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PURPOSE. Mitochondrial function is controlled by membrane
structure. In diabetes, retinal mitochondria are dysfunctional,
and reversal of hyperglycemia fails to inhibit such changes. The
goal of this study was to use anatomic and molecular biologic
techniques to investigate the effect of diabetes on mitochon-
drial membrane structure.

METHODS. Wistar rats were maintained in poor glycemic con-
trol (PC; GHb 11.2%) or good glycemic control (GC; GHb 5.5%)
for 12 months or in PC for 6 months, followed by GC for an
additional 6 months. The structure of the retinal mitochondria
in the microvascular region was evaluated by electron micros-
copy (TEM) and gene expressions of mitochondrial structure–
related proteins by rat mitochondrial PCR array. Representative
genes were validated by real-time PCR, and their protein ex-
pression by Western blot. The results were confirmed in the
retina obtained from human donors with diabetic retinopathy.

RESULTS. TEM showed enlarged mitochondria with partial cris-
tolysis in the retinal microvasculature from PC rats, compared
with those from normal rats. Among 84 genes, 6 retinal genes
were upregulated and 12 were downregulated. PCR confirmed
alternations in the gene expressions of fusion (Mfn2), carrier
(Timm44 and Slc25a21), Akt1, and fission proteins (Dnm1l).
Protein levels of Mfn2 and Dnm1l were consistent with their
mRNA levels, but their mitochondrial abundance was de-
creased. Reversal of hyperglycemia failed to normalize these
changes. Retinas from donors with diabetic retinopathy also
presented similar patterns of changes in the gene and protein
expressions.

CONCLUSIONS. Mitochondrial structural and transport proteins
play an important role in the development of diabetic retinop-
athy and also in the metabolic memory phenomenon associ-
ated with its continued progression. (Invest Ophthalmol Vis
Sci. 2011;52:8739–8746) DOI:10.1167/iovs.11-8045

Diabetic retinopathy remains the leading cause of blindness
in young adults. Research to understand how the disease

develops has explored several hyperglycemia-initiated path-
ways, but the molecular mechanism remains elusive. In diabe-
tes, retinal mitochondria become dysfunctional, their DNA
(mtDNA) is damaged, and capillary cell apoptosis is increased,
and these abnormalities are observed before histopathology
can be detected, suggesting a major role of mitochondria in the
development of diabetic retinopathy.1–3

Mitochondria are highly dynamic organelles; depending
on the energy demand, they can branch, retract, and in-
crease the number of cristae; change their shape and fuse; or
increase in size.4,5 Their function is regulated by cycle of
fusion and fission, and alterations in membrane structure
and morphology are regarded as significant components of
mitochondrial dysfunction.6 Fission of mitochondria is gen-
erally related with apoptosis and fusion with inhibition of
apoptosis.7,8 These fission (e.g., dynamin 1-like protein,
Dnm1l/Drp1) and fusion (e.g., mitofusin 2, Mfn2; Mfn1)
proteins are GTPases and are energy dependent.6 How dia-
betes affects mitochondrial fusion and fission proteins in the
retina is not clear.

Mitochondria are equipped with approximately 1500 pro-
teins, but only 13 proteins are encoded by mtDNA. Thus, most
proteins, encoded by nuclear DNA, have a mitochondrial lead-
ing sequence in their preproteins.9 These proteins are im-
ported into the mitochondria via the translocase of the outer
and inner membrane (TOM and TIM, respectively) complexes.
The TOM complex has a central component, Tom40, with
three preprotein receptors: Tom20, Tom22, and Tom70.9

Tom34 is on the outer membrane and is mostly a cytosolic
chaperon-binding mature preprotein.10,11 In the matrix side of
the inner membrane, Tim44 serves as a docking protein for
heat shock protein 70 (Hsp70).12 Our recent work has shown
that, in diabetes, the enzymes involved in repairing damaged
retinal mtDNA, do not reach the mitochondria, despite the
increase in their mRNA levels,3 suggesting impaired mitochon-
drial membrane structure and transport machinery.

