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Abstract
Diabetes damages retinal mitochondrial DNA (mtDNA), and compromises the mtDNA
transcription. In the transcription and replication of mtDNA, nuclear-encoded transcription factor
A (TFAM) is considered as a key activator, and we have shown that in diabetes while retinal
TFAM gene expression is increased, its mitochondrial levels are decreased. This study
investigates the role of mitochondrial outer and inner membrane transport systems in the transfer
of TFAM into the mitochondria in diabetes, and how reversal of hyperglycemia affects the ability
of TFAM to reach to the mitochondria. Components of membrane transport system, Tom70,
Tom40, Tim23 and Tim44, were analyzed in the retina from streptozotocin-induced diabetic rats
maintained in poor control (PC) or in good control (GC) for 8 months, or in PC for 4 months
followed by in GC for 4 months (Rev). The binding of TFAM with Tom70 and Tim44 was
determined by co-immunoprecipitation, and that with mtDNA by ChIP. Retinal expressions of
Tom70, Tom40 and Tim44 were significantly decreased in diabetes, and the binding of TFAM
with Tom70, Tim44 and mtDNA were impaired. Reversal of hyperglycemia had no beneficial
effect on decreased binding of TFAM and Tom proteins and mtDNA. Thus, subnormal membrane
transport system in diabetes impairs the transfer of TFAM into the mitochondria, and decreased
TFAM-mtDNA binding results in subnormal mitochondria transcription. These processes continue
to be dysfunctional even after the hyperglycemic insult is terminated. Strategies targeting
mitochondrial membrane transport proteins could have potential in improving mitochondrial
biogenesis and slowing/halting the progression of diabetic retinopathy.
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Introduction
Diabetic retinopathy, a microvascular complication of diabetes, is the leading cause of
acquired blindness in young adults [1, 2]. Increased oxidative stress is considered to play an
important role in the impairment of retinal metabolism, and this precedes the apoptosis of
capillaries cells, resulting in the histopathology characteristic of diabetic retinopathy [3-5].
However the exact pathway responsible for the development of diabetic retinopathy is not
entirely identified. In diabetes, retinal mitochondria are dysfunctional, their DNA (mtDNA)
is damaged, the transcription of proteins encoded by mtDNA is subnormal, and these
abnormalities lead to a vicious cycle of superoxide generation [6-8]. MtDNA transcription
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and replication requires a number of nuclear encoded proteins, and mitochondrial
transcription factor A (TFAM) is considered as a key activator of mitochondrial
transcription and replication [9, 10]. We have shown that although the gene expression of
retinal TFAM is increased in diabetes, its protein expression in the mitochondria, the site of
its action is decreased [8, 11].

The majority of mitochondrial proteins are encoded in the nucleus, synthesized in the
cytosol, and transported to the mitochondria by a complex mechanism that involves
membrane transport complexes [12, 13]. Translocase outer membrane complex (Tom) is the
main gate in the outer mitochondrial membrane and it contains receptors that recognize
mitochondrial proteins. Tom70 serves as a specific dock for cytosolic chaperone and carries
key mitochondrial proteins, while Tom40, a channel-forming protein, permits the transport
of pre-protein to the inter membrane space [13, 14]. Subsequently, proteins cross the inner
mitochondria membrane by translocases of inner mitochondrial membrane complex (Tim).
Tim complex contains a channel forming protein, Tim23, which transports positive charged
proteins to the matrix [13, 15]. The proteins are pulled into the matrix by heat shock proteins
70 (Hsp70) that docks on Tim44 [15, 16], and once in the matrix, proteins are folded by
Hsp60 [17, 18]. We have shown that in diabetic retinopathy several components of
mitochondrial transport system are decreased [19]. However, their role in the biogenesis of
retinal mtDNA is not clear.

