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Abstract: Focal segmental glomerulosclerosis (FSGS) is a major renal complication of human mitochondrial 
disease. However, its pathogenesis has not been fully explained. In this study, we focused on the glomerular injury 
of mito-miceΔ and investigated the pathogenesis of their renal involvement. We analyzed biochemical data and 
histology in mito-miceΔ. The proteinuria began to show in some mito-miceΔ with around 80% of mitochondrial DNA 
deletion, then proteinuria developed dependent with higher mitochondrial DNA deletion, more than 90% deletion. 
Mito-miceΔ with proteinuria histologically revealed FSGS. Immunohistochemistry demonstrated extensive distal 
tubular casts due to abundant glomerular proteinuria. Additionally, the loss of podocyte-related protein and podocyte’s 
number were found. Therefore, the podocyte injuries and its depletion had a temporal relationship with the 
development of proteinuria. This study suggested mitochondrial DNA deletion-dependent podocyte injuries as the 
pathogenesis of renal involvement in mito-miceΔ. The podocytes are the main target of mitochondrial dysfunction 
originated from the accumulation of mitochondrial DNA abnormality in the kidney.
Key words: focal segmental glomerulosclerosis, mitochondrial disease model, mitochondrial DNA deletion, podocyte 
injury

Introduction

Mitochondrial disease can affect various organs in-
cluding the kidneys [1–3]. Several studies have reported 
that patients with the m.3243A>G mutation develop fo-
cal segmental glomerulosclerosis (FSGS) as renal in-
volvement [4]. Among these cases, electron microscopy 
demonstrated abnormal mitochondria in podocytes, not 
only in tubular epithelial cells [5, 6]. The previous case 
report suggested the relationship between podocyte in-
jury and FSGS in mitochondrial disease [7]. However, 
there is as yet no convincing evidence to explain podo-

cyte injury is the direct outcome of mitochondrial dys-
function.

Mito-miceΔ are mouse models for mitochondrial dis-
ease with a heteroplasmic state for wild-type mitochon-
drial DNA (mtDNA) and pathogenic mtDNA having a 
large-scale deletion (ΔmtDNA) [8]. Mito-miceΔ develop 
clinical phenotypes (retinal abnormality, anemia, move-
ment disorder, myopathy, deafness, cardiac conduction 
disorder and male infertility), only if the proportion of 
ΔmtDNA in each organ reaches higher than 70–80% 
[9–13]. This phenomenon is called threshold effect and 
is also well-described in human cases [14]. renal in-
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volvement is a major feature of mito-miceΔ. In the pre-
vious studies, mito-miceΔ with the renal proportion of 
ΔmtDNA exceeding 85% showed deterioration of cyto-
chrome c oxidase (COX) activity and histological change 
including FSGS and tubular dilatation with casts [8, 9].

Mito-miceΔ manifest renal involvement resembling 
that of human mitochondrial disease. Although it has 
been suggested that mitochondrial respiratory defect is 
essential for the pathogenesis, the specific role of each 
cell in the kidneys remains unclear [9]. In the present 
study, we focused on the podocyte injury of mito-miceΔ.

Materials and Methods

Mice
Mito-miceΔ were generated by introduction of 

ΔmtDNA from cultivated cells into fertilized eggs of F1 
female mice (B6D2F1, obtained by crossing C57BL/6J 
and DBA/2) using cell fusion techniques as described 
previously [8]. We used 12 to 25 week-old non-castrat-
ed male mito-miceΔ carrying various proportions of 
ΔmtDNA (n=18) and wild-type male C57BL/6J mice 
(n=3) as a control for the study. Animal experiments were 
performed in accordance with protocols approved by the 
Experimental Animal Committee of the University of 
Tsukuba.

Estimation of ΔmtDNA proportions
Total DNA were extracted by DNeasy Tissue Kit® 

(QIAGEN sciences, MD) according to manufacture rec-
ommendation. Total RNA was extracted from renal cor-
tex by SV total RNA isolation system® (Promega, 
Madison, WI, USA) according to manufacture recom-
mendation. The proportion of wild-type mtDNA and 
ΔmtDNA was calculated by real-time PCR analysis as 
described previously [8]. First, we measured the propor-
tion of ΔmtDNA in tail samples from all 4 week-old mice 
because they represent the proportions of ΔmtDNA in 
different organs from the same individual [9]. Subse-
quently, we sacrificed 12 to 25 week-old mice for ex-
amination and calculated the renal proportions of 
ΔmtDNA.