Good glycemic control, if instituted in the early stage of
diabetes, prevents the development of retinopathy, but if
reinstituted after a period of poor glycemic control, fails to
halt its progression, suggesting a “metabolic memory” phe-
nomenon. Our studies have demonstrated that the reversal
of hyperglycemia fails to prevent mtDNA damage and the
repair machinery remains subnormal.3 The purpose of this
study was to investigate whether the retinal mitochondrial
dysfunction observed in diabetes correlates with the ultra-
structure of the mitochondria and the genes associated with
mitochondrial membrane structure, including the fusion–
fission and transport proteins. Further, we investigated
whether these changes are reversed when the hyperglyce-
mic insult is terminated. The effect of diabetes on the ultra-
structure of the mitochondria was evaluated in the micro-
vascular region of the retina by transmission electron
microscope (TEM). Retinas from rats maintained in various
glycemic controls were analyzed with a rat mitochondrial
PCR array for mitochondrial biogenesis and structure–func-
tion. The PCR array results were validated by quantifying the
mRNA and protein levels of the key genes by real-time PCR
and Western blot analysis, respectively. The key proteins
involved in maintaining mitochondrial structure and trans-
port machinery were also confirmed in the retina from
donors with diabetic retinopathy.
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METHODS

Animals

Wistar rats (male, 200g) were randomly assigned to remain normal or
diabetic. Diabetes was induced by streptozotocin (55 mg/kg body
weight), and 3 days after induction, the rats were divided into three
groups: those maintained in poor glycemic control for 12 months (PC
group, glycated hemoglobin, GHb �11.0%); those maintained in poor
glycemic control for 6 months, followed by GC for 6 additional months
(Rev group); and those maintained in good glycemic control for the
entire 12 months (GC group; GHb�5.5%). Glycemic control was main-
tained as per our published methods.3,13,14 Rats in poor glycemic
control received 1-2U insulin (Humulin; Eli Lilly, Indianapolis, IN) four
to five times a week, and those in GC received insulin twice daily (a
total of 7–8 units). Blood glucose was measured every week, and GHb
was quantified every 2 months with a kit from Helena Laboratories
(Beaumont, TX). The protocols conformed to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. At the end of
the experiment, the rats were euthanized by carbon dioxide asphyxi-
ation, the retinas were removed immediately and either used to pre-
pare mitochondria or stored in liquid nitrogen for future use.

Human Retina

Retinas were isolated from human eyes, enucleated between 6 and 9
hours postmortem (obtained from the Midwest Eye Banks, Ann Arbor,
MI, and managed in accordance with the Declaration of Helsinki).
Diabetic donors, 54 to 75 years of age with a history of diabetes for 10
or more years, had documented proliferative retinopathy. Age-matched
nondiabetic donors served as controls (Table 1).

Subcellular Fractionation of the Retina

The retinas were sonicated in buffer containing 30 mM Tris-HCl (pH
7.5), 2 mM ethylene glycol tetraacetic acid, 1 mM EDTA, and 1% Triton
X-100 and were centrifuged at 800g for 5 minutes to remove the cell
debris. The resultant supernatant served as the total homogenate.
Mitochondria were prepared from freshly isolated retinas (Mitochon-
drial Isolation Kit; Thermo Scientific; Rockford, IL), according to the
manufacturer’s instructions. Briefly, the retina was homogenized in
reagent A (containing1% bovine serum albumin), and an equal amount
of reagent C was added to the homogenate before centrifuging it at
350g for 10 minutes at 4°C. The supernatant was centrifuged at
13,000g for 15 minutes at 4°C, and the pelleted mitochondrial fraction
was washed with reagent C and resuspended in mitochondrial buffer
(25 mM Tris-HCl [pH 7.4], 250 mM sucrose, and 2 mM EDTA). Protein
concentration was measured by bicinchoninic acid reagent (Sigma-
Aldrich, St. Louis, MO).

