffered saline solution, and incubated with fluorescein-

labeled nucleotides and terminal deoxynucleotidyl

transferase for 60 min. The sections were then incubated

with converter alkaline phosphatase for 30 min. The

reaction was developed with Fast Red tablets in naphthol

phosphate substrate (Laboratory Vision). Ten villi and

crypts in each section were observed under fluorescence

microscopy, and the average number of apoptotic cells per

100 counted cells was defined as the apoptotic index (AI).

Determination of ROS production in kidney tissue

Rat kidney homogenate was analyzed fluorometrically by

measuring the oxidation of the non-fluorescent probe 20,70-

dichloro-fluoresceindiacetate (DCFDA) into the fluorescent

metabolites dichlorofluorescein (DCF) as described previ-

ously [45]. In brief, 30 ml of kidney homogenate in PBS

was mixed with 5 lM DCF-DA and incubated for 30 min at

room temperature. The mean fluorescence intensity was

directly measured at excitation and emission wavelengths

of 485 and 535 nm, respectively.

Determination of acetyl-CoA in isolated mitochondria

Mitochondria were isolated from rat kidney homogenates

followed by multiple centrifugations at 7009g, 78009g,

and 100009g in ice-cold isolation buffer containing

50 mM Tris/HCl, pH 7.4, 250 mM sucrose, 5 mM EDTA,

and protease inhibitors [46]. The mitochondrial protein

concentration was determined by Bradford protein assay

[47]. Free acetyl-CoA was determined in isolated mito-

chondria using high-performance liquid chromatography
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(HPLC) as previously described [48]. Separation of acetyl-

CoA was performed using an ODS-Hypersil column

(Supelco SA). The UV detector was operated at 254 nm

and set at 0.05 sensitivity. A mobile phase of 220 mM

potassium phosphate containing 0.05% dithioglycol (solu-

tion A) and 98% methanol and 2% chloroform (solution B)

was used. The flow rate was 0.4 ml/min, and the gradient

was adjusted as previously described.

Western blot analysis

Kidney tissue was homogenized in ice-cold modified RIPA

buffer [150 mM NaCl, 1% (v/v) Nonidet P-40, 0.25%

(w/v) deoxycholate, 1 mM EDTA, and 50 mM Tris, pH

7.4] (Sigma). The protein concentration was determined

using the Bradford assay (BioRad). Equal amounts of

protein per lane from each sample was separated on 10%

sodium dodecyl sulfate polyacylamide gels and transferred

onto polyvinylidene fluoride membranes (Invitrogen). The

membranes were probed overnight using the following

antibodies: anti-Mfn2 (1:1000 dilution, Sigma), anti-phos-

pho-p38 MAPK (1:2000 dilution, Santa Cruz), anti-p38

MAPK (1:2000 dilution, Santa Cruz), and anti-collagen IV

(1:1000 dilution, Sigma). The immunolabeled membranes

were incubated with a goat anti-rabbit IgG secondary

antibodies (1:10000 dilution, Santa Cruz) for 0.5 h. The

bands were visualized by enhanced chemiluminescence

(Santa Cruz) and quantified by Quantity One software

(Biorad). Sample loading was normalized by immuno-

blotting with an anti-b-actin monoclonal antibody (1:2000

dilution, Chemicon).

Statistical analyses

All values are expressed as means ± SEM. Multiple group

means were compared by one-way ANOVA. The before

and after within-group means were statistically evaluated

using t tests. A value of P \ 0.05 was considered statisti-

cally significant. The SPSS 11.5 statistical software was

used for analysis.

Results

General findings

Three days after STZ injection, blood glucose reached the

standard for diabetic models, and they were maintained at

this high level from the 4th week to the 8th week. Com-

parison of the STZ-treated group B with groups C and D,

which were subjected to STZ and adenovirus-mediated

infection, indicates that the transfection protocol did not

affect blood glucose concentration.

The kidney weight/body weight (KW/BW) of group B

(STZ group) and group C (STZ ? adenovirus expressing

green fluorescent protein, AdGFP) rose significantly by

the 4th week, whereas the KW/BW of group D (STZ ?

adenovirus expressing Mfn2, AdMfn2) was not signifi-

cantly different from the untreated group A (P [ 0.05). At

the 8th week, the KW/BW of group D increased relative to

group A, but was still significantly lower than that in group

C (P \ 0.05). Hence, the Mfn2 overexpression prevents

pathologic kidney hypertrophy.