The measurement of urinary protein, BUN and 
serum creatinine

Spot urine samples were collected. Urinary protein 
was measured by Bio-Rad Protein Assay (Bio-Rad 
Laboratories, CA), determined by Bradford method. 
Urinary creatinine was measured using Dimension ARX 
990390-X (Siemens Healthcare Diagnostics, Tokyo, 
Japan). Urinary protein value was expressed as g/gCr. 
BUN and serum creatinine were measured using a Dry-

Chem 3500 automated analyzer (Fuji Film Inc., Tokyo, 
Japan).

Histological analysis
Kidneys were fixed with 10% formaldehyde and em-

bedded in paraffin or fixed with 4% paraformaldehyde 
for frozen sections, in Optimal Cutting Temperature 
compound (Sakura Finetek, Tokyo, Japan). Paraffin sec-
tions were deparaffinized with xylene and hydrated with 
graded ethanols. A microwave oven was used for antigen 
retrieval.

Paraffin sections were stained with hematoxylin and 
eosin (HE), periodic acid Schiff (PAS), periodic acid-
methenamine silver (PAM) or Masson trichrome (MT) 
for light microscopy. We counted the number of total 
glomeruli in random one cross section of a kidney in 
PAM sections of each mouse and estimated the percent-
age of glomeruli with FSGS. Sclerosing lesion involving 
more than 50% of affected glomeruli was defined as 
global sclerosis, and less than 50% as segmental lesion. 
Severity of tubular dilatation and interstitial fibrosis was 
evaluated in MT sections.

Paraffin sections were stained immunohistochemi-
cally. Briefly, each section was incubated with primary 
antibody for 2 h at room temperature and with secondary 
antibody for 30 min at room temperature. Primary anti-
bodies were anti-aquaporin 1 (AQP1) antibody (poly-
clonal rabbit IgG, 1:400 dilution; Chemicon Interna-
tional, Temecula, CA), anti-Tamm-Horsfall glycoprotein 
(THP) antibody (goat antiserum, 1:1,000 dilution; MP 
Biomedicals, Solon, OH, USA), and anti- Wilms tumor 
1 (WT1) antibody (polyclonal rabbit IgG, 1:50 dilution, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA). We 
used Fab’-conjugated peroxidase-labeled amino acid 
polymer (Histofine® Simple StainTM MAX PO; Nichirei 
Biosciences, Tokyo, Japan) or biotinylated goat anti-
rabbit IgG (Vector Laboratories, Burlingame, CA, USA) 
and streptavidin-conjugated horseradish peroxidase 
complex incubation as secondary antibody, followed by 
diaminobenzidine (DAB) staining.

Frozen sections were stained immunohistochemically. 
As primary antibodies, rabbit polyclonal antibodies rec-
ognizing C terminal sequence of both nephrin and podo-
cin (nephrin: CEDPRGIYDQVAADMD (neph-C: 
1212–1226), podocin: CVEPLNPKKKDSPML (pod-C: 
372–385)) were generated (QIAGEN, Peptide synthesis 
service, Tokyo, Japan). The antigen specificity of these 
two antibodies was confirmed by the specific band on 
western blot using normal kidney of C57BL/6J mice 
(data not shown). We used Alexa Fluor 488-conjugated 
anti-rabbit IgG (1:400 dilution, Invitrogen, San Diego, 
CA, USA) as secondary antibody.
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Electron microscopy
For ultrastructural analysis of glomerulus, murine 

kidneys were cut into tissue blocks (approximately 0.5 
mm3) and immersed in 2.5% phosphate-buffered glutar-
aldehyde overnight at 4 degrees. The tissue blocks were 
postfixed in 1% osmium tetroxide for 2 h at 4 degrees, 
dehydrated in graded ethanols, and embedded in epoxy 
resin (Poly/Bed 812 Embedding Media, Polysciences, 
Warrington, PA). Ultra-thin sections cut on a Leica Ul-
tracut S microtome (Leica, Vienna, Austria) were stained 
with uranyl acetate and lead citrate. Sections were ob-
served by transmission electron microscopy (TEM) at 
75kV using a H-7000 instrument (Hitachi, Tokyo, Ja-
pan).

Quantification of WT1 positive cells in glomeruli
To recognize podocyte depletion, we used anti-WT1 

antibody and counted the number of WT1 positive cells 
in glomeruli. Eight kidney samples of mito-miceΔ were 
selected in a random manner. For estimation of podocyte 
number, we scanned at least 50 glomeruli in a section. 
Mito-miceΔ were divided into 2 groups depending on 
the proportion of ΔmtDNA and were performed nonpara-
metric statistical analysis, Mann-whitney U test.