Prior exposure to hyperglycemia has been shown to have long-lasting consequences that
contribute to the progression of diabetic retinopathy even after cessation of hyperglycemic
insult; both clinical and experimental studies have suggested a ‘metabolic memory’
phenomenon [20-23]. Our previous studies have demonstrated that reversal of
hyperglycemia does not benefit diabetes-induced impairments in the mitochondria
biogenesis and the membrane transport machinery continues to be dysfunctional [11, 19].
The effect of reversal of hyperglycemia on the transport of TFAM into the mitochondria
remains unexplored.

The aim of this study is to investigate the role of mitochondrial membrane transport system
in the transfer of TFAM into the mitochondria in the development of diabetic retinopathy,
and also in the resistance of retinopathy to arrest after termination of hyperglycemia. The
role of mitochondrial transporter system in mitochondrial biogenesis is also investigated in
isolated retinal endothelial cells, the site of histopathology associated with diabetic
retinopathy.

Methods
Rats

Wistar rats (male, body weight 200g) were randomly assigned into normal or diabetic
groups (streptozotocin-induced). Diabetic rats were either allowed to remain in poor
metabolic control for ~8 months (PC), or in PC for ~4 months followed by good metabolic
control for ~4 additional months (Rev) or were kept in good metabolic control (GC) for ~8
months. Each group had 10 or more rats. The rats in poor metabolic control received 1-2 IU
insulin 4-5 times a week to prevent ketosis and weight loss and the animals in GC received
insulin twice daily (6-7 IU total) to maintain its blood glucose and a steady gain in body
weight (Table I). At the end of the desired experimental duration, the animals were
euthanized by CO2 inhalation, and retina were immediately isolated. These procedures are
routinely used in our laboratory [7, 11, 19, 22-24]. Treatment of animals conformed to the
Association for Research in Vision and Ophthalmology's Resolution on Treatment of
Animals in Research and the institutional guidelines.
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Retinal endothelial cells
Retinal endothelial cells, isolated from bovine eyes (BRECs), were cultured on polystyrene
culture plates coated with 0.1% gelatin in a humidified incubator at 37°C, in an atmosphere
of 5% CO2 and 95% air [6, 11]. The cells from the 4th-6th passage were incubated in
Dulbecco's modified Eagle medium (DMEM) containing 2% heat-inactivated fetal bovine
serum, 10% Nu serum, 50μg/ml heparin, 1μg/ml endothelial growth factor supplemented
with 5mM or 20mM glucose for 4 days. Osmotic control included cells incubated in 20mM
mannitol instead of 20mM glucose.

In order to confirm that human retinal endothelial cells express similar patterns of
mitochondrial membrane transport system, some of the key experiments were repeated in
the human retinal endothelial cells (HRECs) obtained from human retina obtained from Cell
System, Kirkland, WA. The cells were cultured in DMEM containing fetal bovine serum
(10%), bovine pituitary endothelial growth factor (15μg/ml) and ITS (insulin/transferrin/
selenium), Gluta Max and antibiotic/antimycotic (1% each), as previously reported by us
[25]. Cells from passages 4th-6th were incubated in the incubation medium containing 1%
fetal bovine serum, 9% Nu-serum, 0.5μg/ml endothelial growth factor, 0.5% ITS, and 1%
each Gluta Max and antibiotic/antimycotic, with 5mM glucose or 20mM glucose for 4 days.
At the end of the incubation (4 days), RNA was extracted and analyzed for gene
expressions.

Isolation of mitochondria
Mitochondria were isolated using mitochondria isolation kit from Invitrogen (Carlsbad, CA,
USA) [7, 11, 26]. Mitochondria pellet was washed with PBS and resuspended in
mitochondrial isolation buffer (250mM sucrose, 2mM EDTA, 25mM Tris-HCl pH 7.4).
Protein was determined by the bicinchoninic acid protein assay (Sigma-Aldrich, St. Louis,
MO). Mitochondria prepared by this method were largely free of nuclear contaminations [7,
26].