Electron Microscopy

The mitochondrial ultrastructure was evaluated by TEM. The enucle-
ated eyes were dissected along the equators and immediately incu-
bated with 2.5% glutaraldehyde solution in 100 mM phosphate buffer
(pH 7.4) for 24 hours. The retina was postfixed with 1% buffered
osmium tetroxide and dehydrated with graded ethanol solutions. The
samples were embedded in 812 resin (Electron Microscope Science,
Hatfield, PA), and ultrathin transverse sections (70–80 nm) of selected
areas near the retinal microvasculature were prepared. The sections
were stained with uranyl acetate and lead citrate and viewed by TEM

FIGURE 1. Morphology of the mitochondria in retinal microvascula-
ture by TEM. (a) Sections prepared from the area near the retinal
microvasculature were stained with uranyl acetate and lead citrate and
viewed by TEM. Eight or more images/sections were recorded at
20,000� magnification. The photomicrograph is representative of
three to four rat retinas per group; arrows: endothelial cell mitochon-
dria. BM, basement membrane. Average mitochondrial (b) area, and (c)
mitochondrial density in retinal endothelial cells were analyzed using
Image J software (National Institutes of Health, Bethesda, MD; http://
rsb.info.nih.gov/ij/index.html). The values are represented as the
mean � SD of 20 or more mitochondria per group. *P � 0.05 com-
pared to values obtained from normal rats.

TABLE 1. Human Donor Characteristics

Age (y)
Duration of
Diabetes (y) Cause of Death

Nondiabetic donors
1 44 — Intracranial hemorrhage
2 70 — Cerebrovascular accident
3 72 — Myocardial infarction
4 55 — Subarachnoid hemorrhage
5 77 — Myocardial infarction

Donors with diabetic retinopathy
1 75 25 Pulmonary edema
2 54 10 Congestive heart failure
3 69 10 Respiratory failure
4 61 10 Acute myocardial infarction
5 70 10 Coronary artery disease
6 47 27 Acute myocardial infarction
7 59 16 Renal failure
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(model EM 900; Carl Zeiss Meditec, Oberkochen, Germany). At least
eight random images were recorded at 20,000� magnification from
each independent preparation. Mitochondria in the endothelial cells
were analyzed by Image J software to calculate their total area (in
square micrometers) and density (number/square micrometer of cyto-
sol area)15 (ImageJ software, developed by Wayne Rasband, National
Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/
ij/index.html).

RNA Purification

RNA was isolated (Trizol; Invitrogen, Carlsbad, CA), treated with
DNase I, and purified according to the instructions provided by the
manufacturer (RNeasy Mini Kit; Qiagen, Valencia, CA).

Rat Mitochondrial PCR Array

First-strand cDNA was synthesized (RT2 First Strand Kit C-03;
SABiosciences, Frederick, MD) by using 300 ng rat retinal RNA
each. Gene expression was measured with a rat mitochondrial PCR
array plate and qPCR master mix (PRAN-087 and RT2 Master Mix; SA
Biosciences) as SYBR-quantitative real-time PCR (7500 PCR System;
Applied Biosystem, Inc. [ABI], Foster City, CA). PCR conditions

included denaturation at 95°C for 10 minutes, 40 cycles of
denaturation at 95°C for 15 seconds, annealing and extension at
60°C for 60 seconds, followed by 95°C for 15 seconds, 60°C for 60
seconds, 95°C for 15 seconds and 60°C for 15 seconds. All the
samples passed the reverse transcription control and genomic DNA
contamination control. PCR values were normalized to the Ct value
from �-actin by using the ��Ct method in the same sample. Relative
fold changes were calculated by setting the mean fraction of normal
rats to 1.

Quantitative Real-Time PCR

The first-strand cDNA was synthesized by high-capacity cDNA reverse tran-
scription (ABI). Expression of the genes Mfn2 (NM_130894.3), Timm44
(NM_017267.1), Slc25a21 (NM_133614.2), Akt1 (NM_033230.1), and
Dnm1l (NM_053655.3) in rat retina and Mfn2 (NM_001127660.1), Timm44
(AF026030.1), Timm9 (NM_012460.2), Slc25a21 (NM_030631.3), Slc25a12
(NM_003705.3), Akt1 (NM_032375.3), and Dnm1l (NM_012062.3) in
human retina was measured by using commercial primers (Taqman;
ABI). Internal controls included �-actin for rat and 18S rRNA for human
samples.