Results

The effect of ΔmtDNA accumulation in podocytes 
induced proteinuria

To delineate renal injury in mito-miceΔ biochemi-
cally, we measured urinary protein excretion and the 
renal proportion of ΔmtDNA at sacrifice. The values for 
proteinuria were standardized by urinary protein to cre-
atinine ratio (Table 1). In all mito-miceΔ, proportions of 
ΔmtDNA increased linearly by aging from those in the 
4-week tail, probably because smaller ΔmtDNA had a 
replication advantage over wild-type mtDNA [9]. Some 
mice with the proportion of ΔmtDNA exceeding 80% 
(sample No. 11 and 13) began to show proteinuria, and 
all mice with the proportion of ΔmtDNA exceeding 90% 
(sample No. 15–18) developed proteinuria (Fig. 1). Mice 
with the proportion of ΔmtDNA less than 80% or less 
than 18-week-old mice had no proteinuria (Table 1). 
Serum creatinine (sCr) and blood urea nitrogen (BUN) 
value were examined in 2 mito-miceΔ (sample No. 16 
and 17). At the time of sacrifice, the data of renal function 
was as follows: sCr 0.8 mg/dl, BUN 40.1 mg/dl in sam-
ple No. 16; sCr 0.4 mg/dl, BUN 21.6 mg/dl in sample 
No. 17, respectively, indicating a mild renal function 
deterioration in sample No. 16 mouse. Although the 
study was limited in number describing only 2 cases, 
some mice presented with renal failure.

Table 1. Biochemical and histological characteristics of mice

Sample number
Age at 

sacrifice 
(weeks)

Proportion of 
ΔmtDNA 

4-week tail 
(%)

Proportion of 
ΔmtDNA 
Kidney at 

sacrifice (%)

Urinary 
protein  
(g/gCr)

number 
of total 

glomeruli

number 
of global 
sclerosis 

(%)

Number of 
segmental 
lesion (%)

Tubular 
dilatation

interstitial 
fibrosis 

(%)

Control
B6(12) 12 0 3.9 147 0 0 no <5
B6(18) 18 0 2.9 211 0 0 no <5
B6(22) 22 0 3.1 181 0 0 no <5

Mito-miceΔ
1 16 14.6 40.5 4.6 170 0 0 no <5
2 16 27.2 45.2 4.9 168 0 0 no <5
3 12 67.6 71.9 8.1 88 0 0 no <5
4 12 68.5 75.0 5.3 78 0 0 no <5
5 22 37.9 76.0 9.8 93 0 0 no <5
6 18 60.0 79.3 9.5 76 0 0 no <5
7 12 60.0 79.4 4.1 215 0 0 no <5
8 22 29.6 79.4 12.2 70 0 0 no <5
9 12 62.9 79.6 4.1 66 0 0 no <5
10 13 73.0 80.1 3.6 163 0 0 no <5
11 16 69.6 83.7 28.1 183 0 0 no <5
12 22 60.0 83.9 2.5 147 0 0 no <5
13 17 60.0 84.0 31.1 157 0 0 no <5
14 16 66.5 86.1 9.0 237 0 0 no <5
15 24 68.0 90.8 53.3 159 10 (6.3) 7 (4.4) yes <5
16 22 71.2 92.2 85.9 94 22 (23.4) 20 (21.3) yes <5
17 22 63.3 92.9 31.9 102 0 (0) 1 (1.0) yes <5
18 25 67.0 93.0 42.4 177 1 (0.6) 12 (6.8) yes <5
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Histology of renal involvements
Mito-miceΔ with the proportion of ΔmtDNA less than 

90% did not show any histological change compared 
with control mice (data not shown). In contrast, mito-
miceΔ with the proportion of ΔmtDNA exceeding 90% 
(sample No. 15–18) developed glomerular involvements 
including both global sclerosis and segmental lesions 
with epithelial hyperplasia or adhesion (Fig. 2a). How-
ever, the frequency of glomerular involvements varied 

widely, approximately 1 to 44.7% of glomeruli (Table). 
Tubular dilatation with casts throughout renal cortex to 
medulla was also observed in these mice, but interstitial 
fibrosis was scarcely detected (Figs. 2b and c). The ap-
pearance of these tubular casts in medullary rays and 
deep medulla was originated from massive glomerular 
proteinuria.