Gene expression
Total RNA was extracted from the retina or isolated cells with Trizol reagent (Invitrogen,
Carlsbad, CA), and cDNA was synthesized using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA). Gene expressions of Tom70,
Tom40, Tim23, Hsp60 and Tim44 were quantified by real-time RT-PCR using the SYBR
green assay reagent (qPCR) and gene-specific primers (Table II). Rat Tim44 and human
Tim44 and TFAM gene expressions were estimated using TaqMan primers (primer
NM-017267.1, AF026030.1, NM-003201.1, respectively). Relative amplification was
quantified by normalizing the gene-specific amplification to that of β-actin in each sample
for SYBR green assays, and to that of 18s rRNA for TaqMan assay. Changes in mRNA
abundance were calculated using the ΔΔCt method [8, 27].

Protein expression
Protein (25-80μg) was separated on a 4-16% SDS-PAGE, transferred to a nitrocellulose
membrane, and blocked with 5% non-fat milk for 1 hour. The membranes were incubated
with antibodies against the protein of interest (Tom40, Tim23, Hsp60 from Santa Cruz
Biotechnology, Santa Cruz, CA or Tom70, Tim44 from Abcam, Cambridge, MA) overnight
at 4°C. β-actin (Sigma-Aldrich) was used as the loading control for homogenate and cytosol
fractions, and cytochrome c oxidase subunit IV (Cox IV from Molecular Probe, Eugene,
OR) for mitochondria fraction.
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Interaction of TFAM with the membrane transport proteins
Interaction of TFAM with Tom70 or Tim44 was determined by co-immunoprecipitation
technique. Protein (150μg) was incubated overnight at 4°C with 1μg of TFAM antibody
(Santa Cruz Biotechnology) followed by 1 hour with 20μl of Protein A/G plus agarose
immunoprecipitation beads reagent (prewashed and suspended in lysis buffer). The beads
were washed four times, and the proteins were separated on a SDS-PAGE. The membranes
were immunoblotted with anti-Tim44 or Tom70 antibodies, and then the membranes were
stripped to detect the expression of TFAM, the loading control [8, 11, 28].

Total Tom complex
Retina was homogenated in MOPS buffer (44mM Sucrose, 20mM MOPS, 1mM EDTA and
protease inhibitors), centrifuged at 500g for 3 minute, and the resultant supernatant was
centrifuged at 12,000 g for 20 minute at 4°C. Pellet rich in mitochondria was re-suspended
in 30μl ACBT- buffer (75mM bis-Tris, 1.5M aminocapriatic acid, pH7.5) and solubilized
using 5μl lauryl-β-D-maltoside (10% solution) for 10 minutes at 4°C. Samples were
centrifuged at 20,000g for 20 minutes, the pellet was discarded and the supernatant was used
for analysis. Samples were stained with blue native sample buffer (750mM aminocapriatic
acid, 0.5mM EDTA, 50mM bis-Tris pH7.0 with Coomassie brilliant blue G250) and
analyzed on a native gel using the procedure described by others [29]. Proteins were
transferred using modified transfer buffer (25mM Tris-HCl pH 9.4, 40mM aminocapriatic
acid and 20% methanol), blocked overnight with 5% milk in PBS, and immunoblotted with
anti-Tom40 antibody (Santa Cruz Biotechnology).