TABLE 2. Effect of Glycemic Control on Downregulation of Retinal Genes

Gene Symbol Description

Fold Decrease

PC Rev GC

Fusion-fission Mfn2 Mitofusin 2 1.67 � 0.20* 1.75 � 0.49*† 1.05 � 0.22
Fis1 Fission 1 1.52 � 0.12* 1.68 � 0.21*† 0.96 � 0.24

Outer membrane translocation Tomm34 TOM 34 1.38 � 0.19* 1.96 � 0.48*† 1.10 � 0.20
Tomm40b TOM 40b 1.35 � 0.08* 1.82 � 0.46*† 0.97 � 0.13

Inner membrane translocation Timm17b TIM 17b 1.20 � 0.04* 1.37 � 0.17*† 0.63 � 0.15
Timm44 TIM 44 1.63 � 0.12* 1.55 � 0.27*† 0.79 � 0.15

Small molecule transport Slc25a21 Mitochondrial oxodicarboxylate
carrier

1.54 � 0.41* 1.81 � 0.60*† 0.99 � 0.37

Mitochondrial transport/membrane
polarization and potential

Ucp2 Uncoupling protein 2 (mitochondrial,
proton carrier)

1.98 � 0.27* 1.57 � 0.27*† 1.12 � 0.41

Mitochondrial transport/mitochondrion
protein import

Hspd1 (Hsp60) Heat shock protein 60 1.69 � 0.49* 2.21 � 0.68*† 1.10 � 0.22

Apoptotic genes Akt1 V-akt murine thymoma viral
oncogene homolog 1

1.56 � 0.11* 1.43 � 0.09*† 0.86 � 0.07

Membrane polarization and potential Gclc Glutamate-cysteine ligase catalytic
subunit

1.49 � 0.15* 1.67 � 0.21*† 1.08 � 0.18

Mitochondrial protein import/fission
and fusion

LOC691853
(Cox10)

COX10 homolog, cytochrome c
oxidase assembly protein

1.64 � 0.43* 2.16 � 0.87*† 0.97 � 0.28

The values are represented mean � SD from five to six rats in each group, and the values obtained from normal rats are set as 1. PC, poor
glycemic control for 12 months; Rev, poor glycemic control for 6 months followed by good glycemic control for 6 additional months; GC, good
glycemic control for 12 months.

* P � 0.05 compared to values from the normal group.
† P � 0.05 compared to values from the PC group.

TABLE 3. Effect of Glycemic Control on Upregulation of Retinal Genes

Gene
Symbol Description

Fold Increase

PC Rev GC

Fission and fusion Dnm1l Dynamin 1-like 2.02 � 0.20* 2.08 � 0.53*† 0.84 � 0.3
Inner membrane translocation Timm10 TIM10 1.95 � 0.45* 1.30 � 0.14*† 1.18 � 0.38

Timm9 TIM9 1.78 � 0.49* 1.23 � 0.02*† 1.17 � 0.38
Small molecule transport Slc25a12 Mitochondrial aspartate/glutamate member 12 1.76 � 0.36* 1.69 � 0.37*† 1.14 � 0.06
Apoptotic genes Bbc3 Bcl-2 binding component 3 (puma) 2.67 � 0.56* 2.77 � 1.25*† 1.68 � 0.38

Sh3glb1 SH3-domain GRB2-like endophilin B1
(bif, interacts with Bax)

1.63 � 0.38* 1.48 � 0.27*† 1.06 � 0.47

* P � 0.05 and compared to values from normal groups.
† P � 0.05 compared to values from PC groups.
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Western Blot Analysis

Protein (30–60 �g) was separated on a 4% to 20% gradient polyacryl-
amide gel, blotted onto nitrocellulose membranes, blocked, and incu-
bated with the primary antibodies against the target proteins (Mfn2,
Slc25a21, Slc25a12, and Dnm1l, obtained from Abcam, Cambridge,
MA; or Tim44 and Tom34, obtained from Santa Cruz Biotechnology,
Santa Cruz, CA). Loading standards were �-actin for homogenate and
Cox IV for mitochondria. The band intensity was quantified with
gel-digitizing software (Un-Scan-It; Silk Scientific, Orem, UT), and the
expression of the target protein was calculated relative to the expres-
sion of the loading control.