From the 2th week after modeling (STZ injection),

proteinuria began to increase in rats of groups B and C,

whereas proteinuria of group D was not significantly dif-

ferent from group A (P [ 0.05). From the 4th and the 8th

weeks onward, groups B and C exhibited even higher

proteinuria, whereas the proteinuria in group D was still

lower than group C.

At the 2th week after STZ injection, the urinary albu-

min/creatinine ratio (ACR) of groups B and C rose,

whereas the ACR of group D did not increase until the 4th

week. The ACR level was still lower than in group C. Thus,

adenovirus-mediated Mfn2 overexpression, but not ade-

novirus-mediated GFP transfection, reduced several path-

ologic aspects of DN (data shown in Table 1).

Detection of gene transfection

The transfection efficiency as detected by real-time PCR

method reached 70% (data not shown). Mfn 2 expression

reached a peak in the 1st week after transfection and began

to decay gradually from the 3rd week to the 9th week.

However, it was still higher than the baseline (P \ 0.05)

until the 11th week when gene expression in the transfected

animals was not significantly different from expression

before transfection (P [ 0.05) (Fig. 1I). A week after

transfection, immunohistochemistry was also performed to

detect the expression of Mfn2 in the kidneys. The amount

of Mfn2 expression was digitally quantified using Image-

Pro Plus 6.0. The positive staining area (%) in group D rats

was significantly higher than in groups A and C (P \ 0.01),

whereas no difference was observed between the control

group and group C (Fig. 1II, III).

Mfn2 protein expression over time

To test how Mfn2 expression changed with time, western blot

analysis was performed on the kidney lysates prepared

immediately after transfection and at the 2th, 4th, and 8th

week(s). In groups B and C, Mfn2 expression was inhibited

from the 2th week and the degree of inhibition increased with

time, reaching a nadir by the 4th week. In the animals

transfected with AdMfn2, Mfn2 protein expression decreased

with time (Fig. 2) consistent with the RT-PCR results.
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Pathological analysis

The pathologic changes were not obvious within the first

4 weeks of treatment. However, the rats in groups B and C

exhibited mesangial expansion, mesangial cell prolifera-

tion, and glomerular hypertrophy by the 8th week (Fig. 3I).

The glomerular volume increased significantly in group C

and was significantly higher than those of the rats in group

D with Mfn2 overexpression (Fig. 3III). Glycogen content

was also significantly different between groups C and D, as

revealed by PAS (Fig. 3II). The GBM was thicker among

the rats in groups B and C and was accompanied by fusion

of podocytes. These changes were significantly less com-

mon in the group D rats (Fig. 3IV). The GBMT increased

with time in group C and was markedly thicker than in the

group D rats by the 8th week (Fig. 3V).

Expression of Collagen IV and phospho-p38 protein

Collagen IV is a main component of the ECM, and the

expression of this protein can reflect the degree of renal

damage. Western blot analysis shows that collagen IV

expression significantly increased in groups B and C by the

8th week, whereas collagen IV expression in group D was

statistically lower than in group C (P \ 0.05) (Fig. 4I).

Phospho-p38, the upstream activator of p38 MAPK,

exhibited a similar trend, with lower levels in group D than

in group C (P \ 0.05) (Fig. 4II).

ROS production in kidney tissue, acetyl-coenzyme

A in mitochondria, and mitochondrial morphologic

measurements

ROS production was measured to determine the capacity of

Mfn2 to alter the oxidative stress status of diabetic rat

kidneys. As shown in Fig. 4III, the level of oxidation

products rose significantly in groups B and C by the 8th

week. On the other hand, Mfn2 overexpression inhibited

oxidative stress. The expression of acetyl coenzyme A, a

key protein in mitochondrial oxidative phosphorylation,

was examined. Figure 4IV presents the acetyl coenzyme A

contents of the kidneys in the different treatment groups.