Binding of TFAM with mtDNA
The binding of TFAM with mtDNA was assessed by chromatin immunoprecipitation (ChIP)
using ChIP Assay Kit (Millipore, Temecula, CA), as previously reported by us [25, 30]. Rat
retina was crosslinked with 1% paraformaldehyde for 15 minutes, and the fixed sample was
resuspended in lysis buffer containing 1% SDS, 10mM EDTA, 50mM Tris-HCl, pH 8.1
(ChIP Assay Kit, Millipore) and protease inhibitors. The samples were sonicated on ice four
to six times for 10 seconds each, the supernatant was diluted in ChIP dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl, and 167mM NaCl, pH 8.1),
and pre-cleared with protein A agarose/salmon sperm DNA for 30 minutes. A small aliquot
of protein-DNA complex (15-20μg) was analyzed for starting chromatin input, and the
remaining complex was immunoprecipitated with anti-rabbit TFAM antibody or rabbit
normal IgG. The immunoprecipitate collected with protein A agarose/salmon sperm DNA
was washed with low-salt buffer, high-salt buffer, and LiCl buffer. This was followed by
washing the immunoprecipitate twice with Tris-EDTA buffer and eluted twice with 1% SDS
containing 0.1 mM NaHCO3. Elutes and input were heated at 65°C for 6 hours to reverse the
formaldehyde crosslinking, and digested with protease K at 45°C for 1 hour. DNA
fragments were recovered by phenol-chloroform-isoamyl alcohol extraction and ethanol
precipitation, and resuspended in 20μl free nuclease water. Expressions of the mitochondrial
DNA's D-loop region and cytochrome oxidase subunit II (Cox II, mtDNA-encoded) were
quantified by qPCR using specific primers (Table II). Normal rabbit IgG was used as the
negative antibody control and DNA from the input as the internal control.

Co-localization of TFAM with Tom70 and with Tim44
The cells grown on 12-mm coverslips, coated with 0.1% gelatin, were incubated in 5mM or
20mM glucose for 4 days, fixed with cold methanol at -20°C for 15 minutes, and
permeabilized in 0.25% Triton X-100 for 10 minutes. The cells were blocked in 5% BSA for
1 hour and incubated with either mouse anti-TFAM and rabbit anti-Tom70 antibodies or
with mouse anti-TFAM and rabbit anti-Tim44 antibodies for 2 hours. The slides were
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washed with PBS, incubated with FITC conjugated anti-mouse or Texas red conjugated anti-
rabbit secondary antibodies for 1 hour in the dark. After washing the cells with PBS, the
coverslips were mounted with Vecta Shield (Vector Laboratories) [5, 28].

Statistical analysis
Data are expressed as mean±SD. Statistical analysis was calculated using Sigma Stat
software. The Shapiro-Wilk test was used to test for normal distribution of the data. For
variables with normal distribution Student T-test was used for comparing two groups and
ANOVA followed by Bonferroni was applied for multiples groups. For data that did not
present normal distribution Mann-Whitney U were used to compare two groups and
Kruskal-Wallis followed by Dunn's for multiples groups was used. P value of <0.05 was
considered statistically significant.

Results
Effect of diabetes on the transport of retinal TFAM into the mitochondria

Tom70 is the main receptor of the Tom complex for the proteins which are chaperoned by
Hsp70 [14], and Tom40 is the main channel of Tom complex [12]. Figure 1 shows that
diabetes had no effect on retinal Tom70 gene expression, but its accumulation in the
mitochondria was decreased by 25%. In addition Tom70 binding with TFAM was decreased
by 50% compared to the age-matched normal rats. Diabetes had no effect on the gene
expression of Tom40, but its total protein expression and accumulation in the mitochondria
were significantly decreased (Figure 2a-c). To investigate the effect of diabetes on the total
Tom complex, we used Blue Native Page method, and figure 2d shows that the expression
of Tom complex (molecular weight of 440KD) was decreased by 60% in the retina from
diabetic rats compared to that from age-matched non-diabetic rats.

Since TFAM has to be transported from the outer membrane into the inner membrane, the
expression of the channel forming protein Tim23 and the mitochondrial matrix docking
protein Tim44 were analyzed. Despite no change in the gene expression of Tim23, its
expression in mitochondria was increased by 80% in diabetic rats (Figure 3a&b). But, in
contrast, Tim44 gene expression, its accumulation in the mitochondria and binding with
TFAM were decreased by 40-60% compared to the values from normal rats (Figure 3c-e)

Figure 4 shows that the mRNA levels of the chaperone which is responsible for folding of
proteins in the mitochondrial matrix, Hsp60, was not changed in diabetes (Figure 4a),
however, the distribution of this chaperone in the mitochondria was altered. While retinal
protein expression of Hsp60 increased in the cytosol (Figure 4b), its mitochondrial
accumulation significantly decreased in diabetes (Figure 4c).