Statistical Analysis

Results are presented as the mean � SD and analyzed by the nonpara-
metric Kruskal-Wallis test followed by the Mann-Whitney test for mul-
tiple group comparison. Similar conclusions were achieved by ANOVA
with the Fisher or Tukey test. Significance was set at P � 0.05.

RESULTS

Severity of Hyperglycemia

Rats in poor glycemic control had significantly higher GHb
values and lower body weights than did their age-matched
normal rats (GHb 11.2% � 1.8% vs. 5.3% � 2.1%, body weight
310 � 77g vs. 464 � 61g, respectively; P � 0.05). The rats
maintained in GC had GHb values and body weights (5.5% and
420 � 34 g) similar to those of normal rats. In the Rev group,
during the 6 months of the PC period, GHb and body weight
were similar to those in the PC group, and during the following
6 months of the GC period, the values became similar to those
of the normal or GC group.

Rat Retina

Electron microscopy revealed heterogeneous mitochondria in
the retinal endothelium region with diverse size and morphol-
ogy. Overall, �30% mitochondria in the retinal endothelial cell
region in the PC rats were larger with an electron-lucent
matrix, and their cristae showed partial cristolysis compared
with the intact and tightly packed lamellar cristae in the mito-
chondria from normal rat retina (Figs. 1a, 1b). However, the
density of the mitochondria per square millimeter of cytosol
was decreased by twofold in the retinal endothelium of the PC
rats, compared with that in the normal animals (Fig. 1c).

Among 84 genes related with mitochondrial biogenesis and
function in the mitochondrial PCR array, diabetes downregu-
lated 12 genes in the retina. Genes from the fusion–fission
family Mfn2 and Fis1; the import proteins Tomm34, Tomm40,
Timm17b, and Timm44; the chaperon protein Hsp60; the small
molecule transport and import/fission proteins Slc25a21 and
LC691853; the membrane polarization and potential proteins
Ucp2 and Gclc; and the apoptotic protein Akt1 were signifi-
cantly downregulated in the retinas from PC rats compared
with the values obtained from age-matched normal rats
(Table 2). In the same diabetic animals, six retinal genes
(fission protein Dnm1l, transport proteins Timm9 and
Timm10, small molecule transport protein Slc25a12, and apo-
ptotic proteins Bbc3 and Sh3hlb1) were upregulated by 1.6- to
2.7-fold (Table 3).

Real-time PCR confirmed a diabetes-induced decrease in
retinal Mfn2, Timm44, Slc25a21 and Akt1, and an increase in
Dnm1l transcripts (Fig. 2). Figures 3a and 3b clearly show that
protein expression of Mfn2 decreased and that of Dnm1l in-
creased by �30% in the retinas obtained from diabetic rats. To
determine whether these proteins are transported to the mito-
chondria, we quantified their expressions in the retinal mito-
chondria. As expected, mitochondrial expression of Mfn2 also

decreased by �40%, but surprisingly, in the same animals,
Dnm1l decreased significantly (Figs. 3c, 3d).

Reinstitution of good glycemic control after 6 months of
poor glycemic control (Rev group) failed to provide any ben-
efit to the 12 genes that were downregulated in diabetes and
six genes that were upregulated (Tables 2, 3). PCR and mea-
sures of protein expressions in retinal homogenate confirmed
that result, and the values obtained from the rats in the Rev
group were not different from those in the rats in the PC group
(Figs. 2, 3). However, when good glycemic control was initi-
ated soon after induction of diabetes, diabetes-induced altera-
tions (downregulation or upregulation) in the gene transcripts
were prevented. The values obtained from the rats in the GC
group were significantly different from those in the rats in the
PC or Rev groups (Tables 2, 3; Figs. 2, 3), thus suggesting that
the effects of GC on the alterations in retinal fusion–fission and
import/transport/carrier proteins are not influenced by the
high insulin dose administered to maintain good glycemic
control and thus support the importance of early and sustained
good glycemic control to prevent further progression of dia-
betic retinopathy.