Acetyl coenzyme A increased in groups B and C con-

comitant with the rise of ROS, whereas Mfn2 overex-

pression decreased acetyl coenzyme A in mitochondria.

Electron microscopy revealed that the mitochondria of

the proximal tubule cells showed conspicuous spherical

enlargements in all the STZ-treated groups (Fig. 4V), and

the mitochondrial matrix was more electrolucent than in

the control rats. However, the mitochondrial membranes

Table 1 General findings

Group A Group B Group C Group D

Glucose (mmol/l)

0 week 7.13 ± 1.87 14.56 ± 1.23* 14.87 ± 1.56* 15.01 ± 1.92*

2 week 7.09 ± 1.12 27.37 ± 2.57* 26.72 ± 3.32* 26.53 ± 4.13*

4 week 7.32 ± 1.13 31.79 ± 3.67* 30.33 ± 4.01* 32.57 ± 3.23*

8 week 7.97 ± 1.01 29.91 ± 4.25* 30.12 ± 2.75* 30.56 ± 3.11*

KW/BW (mg/g 9 103)

0 week 3.87 ± 0.11 3.74 ± 0.21 3.9 ± 0.19 3.73 ± 0.25

2 week 3.69 ± 0.17 3.89 ± 0.34 3.94 ± 0.37 3.81 ± 0.45

4 week 3.91 ± 0.21 4.13 ± 0.45* 4.22 ± 0.51* 3.93 ± 0.63

8 week 3.94 ± 0.19 4.95 ± 0.62* 4.87 ± 0.49* 4.12 ± 0.55*#

Urine protein (mg/24 h)

0 week 7.22 ± 3.32 7.53 ± 2.45 7.97 ± 3.11 7.14 ± 2.93

2 week 6.97 ± 2.67 10.32 ± 4.42* 11.23 ± 4.19* 8.24 ± 5.03#

4 week 8.14 ± 2.03 19.79 ± 5.65* 20.65 ± 6.31* 13.31 ± 3.29*#

8 week 7.32 ± 3.01 34.23 ± 6.87* 32.31 ± 4.29* 18.93 ± 3.65*#

ACR (mg/mmol)

0 week 1.17 ± 0.18 1.32 ± 0.32 1.25 ± 0.23 1.10 ± 0.17

2 week 1.33 ± 0.57 2.45 ± 0.98* 2.67 ± 1.01* 1.67 ± 0.87

4 week 1.39 ± 0.33 3.72 ± 0.76* 3.91 ± 1.1* 1.95 ± 0.96*#

8 week 1.43 ± 0.69 5.35 ± 0.84* 5.89 ± 1.23* 2.95 ± 1.12*#

* Compared with the group A, P \ 0.05
# Compared with the group C, P \ 0.05
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were well preserved in each group. Morphologic changes

were less obvious in group D rats compared with those in

group C.

Apoptosis

The TUNEL method was used to identify apoptotic cells in

the diabetic rat kidneys. Few apoptotic cells were observed

in the glomeruli, and renal tubular cells appeared to be the

major apoptotic cells in the STZ-treated rats. The numbers

of apoptotic cell were counted on the 8th week, and these

counts revealed no significant difference in apoptosis index

between groups (P [ 0.05) (Fig. 5).

Discussion

Mounting evidence indicates that Mfn2 is a multifunctional

protein with a biological function beyond regulation of

mitochondrial shape. These additional functions of Mfn2

are now attracting closer attention, including regulation of

mitochondrial metabolism, roles in multiple signaling

pathways, regulation of apoptosis, determination of orga-

nelle shape, and regulation of cell cycle progression [9, 20,

21, 49, 50]. Few reports, if any, have examined the role of

Mfn2 in diabetes and associated pathologies. Previous

studies have indicated that Mfn2 expression is reduced in

obesity and type 2 diabetes. The concomitant decrease

in mitochondrial size suggests that Mfn2 plays some role in

the etiology of insulin resistance. A positive correlation

between Mfn2 levels and insulin sensitivity has been

observed in morbidly obese subjects and after bariatric

surgery [22, 24]. Based on these findings, Mfn2 presumably

acts as an important factor in the pathogenesis of diabetes.

Research on the role of Mfn2 in DN has been limited.