TFAM binds to the D-loop region of the mtDNA to regulate transcription of the
mitochondrial genome, and binds to other regions in a non-sequence specific manner to
stabilize mtDNA [32]. Results presented in figure 5 show that diabetes decreases the binding
of TFAM with mtDNA at the D-loop region and also at the Cox II region by over 40%
suggesting that diabetes compromises both, the transcription and the stability of mtDNA.

Reinstitution of good control and the transport of retinal TFAM into the mitochondria
The expression of Tom70 gene remained normal, but its abundance in the mitochondria and
binding with TFAM continued to be subnormal compared to the values obtained from
normal rats (Figure 1a-c). Protein expression of Tom40, its accumulation in the
mitochondria and the overall expression of the Tom complex also continued to be subnormal
even after 4 months of good control that had followed by 4 months of poor control (Figure
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2). In addition, Tim23 mitochondrial expression remained elevated, while gene and
mitochondrial accumulation continued to be subnormal (Figure 3b-d). This was
accompanied by continued abnormalities in the gene and protein expressions of Hsp60
(Figure 4a-c), and subnormal binding of TFAM with the D-loop and at the Cox II regions
(Figure 5a&b); the values obtained from the rats in Rev group were not statistically different
from those obtained from rats in PC group.

However, when the rats were maintained in good glycemic control for the entire 8 months
(GC group), gene and protein expressions of Tom70, Tom40, Tim23 and Tim44 were
similar to those obtained from the rats in the normal group, but were significantly different
from those obtained from rats in PC or Rev groups (Figures 1-3).

Effect of high glucose on the transport of TFAM into the mitochondria in retinal endothelial
cells

Four days of high glucose exposure of retinal endothelial cells decreased the gene
expression of Tom70 by 40%, and its binding to TFAM, as quantified by both
immunopreciptation and by fluorescence microscopy, by ~40% compared to the cells
exposed to normal glucose (Figure 6a&b). As in the rat retina, gene expression of Tim44
and also the binding of TFAM with Tim44 were attenuated by 30-50% by high glucose
compared to the cells in normal glucose (Figures 6c&d).

Consistent with the results obtained from BRECs, the mRNA levels of TFAM was increased
by almost three folds in HRECs incubated in high glucose (Figure 7a), but those of Tom70
and Tim44 were significantly decreased compared to HRECs incubated in normal glucose
medium (Figure 7b&c).

Discussion
Mitochondrial superoxide radicals are considered to serve as a common link between
biochemical mechanisms that underlay the diabetic complications [32]. Our previous work
has shown that in the pathogenesis of diabetic retinopathy, mitochondrial number is
decreased, mtDNA is damaged and its transcription and replication machinery is impaired
[7, 8, 11, 26]. Moreover, the mitochondrial accumulation of TFAM, one of the key
mitochondrial transcriptional factors, is subnormal, resulting in decreased transcription of
the key proteins required in the electron transport chain function, and this possibly initiates a
vicious cycle of superoxide accumulation [7, 8, 11]. Here, we have investigated the
mechanism responsible for decreased TFAM accumulation in the mitochondria; the results
demonstrate that the mitochondrial membrane transport system is dysfunctional and the
binding of TFAM with the membrane transport proteins is impaired. Furthermore, the
binding of TFAM at the promoter region of the mtDNA, and at other non-specific region is
also decreased resulting in subnormal transcription and compromised stability. This makes
mtDNA more vulnerable to the damage, and the process continues even after termination of
hyperglycemic insult.