FIGURE 2. Validation of gene expression by real-time PCR. Expression of
representative genes (a, Mfn2; b, Timm44; c, Slc25a21; d, Akt1; e,
Dnm1l) from the mitochondrial PCR array was performed by quantifying
their expression with commercial primers. The expression of each gene
was normalized with that of �-actin by the ��Ct method, and the fold
change was calculated compared with the values obtained from normal
rats (set at 1). The relative gene expression in five to six rats in each group
is represented as the mean � SD. *P � 0.05 and †P � 0.05 compared with
values from normal rat retina or PC rat retina, respectively. Nor, normal;
PC, poor glycemic control for 12 months; Rev, poor glycemic control for
6 months followed by good glycemic control for 6 additional months; GC,
good glycemic control for 12 months.
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Diabetic Donors

As with diabetic rodents, gene transcripts of the fusion protein
Mfn2, the transport proteins Timm44 and Slc25a21, and the
apoptotic protein Akt1 were significantly downregulated in the
retinas obtained from donors with diabetic retinopathy com-
pared with their age-matched nondiabetic donors (Fig. 4a).
Similarly, gene transcripts of the fission protein Dnm1l and the
transport proteins Timm9 and Slc25a12 were upregulated by
1.5- to 2-fold (Fig. 4b). Western blot results confirmed the
downregulation of Mfn2, Tom34, Tim44, and Slc25a21 and also
the upregulation of Dnm1l and Slc25a12 (Fig. 5a). Despite the
increased expression of Dnm1l and Slc25a12, their accumula-
tion in the retinal mitochondria was significantly decreased in
the donors with diabetic retinopathy (Fig. 5b), and this result
was inconsistent with those obtained from rats maintained in
PC for 12 months, a duration in which early signs of retinop-
athy can be seen.

DISCUSSION

Mitochondria are very dynamic organelles, and their function
depends on the normal fusion–fission process. This is the first
report to show that the mitochondrial ultrastructure in the
retinal microvasculature is damaged in diabetes; the mitochon-
dria are heterogeneous, and approximately 30% of them are
enlarged with partial cristolysis. Furthermore, diabetes has a
significant effect on the regulators and mediators of mitochon-
drial fusion–fission and molecular transport complexes in the
retina. The important fission protein Fis1, the fusion protein

Mfn2, the small molecule transport protein Slc25a21, the mi-
tochondrial import/chaperon Hsp60, and the apoptotic Akt1
were downregulated. In contrast, genes for fission protein
Dnm1l, transport proteins Timm9 and Timm10, the small mol-
ecule transport protein Slc25a12, and the apoptotic proteins
Bbc3 and Sh3hlb1 were upregulated. Despite the upregulation
of gene expressions, their mitochondrial abundance remained
subnormal, and these abnormalities continued even after ter-
mination of hyperglycemic insult. Similar patterns were ob-
served in the retina from donors with diabetic retinopathy,
thus suggesting the role of mitochondria fusion–fission and
transport machinery in the development of diabetic retinopa-
thy.

Mitochondria are double-membrane organelles with the in-
ner membrane characterized by numerous convolution-cristae
and proapoptotic stimuli remodel cristae. Mitochondrial mor-
phology is crucial for cell physiology, and changes in mito-
chondrial shape have been linked to cell death. Some of the
classic hallmarks of mitochondrial permeabilization include
swollen and electron-opaque mitochondria with loss of cris-
tae.16,17 In our study, mitochondria in the retinal microvascu-
lature region were enlarged, and their cristae structure was
altered, suggesting a role in the apoptotic phenomenon. In
support of that notion, diabetes has been shown to increase
mitochondria permeability and induce apoptosis of retinal cap-
illary cells, a phenomenon that is followed by the histopathol-
ogy characteristic of diabetic retinopathy.1,18–20

The mitochondrial fusion–fission process is important in
constantly changing energy demands of the cell. Their shape is