The effects of Mfn2 on diabetic kidneys at the earliest

stages of DN remain undetermined. Our data demonstrate

that endogenous Mfn2 expression is significantly inhibited

in diabetic rats. Similarly, Bach et al. report that the

expression of Mfn2 decreases in diabetic patients [22].

Considering that high glucose influences gene expression

by regulating transcription factors [51, 52], hyperglycemia

may inhibit Mfn2 expression. However, experimental

confirmation is needed.

Fig. 1 Overexpression of Mfn2. I—Mfn2 gene expression with time

was detected by realtime-PCR method (*P \ 0.05, **P \ 0.01, when

compared with 0 week). II—Mfn2 expression in kidney tissues was

detected by immunohistochemistry. On the 7th day after Mfn2

transfection, positive staining particles in glomeruli and tubules

significantly increased. Arrows: a endothelium cells; b mesangial

cells; c tubular epithelial cells. III—Quantitative image analysis

showed that expression rate in AdMfn2 group was significantly higher

than in the control group and the AdGFP group (*P \ 0.05, when

compared with control group; #P \ 0.05, when compared with

AdGFP group)
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Clinical parameters indicative of DN were markedly

ameliorated by virus-mediated Mfn2 overexpression.

Indeed, Mfn2 overexpression is associated with decreased

kidney volume (as indicated by KW/BW) and reduced

proteinuria and ACR in diabetic rats, which indicate that

Mfn2 slows the progression of DN. Light and electron

microscopy reveal that Mfn2 overexpression limits mes-

angial expansion, glycogen accumulation, glomeruli

enlargement, and thickening of the GBM, all being the

hallmarks of diabetic kidney. Mfn2 overexpression also

inhibits the synthesis of collagen IV, the main component

of the ECM. However, the potential mechanism of the

protective effect of Mfn2 remains unclear.

Brook et al. studied the effects of Mfn2 in cisplatin-

induced acute tubular necrosis and found that Mfn2 had a

protective influence on the kidney by inhibiting excessive

apoptosis of renal tubular epithelial cells [30]. The extent

of apoptosis was detected to investigate whether the pro-

tective role of Mfn2 in DN is associated with the regulation

of apoptosis. However, no significant differences in the

number of apoptotic cells (TUNEL?) was observed in any

the rat group at the 8th week after the diabetic state was

established. This phenomenon can be explained by the

following: Apoptosis is not the major pathologic change in

early stage DN. Therefore, the effect of mfn2 overexpres-

sion on apoptosis was not prominent [53, 54]. Diabetes is

accompanied by the increased generation of ROS in several

tissues, including the kidneys. Oxidative stress has

emerged as a critical pathogenic process in the develop-

ment of DN [55–58]. Hence, the correlations among Mfn2,

oxidative stress, and mitochondrial function were exam-

ined. Previous studies have demonstrated that Mfn2

repression leads to a decrease in the oxidation of glucose,

pyruvate, and palmitate, and to reduced mitochondrial

membrane potential in myotubes. Conversely, Mfn2 over-

expression in HeLa cells causes the perinuclear aggrega-

tion of mitochondria, a marked enhancement of

mitochondrial membrane potential, and increased glucose

oxidation [20, 21]. In the present study, ROS production in

the DN rats increased slightly by the 8th week, accompa-

nied by enhanced oxidative metabolism by the mitochon-

dria. These signs of oxidative stress were ameliorated by

Mfn2 overexpression. How Mfn2 influences mitochondrial

ROS generation is still unknown. Hence, the influence of

Mfn2 on ROS and mitochondrial function may have con-

tributed to the partial protection against the development of

DN. Further study is required to determine if this is caused

by a direct antioxidant effect. Mitochondrial enlargement

was observed following STZ injection. However, these

mitochondrial changes are not solely attributable to dia-

betes because STZ has direct deleterious effects on the

kidneys [59] and it can cause morphologic changes in the

mitochondria. In the present study, Mfn2 overexpression

improved some mitochondrial functions without decreasing

glucose, which may be explained by the local Mfn2

transfection. Skeletal muscles and adipose tissues, rather

than the kidneys, are responsible for glucose regulation.