Mitochondria contain about 1500 different proteins, but only 13 of them are synthesized by
mtDNA, and the rest are encoded by nuclear DNA, synthesized in the cytosol and
transported to the mitochondria [9, 12, 33]. The newly synthesized mitochondrial proteins
require a complex mechanism to reach to their site of action. The cytosolic Hsp70 serves as
a key chaperone helping with the transport of proteins to the mitochondria membrane, and
this chaperone also ensures the correct folding of proteins [13]. Hsp70 docks on the
mitochondria surface by its interaction with the Tom70 receptor and releases the pre-protein
by an active process [14]. We have recently shown that in diabetes the binding of Hsp70 to
TFAM is decreased [8, 11]. Furthermore, pre-proteins carried by Hsp70 are transferred from
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the mitochondrial surface receptor to a common Tom40 translocation pore to be transported
to the inner membrane space [13]. Now we show that, despite no change in the gene
expression of retinal Tom70 and Tom40, their mitochondrial levels are significantly
decreased in diabetes, and the overall Tom complex becomes subnormal. These changes in
the Tom complex are accompanied by subnormal binding of TFAM with Tom70 suggesting
that impaired Tom complex in diabetes could be responsible for subnormal levels of TFAM
in the mitochondria, resulting in impaired mtDNA biogenesis. In support, abnormalities in
Tom40 complex have been implicated in mitochondrial dysfunction associated with
neurodegenerative diseases [34, 35].

Proteins cross the inner membrane using Tim complex through Tim23 channel, and are
pulled into the matrix by a mitochondrial Hsp70, which docks on Tim44 protein [15, 16].
Our current data show that, despite increase in Tim23, Tim44 remains subnormal in diabetic
retinopathy. These results are consistent with our previous study, and those of other showing
downregulation of mitochondrial transport proteins in diabetic complications [19, 27, 36,
37]. Thus, decreased Tim44 in the mitochondria further decreases the availability of Tim44
to transport TFAM to the mitochondria. However, the effect of diabetes on the post-
translational modifications of TFAM [38, 39], which may contribute to its decreased
transport into the mitochondria, cannot be ruled out. However, we need to acknowledge that
though Tim23 and Tim44 are the members of the Tim complex, the results also indicate that
diabetes affects them in a variant manner; while Tim23 is increased in retinal mitochondria,
Tim44 expression is decreased. The reason for such variant is unclear, but could include
their localization in the mitochondria, as Tim44 is localized in the matrix and Tim23 is
organized in the inner membrane [40], or the differences in the vulnerability of these two
proteins to post-translational modifications which are favored in diabetic environment [41].

Once inside the mitochondria matrix, Hsp60 helps in proper folding of the proteins [17, 18].
In stress conditions Hsp60 is released from the mitochondria to the cytosol, but the function
of Hsp60 in the cytosol is not clear [42]. In the retina of diabetic rodents, the gene
expression of Hsp60 is increased but its protein is decreased in mitochondria [43], and the
binding of Hsp60 with TFAM is impaired [11]. Here we show that, while diabetes increases
the levels of Hsp60 in the retinal cytosol, mitochondrial levels are decreased, suggesting that
the folding of TFAM in the mitochondria matrix could also be compromised, further
compromising TFAM-mediated mtDNA biogenesis and stability.

TFAM, after reaching into the mitochondria matrix, induces the replication of mtDNA and
facilitates the formation of nucleoid structures to protect the mtDNA from oxidative damage
[31, 44]. We have shown that in the pathogenesis of diabetic retinopathy TFAM protein
accumulation in the mitochondria is decreased despite increase in its gene expression [8,
11], and here our results demonstrate that TFAM becomes less active, as evidenced by its
decreased binding to the D-loop and Cox II regions. This decreased binding also makes
mtDNA more vulnerable to the damage. In support, our previous reports have shown
increased retinal mtDNA damage in diabetes [7, 8, 28], and others have shown relationship
between changes in binding of TFAM to the mtDNA and neurodegenerative disease [45].