FIGURE 3. Protein expression in the
retina and their mitochondria. Total
protein expressions of (a) Mfn2 and
(b) Dnm1l were determined in the
retinal homogenate by Western blot
analysis, with �-actin as the loading
control. Expression of (c) Mfn2 and
(d) Dnm1l was quantified in the mi-
tochondrial fraction using CoxIV as
the loading control. The Western
blots are representative of four or
more rats in each group. The accom-
panying histograms represent the ex-
pression of Mfn2 or Dnm1l adjusted
to the loading controls (�-actin for
total and CoxIV for mitochondria).
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regulated by balance between fusion and fission, and function
is controlled by multiple proteins that mediate remodeling of
the outer and inner mitochondrial membranes. Fusion allows
the spreading of metabolites, protein, and DNA throughout the
network and protects cells from the toxic effects of damaged
mitochondrial DNA by allowing functional complementation
between two adjacent mitochondria.21 For maintaining mito-
chondrial morphology and metabolism, Mfn2 is considered
crucial, and deficiency is lethal.22 In contrast, inactivation of
fusion induces the loss of mtDNA, and mitochondria fission is
related to autophagy and Bax-mediated apoptosis.7,8 Fission
proteins Fis1 and Dnm1l are the core components of the
mitochondrial fission machinery. Excessive mitochondrial fis-
sion, induced by oxidative and nitrosative stress, serves as an
important and early event in neurodegenerative diseases.23 In
our study, diabetes decreased the gene expression of Mfn2 in
the retina. Our data, however, show a dichotomy: Diabetes
also decreased the expression of Fis1 but increased the expres-
sion of Dnm1l. Although Fis1 is located throughout the outer
membrane, Dnm1l is in the cytosol and is recruited at the
point of fission.24 Others have shown that Fis1 does not di-
rectly activate Bax, but it can induce calcium-dependent mito-
chondrial dysfunction, and this bifunctional protein can inde-

pendently regulate mitochondrial fragmentation.25 The
assembly of Dnm1l is necessary for fission activity, and apo-
ptotic stimulation recruits it to the mitochondrial outer mem-
brane, where it is co-localized with Bax and Mfn2 at the fission
site.26 The recruitment of Dnm1l to mitochondria could be
facilitated in a mitochondrial fission factor (Mff)–dependent
manner and mitochondrial-dynamic proteins of 49 and 51 kDa
(MiD49/51), anchored in the mitochondrial outer membrane,
help directly recruit Dnm1l to the mitochondrial surface. How-
ever, recruitment could also be facilitated in an Mff/Mfn2-
independent manner by interacting with MiD51, which could
act both as an inhibitor of fission and a promoter of fusion.27–30

The role of these proteins in regulating Dnm1l in the patho-
genesis of diabetic retinopathy remains unclear. Our results
clearly suggest that the fusion–fission machinery of the retinal
mitochondria is severely dysfunctional in diabetes, and this
factor may contribute to the alterations in the ultrastructure of
the mitochondria and also to the decreased number of mito-
chondria. In support of this conclusion, others have shown
increased Dnm1l in neuron and endothelial cells with frag-
mented mitochondria in diabetic rodents,31,32 and our recent
study has documented that the mitochondria copy number is
significantly decreased in the retinas of rats that are diabetic for
12 months.33

The translocase complexes TOM and TIM help in the
import of most of the proteins into the mitochondria, and
they cooperate to achieve efficient transport of proteins to
the matrix or into the inner membrane. As stated above,
these complexes have multiple membrane protein subunits.
The TOM complex is distributed throughout the outer mem-
brane: Tom 40 is a pore-forming protein, and Tom70,
Tom20, and Tom22 serve as the receptor protein. Tom34 is
the ancillary component of the TOM and is found both in
cytosol and in the mitochondrial membrane. However, TIM
complexes differ in their substrate specificity, Tim23 medi-
ates mainly the import of preproteins with a positively
charged matrix-targeting signal, Tim22 facilitates the inser-
tion of hydrophobic proteins to the inner membrane, and
Tim44 tethers mitochondrial matrix Hsp70 to the translo-
con.9 We showed that the transcripts of Tomm34,
Tomm40b, Timm44, and Timm17b (part of Tim23 complex)
were downregulated. The transport protein Tim44 is shown
to facilitate the import of superoxide dismutase and gluta-
thione peroxidase, the enzymes that are subnormal in the
retina in diabetes,34,35into the mitochondria.12 In contrast,
transcripts of Timm10 and Timm9, the two components of the
mitochondrial intermembrane space assembly, were upregu-
lated. Their upregulation fails to compensate for the decreased
transport functions experienced by the retina in diabetes. This
is in agreement with our recent work demonstrating that,
despite increased transcripts of mtDNA repair enzymes, these
nuclear-encoded proteins do not reach the mitochondria effi-
ciently.3