Recent studies have confirmed the significant anti-pro-

liferation effect of Mfn2. Mfn2 inhibits the proliferation of

vascular smooth muscle cells and hepatocellular carcinoma

cells [60]. Mfn2 interact with RAS [19], which suggests a

potential role in regulating Ras-dependent MAPK signaling.

Mounting evidence has implicated p38 MAPK signaling in

the development of DN [5, 61]. High glucose has been

demonstrated to promote p38 MAPK activation and collagen

IV production in podocytes [62, 63]. Again, the present study

confirmed that p38 activation induces collagen synthesis,

whereas collagen synthesis is depressed when p38 is inac-

tivated. Mfn2 overexpression significantly inhibits p38

activation. Therefore, we hypothesize that Mfn2 directly

inhibits the p38 MAPK pathway through p38 dephospho-

rylation, further decreasing collagen synthesis. This mech-

anism might account for the protective role of Mfn2 in DN.

To the best of our knowledge, the present study is the

first to link Mfn2 to diabetic kidney disease. The experi-

mental results are optimistic, but the potential role of Mfn2

Fig. 2 Protein expression of Mfn2 with time. I—Protein expression

of Mfn2 with time (0, 2th, 4th, and 8th weeks) in kidney tissues

among the four groups detected by western blot. II—Relative quantity

of Mfn2 expression level at different time points (*P \ 0.05, when

compared with group A; #P \ 0.05, when compared with group C)
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Fig. 3 Pathological changes of kidney in STZ-induced diabetic rat.

Renal tissue morphology was significantly improved by overexpres-

sion of Mfn2 in the 8th week. I—HE staining revealed manifestations

of early DN in groups B and C, including enlargement of glomeruli

and mesangial expansion; while the changes were less obvious in

group D. II—PAS staining showed increase of glycogen in glomeruli

in groups B and C; while the changes were less obvious in group

D. III—GV at different time points in each group revealed some

differences in the 4th week. IV—GBM changes in the 8th week were

observed by electron microscopy. Basement membrane thickness and

foot process fusion can be seen in the groups B and C, whereas the

group D had relatively minor changes with normal basement

membrane and foot process arranged in order. Arrows: a GBM;

b foot process. V—GBMT at different time points in each group

showed some changes in the 4th week. The group D had relatively

minor changes (*P \ 0.05, compared with the group C; **P \ 0.01,

compared with the group C; #P \ 0.05 compared with the group A)
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in the development and progression of diabetic kidney

disease remains largely unexplored. Mfn2 regulates ROS

production through the mitochondria and influences p38

MAPK-signaling pathway, whereas p38 is directly acti-

vated by ROS [64]. The association of Mfn2, ROS, and p38

MAPK might be the key to understanding the role of Mfn2

in DN.

The present study has some limitations. Evidence to

confirm a direct interaction between Mfn2 and Ras or

between Mfn2 and kidney mitochondria has not been found.

Second, Mfn2 expression after transfection in vivo gradu-

ally decayed over time, whereas DN develops slowly. The

development of Mfn2 transgenic animals or Mfn2 knockout

animals will allow further extension of the present study.

Fig. 4 Related protein

expression, ROS production and

mitochondrial measurement.

Overexpression of Mfn2

significantly inhibited collagen

synthesis, decreased the

expression of phosphor-p38 and

ROS production, and regulated

mitochondrial function

(*P \ 0.05, compared with the

group A; #P \ 0.05, compared

with the group C). I—Protein

expression of collagen IV

(western blot). II—Protein

expression of phospho-p38 and

p38 (western blot). III—ROS

production in kidney tissue

(DCF method). IV—Free

acetyl-CoA in isolated

mitochondria (HPLC method).

V—Mitochondria in proximal

tubule cells diffusely enlarged

in the groups B, C, and D, as

compared with the group A. The

change of mitochondrial

morphology was less obvious in

group D than in group

C. Both 912,000
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In summary, Mfn2 overexpression attenuates many of

the pathologic changes in kidney structure and function

associated with diabetes in rats. Mfn2 plays a protective

role in DN, possibly by ameliorating oxidative stress,

sustaining mitochondrial function, or by suppressing the

p38 MAPK-signaling pathway. Furthermore, Mfn2 is a

potential therapeutic target for the treatment of early DN.
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