To clarify the origin of tubular lesions, we performed 
immunohistochemistry of the tubular markers; AQP1 for 
proximal tubules and THP for distal tubules. Control 
mice and mito-miceΔ with less than 90% ΔmtDNA in 
the kidneys showed the normal expression pattern of 
these markers. In contrast, dilated tubules of the af-
fected mice (sample No. 15–18) were negative for AQP1 
expression (Fig. 3a) and mostly positive for THP (Fig. 
3b). These light microscopic and immunohistochemical 
results showed protein casts in distal tubules originated 
from massive glomerular proteinuria. Additionally, dis-
tal tubular dilation without noticeable interstitial fibrosis 
suggested that these changes were mainly attributed to 
the glomerular involvements, not to the tubular involve-
ments. In summary, these histological characters were 
typical for FSGS, resembling clinical phenotype of ne-
phrotic syndrome in human.

On the electron microscopy, in control mice, mito-
chondria in podocytes appeared uniform and unnotice-
able (data not shown). In contrast, aged mito-miceΔ with 

Fig. 1. Effect of ΔmtDNA accumulation on proteinuria. Mito-
miceΔ with more than 80% ΔmtDNA in the kidneys devel-
oped proteinuria. This is consistent with the previous ob-
servations that threshold of mitochondrial respiratory de-
fect in mito-miceΔ was around 85% ΔmtDNA accumula-
tion. B6 control (n=3), mito-miceΔ (n=18).

Fig. 2. Light microscopy of glomerular and tubulointerstitial involvements. (a) Sample No. 18 (25 
week-old, ΔmtDNA 93.0%). A glomerulus revealed segmental sclerosis on the left side. 
Some tubular casts were seen. (b), (c) Sample No. 18 (25 week-old, ΔmtDNA 93.0%). 
Tubular dilatation with hyaline casts was frequently seen in both renal cortex (b) and me-
dulla (c). The appearance of these tubular casts was originated from glomerular proteinuria. 
(a): PAS stain, (b), (c): MT stain.
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more than 90% ΔmtDNA in the kidneys contained nu-
merous dysmorphic mitochondria in podocytes (Fig. 4). 
Extensive foot process effacement was also observed in 
these mice. These electron microscopic findings revealed 
diffuse podocyte injuries, corresponding to the histology 
of FSGS.

To detect the change in expression of podocyte pro-
tein, immunofluorescence for nephrin and podocin was 
performed. Control mice showed linear pattern for both 
proteins along the capillary walls (Figs. 5a and d). As 
the proportion of ΔmtDNA increased to less than 90%, 
mito-miceΔ showed almost linear pattern for both pro-
teins (Figs. 5b and e). By contrast, as the proportion of 
ΔmtDNA increased to more than 90%, mito-miceΔ 
showed weak and granular pattern for both proteins 
(Figs. 5c and f). To evaluate podocyte loss in detail, we 
counted the number of WT1-positive podocytes. In con-
trol mice (n=3), the median number of WT1 positive 
cells per glomerulus was 6.2 cells (Fig. 6a). The number 
of WT1 positive cells showed a statistically significant 
decrease in mito-miceΔ with the proportion of ΔmtDNA 
exceeding a median of 81.7% {Figs. 6a and b, lower 
proportion of ΔmtDNA group (n=4) with a median of 
6.1 cells; higher group (n=4) with a median of 4.5 cells, 
P=0.029)}.

Discussion

FSGS is a typical glomerular disease based on diffuse 
podocyte injuries, and recently named as podocytopathy 
[15–17]. In the present study, we confirmed that mito-
miceΔ with over 80% of ΔmtDNA began to appeared 
proteinuria and podocyte depletion, resulting in FSGS 
with distal tubular dilatation when ΔmtDNA ratio be-

came higher than 90%. Our results provided a new con-
cept that proteinuria was a biomarker of early stage of 
kidney involvements in mito-miceΔ and its threshold 
was around 80% ΔmtDNA accumulation. The threshold 
of proteinuria corresponded to that of mitochondrial 
respiratory defect reported in the previous studies [9, 
18].

In this study, we investigated the morphologic change, 
molecular expression and loss of podocyte in mito-
miceΔ, focused on both glomerular and tubular involve-
ments. First, we could observe histological findings 

Fig. 3. Immunohistochemistry of tubular involvements. (a) Anti-AQP1 staining in renal cortex. Epithelium of the 
dilated tubule (black asterisk) was negative for AQP1. (b) Anti-THP staining in renal cortex. Extensive 
formation of intraluminal THP-positive casts including the AQP1-negative dilated tubule (black asterisk). 
A large part of the dilated tubules themselves were positive for THP. This implies that the dilated tubules 
were derived from distal nephrons. Both pictures were continuous sections.