Termination of hyperglycemia does not halt the progression of diabetic retinopathy [20-23],
and the alteration in the mitochondria protein transport machinery and in mtDNA
biogenesis, induced by the hyperglycemic insult, persists for a period of good control that
has followed hyperglycemic insult [11, 19]. Our data presented here clearly show that 4
months of good glycemic control in rats, which has followed 4 months of poor control, does
not provide any benefit to the impaired mitochondrial protein transporters, and the binding
of TFAM with mtDNA remains compromised. These data suggest that mitochondrial
membrane proteins have important role in the continued dysfunctional mitochondria
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biogenesis, and in the progression of diabetic retinopathy. We need to acknowledge that the
levels of Tom40 and the binding of TFAM with mtDNA are slightly lower in the Rev group
compared to the PC group. The exact mechanism responsible for such discrepancy is not
clear, but could include sustained attack of increased ROS, which the retina continues to
experience even after termination of the hyperglycemic insult [11, 19, 22-24, 30, 41]. On the
other hand, if good glycemic control is initiated soon after the induction of diabetes,
alterations in the transporter proteins and transport of TFAM are not observed, and the
mitochondria biogenesis remains normal, supporting the importance of early and continued
good glycemic control for diabetic patients.

The microvasculature of the retina is the site of pathology associated with diabetic
retinopathy, and retinal capillary cells exposed to high glucose can mimic the dysfunction
observed in the retina [46-48]. Here we show that Tom70 gene expression is decreased
significantly in retinal endothelial cells incubated with high glucose, and its binding with
TFAM becomes subnormal. Consistent with the results from diabetic animals, Tim44 is
down-regulated in high glucose and its binding to TFAM is also affected. Similar glucose-
induced alterations in TFAM and mitochondria membrane transport proteins Tom70 and
Tim44 in retinal endothelial cells from humans further confirms their role in diabetic
retinopathy. These results suggest that the impairment in mitochondria biogenesis observed
in endothelial cells in high glucose conditions could be attributed to the decrease of
mitochondrial transporters proteins.