The data presented here show that the small molecule
transport Slc25a21 is decreased in the retina in diabetes. This
protein is involved in the uptake of 2-oxoadipate into the
mitochondrial matrix, with 2-oxoglutarate released from the
mitochondrial matrix into the cytosol. It is used not only to
transport metabolites, but also as a potential carrier for gluta-
thione (GSH).36,37 Consistent with decreased Slc25a21, GSH
levels in retinal mitochondria are subnormal in diabetes.2,3 On
the other hand, another small molecule transport protein,
Slc25a12, essential for exchange of glutamate and aspartate
between cytosol and mitochondria,38 is upregulated, and its
mitochondrial abundance is decreased, suggesting that inser-
tion of slc25a12 into the inner mitochondria and the transport
of TCA cycle substrates to the mitochondria are both subnor-
mal in diabetes. As shown in Table 2, diabetes also downregu-

FIGURE 4. Expressions of representative genes in human donors with
diabetic retinopathy. Expressions of a group of representative (a)
downregulated (Mfn2, Timm44, Slc25a21, and Akt1) and (b) upregu-
lated (Dnm1l, Timm9, and Slc25a12) genes were quantified in the
retina from donors with diabetic retinopathy and age-matched nondi-
abetic donors by real-time PCR with 18S used as the internal control.
The values are represented as the mean � SD from five nondiabetic
donors and seven diabetic donors. *P � 0.05, compared with nondia-
betic donors. N, nondiabetic donors; D, donors with diabetic retinop-
athy.
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lates the membrane polarizing proteins Ucp2 and Gclc, this is
consistent with the impaired mitochondrial membrane poten-
tial seen in the pathogenesis of diabetic retinopathy and is
supported by the report showing a glucose-induced decrease
in the Gclc gene in mouse endothelial cells.39 In the pathogen-
esis of diabetic retinopathy mitochondria-mediated apoptosis
of retinal capillary cells is considered to precede the develop-
ment of diabetic retinopathy.18,40 Here, the results show that
the apoptotic factor Sh3glb1, which interacts with Bax in
cytosol and facilitates its translocation to the mitochondria,41

was upregulated in the retina in diabetes. In addition, Bbc3,
which induces apoptosis and helps recruit Dnm1l to the mito-
chondria,42 also increased, and Akt1, an antiapoptotic factor,
decreased. In support of these results, diabetes increased the
translocation of Bax to the mitochondria in the retina and its
capillary cells, initiating the apoptotic machinery.18,43

In our study, the alteration in the fusion and fission, trans-
port machinery, and apoptosis persisted for at least 6 months
after reversal of hyperglycemia, suggesting that the reversal
does not provide any benefit to the mitochondria transport and
biogenesis. This finding is consistent with that in our previous
studies showing continued increased retinal mtDNA damage
and accelerated apoptosis after termination of the hyperglyce-
mic insult.3,40 However, when good glycemic control is initi-
ated immediately after induction of diabetes (GC group), the
gene profile remains similar to those in normal rats. This
further strengthens the importance of early good glycemic
control in patients and suggests that the persistent gene
changes observed after the reversal of hyperglycemia (Rev
group) were not influenced by the high amount of insulin
administered to maintain the desired glycemic control.

In summary, we demonstrate that mitochondria ultrastruc-
ture, fusion-fission and protein import machinery are severely
affected in the retina in diabetes. This contributes to dysfunc-

tional mitochondria, and accelerates apoptosis, ultimately lead-
ing to the development of diabetic retinopathy. Similar impair-
ments in the retina from donors with diabetic retinopathy
strongly implicate them in the development of diabetic reti-
nopathy. Reversal of hyperglycemia in rats failed to correct
these alterations, implying that such alterations in the mito-
chondrial fusion–fission and transport proteins are persistent
and have an important role in the metabolic memory phenom-
enon associated with the continued progression of diabetic
retinopathy. Future molecular strategy targeting the fusion–
fission system and the protein import machinery may be prom-
ising for halting the development of diabetic retinopathy.
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