Fig. 4. Electron microscopy for podocyte fine structure. Sample 
No. 17 (22 week-old, ΔmtDNA 92.9%). Numerous dys-
morphic mitochondria were seen in podocyte cytoplasm. 
Extensive foot process effacement was found.
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typical for glomerular involvements of FSGS. The elec-
tron microscopy findings and podocyte protein expres-
sion provided certain evidence for podocyte injury. 
Furthermore, podocyte loss following foot process ef-

facements and detachment from glomerular basement 
membrane occurred relatively early stage of glomerular 
injury and corresponded to the development of protein-
uria in mito-miceΔ with ΔmtDNA ratio exceeding 80%. 

Fig. 5. Expression of nephrin and podocin by immunofluorescence. (a)–(c): anti-nephrin stain. Control mice showed linear pattern along 
the capillary walls. On the other hand, the staining pattern of both proteins became granular and weak in mito-miceΔ with more 
than 90% ΔmtDNA accumulation. (d)–(f): anti-podocin stain. Control mice showed linear pattern along the capillary walls. On 
the other hand, the staining pattern of both proteins became granular and weak in mito-miceΔ with more than 90% ΔmtDNA 
accumulation. (a,d) C57/B6 control. (b, e) Sample No. 6 (ΔmtDNA 79.3%). (c, f) Sample No. 17 (ΔmtDNA 92.9%).

Fig. 6. The relationship between accumulation of ΔmtDNA in the kidney and podocyte number. (a) Overall scatter plot. In control 
mice (n=3), the median number of WT1 positive cells per glomerulus was 6.2 cells. The number of WT1 positive cells was 
decreasing in mito-miceΔ with the proportion of ΔmtDNA exceeding a median of 81.7%. (b) Comparing medians of two 
groups, high proportion of ΔmtDNA group and low proportion group. The WT1-positive podocyte number was statistically 
significant decreasing in the group with higher proportion of ΔmtDNA in kidney (median 6.1 cells vs median 4.5 cells, P=0.029). 

B6 control (n=3), mito-miceΔ (n=8).
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The affected glomeruli progressed to glomerular scle-
rotic changes when ΔmtDNA ratio exceeded 90%, sug-
gesting that the podocyte loss is a trigger for developing 
severe renal failure [17, 19]. The podocyte may thus be 
a direct target of mitochondrial dysfunction in mitochon-
drial diseases.

Next, we expanded our analyses to tubular involve-
ments in mito-miceΔ. In this murine models, massive 
glomerular proteinuria related with glomerular involve-
ments obviously affected tubular involvements, includ-
ing proteinaceous casts and microcysts in the part of 
distal tubules. Immunohistochemistry of AQP1 and THP 
demonstrated that the dilated tubules may be derived 
from distal nephrons. The casts in dilated tubules con-
tained THP which is originally secreted by thick ascend-
ing limb. Extensive formation of THP-positive casts may 
reflect massive proteinuria originated from upstream 
glomerular injury. In human FSGS with nephrotic syn-
drome, proximal tubules frequently show degenerative 
and regenerative change, and tubular microcysts (di-
lated distal tubules filled with proteinaceous casts) are 
commonly seen [19]. This implies that the glomerular 
injury was early event in renal involvement in mito-
miceΔ and resultant proteinuria, at least in part, caused 
tubular abnormalities. If massive proteinuria persists, 
interstitial fibrosis appears and spreads widely, finally 
progressing to renal failure.

The molecular pathology of mito-miceΔ may be dif-
ferent from that of human mitochondrial disease. Mito-
chondrial myopathy, encephalopathy, lactic acidosis, 
stroke-like episodes (MELAS) is a classical human 
mitochondrial disease caused by pathogenic point muta-
tions in mtDNA. In human mitochondrial disease with 
deletion mutation in mtDNA, only a few cases were 
reported to be complicated by FSGS [7]. Although care-
ful discussion is needed, our findings may contribute to 
an understanding of pathogenesis in mitochondrial dis-
ease.

In summary, the results suggested the role of podocyte 
in the evolution of renal involvement in mito-miceΔ. In 
mito-miceΔ, podocytes were the direct target of mito-
chondrial dysfunction. Further study on how mitochon-
drial dysfunction harms podocyte will provide a new 
insight for mitochondrial disease.
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