In conclusion, our results demonstrate that the downregulation of mitochondrial transport
system impairs mitochondrial biogenesis by impeding the transport of TFAM to the
mitochondria. This contributes to the decrease in transcription of mtDNA-encoded proteins,
and electron transport chain becomes dysfunctional resulting in mitochondria damage. The
system continues to be damaged even after reversal of the hyperglycemic insult, suggesting
its role in the metabolic memory associated with continued progression of diabetic
retinopathy. Future molecular strategies targeting mitochondria transporter proteins may be
promising for improving mitochondrial biogenesis that could halt the development of
diabetic retinopathy.
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Figure 1.
Effect of diabetes and cessation of hyperglycemia on Tom70 and its binding with TFAM.
Tom70 (a) gene expression was quantified by qPCR using specific rat primers and β-actin as
an internal control, and (b) protein expression in the mitochondria was assessed by western
blot analysis using Cox IV as a loading control and Precision Plus standard protein markers
(10-250KD, BioRad, Hercules, CA) . (c) Binding of TFAM with Tom70 was performed by
immunoprecipitating TFAM, followed by western blot analysis for Tom70. TFAM was used
as the loading control. The values are represented as mean ±SD from five to seven animals
in each group: Nor- normal, PC- poor glycemic control for ~8 months, Rev- poor glycemic
control for ~ 4 months followed by ~4 months good control and GC- good glycemic control
for ~8 months. *P<0.05 compared with normal.
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Figure 2.
Retinal Tom40 in diabetes. Tom 40 (a) gene expression was quantified by qPCR, and its
protein expressions (b) in the retinal homogenate (c) and in the mitochondria were analyzed
by Western blotting technique using β-actin and Cox IV as internal controls for the
homogenate and mitochondria respectively. (d) Expression of the Tom complex, a 440KD
complex, was quantified by Blue Native Page technique using molecular weights
14KD-545KD, non-denaturing, from Sigma-Aldrich. The values are represented as mean
±SD from five to eight animals in each group.
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Figure 3.
Effect of diabetes on the expression of retinal Tim complex and the binding of TFAM with
Tim44. Tim 23 (a) gene and (b) protein expressions were quantified by qPCR and by
western blot techniques using Tim44 antibody from Abcam (~51KD band). The same
sample was utilized to quantify Tim44 (c) gene and (d) mitochondrial expressions. (e)
Binding of TFAM with Tim44 was performed by immunoprecipitating TFAM, followed by
western blot analysis for Tim44 using TFAM as a loading control within samples. The
values are represented as mean ±SD from four to eight animals in each group. Nor- normal,
PC- poor glycemic control for ~8 months, Rev- poor glycemic control for ~ 4 months
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followed by ~4 months good control and GC- good glycemic control for ~8 months.
*P<0.05 compared with normal.
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Figure 4.
Effect of diabetes and the termination of hyperglycemia on the retinal Hsp60. (a) Hsp60
gene expression was quantified by qPCR using β-actin as internal control. Protein
expressions of Hsp60 in the (b) cytosol and (c) mitochondria were analyzed by Western blot
technique using β-actin and Cox IV as a loading control respectively. The values are
represented as mean ±SD from four to six animals in each group. *P<0.05 compared with
normal.
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Figure 5.
TFAM binding with the retinal mtDNA. Binding of TFAM with (a) the D-loop and (b) Cox
II regions of the mtDNA was assessed by ChIP assay using TFAM antibody, followed by
quantification of the D-loop and Cox II regions by qPCR. Ct values were normalized to
input DNA and rabbit IgG was used as a negative antibody control. The values are
represented as mean ±SD from five to nine animals in each group. Nor- normal, PC- poor
glycemic control for ~8 months, Rev- poor glycemic control for ~ 4 months followed by ~4
months good control and GC- good glycemic control for ~8 months. *P<0.05 compared with
normal.
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Figure 6.
Effects of high glucose on Tom70 and Tim44, and their binding to TFAM in bovine retinal
endothelial cells. (a) Tom70 gene expression and its binding to TFAM were quantified by
qPCR and by immunopreciptation techniques respectively. (b) BRECs grown in cover-slips,
and incubated in 5mM or 20mM glucose for 4 days were fixed and incubated with mouse
anti-TFAM, and rabbit anti-Tom70. The cells were then incubated with FITC-conjugated
anti-mouse and Texas Red-conjugated anti-rabbit antibodies. The cells were examined under
a Zeiss ApoTome at 40X objective. The co-localization was calculated using Axio vision
software. (c) Gene expression and its binding of Tim44 with TFAM were quantified by
qPCR and by immunopreciptation techniques. (d) Binding of Tim44 with TFAM was
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quantified by microscopy using FITC conjugated TFAM antibody, and Texas Red-
conjugated Tim44. The values are presented as means ± SD. Each measurement was made
in duplicate in three-four different cells preparations. 5=5mM glucose, 20=20mM glucose
and Man=20mM mannitol. *p<0.05 compared to 5mM glucose.
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Figure 7.
Effects of high glucose on TFAM, Tom70 and Tim44 in HRECs. Gene expressions of (a)
TFAM , (b) Tom70 and (c) Tim44 were quantified by qPCR techniques using human
specific primers. Internal standards included β-actin for Tom70 and 18s rRNA for TFAM
and Tim44. Each measurement was made in duplicate in two different cells preparations.
5=5mM glucose and 20=20mM glucose. *p<0.05 compared to 5mM glucose.
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Table I

Severity of hyperglycemia in rats maintained in various glycemic control

Body weight (g) Glycated hemoglobin (%)

Normal 480±56 6.4±1.4

PC (8 month of PC)
387±40

*
11.3±1.3

*

Rev (4 mos PC→4 mos GC)
367±50

*→496±66
#

10.8±1.6
*→6.7±1.0

#

GC (8 months of GC)
460±61

#
6.7±0.9

#

The values are presented as mean ±SD of seven or more rats in each group

*
P < 0.05 compared to normal

#
P <0.05 compared to PC.
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Table II

Primers for the target genes

Target Sequence

Rat

D-loop forward 5′-CCTCCGTGAAATCAACAACC-3′

reverse 5′-TAAGGGGAACGTATGGACGA-3′

Cox II forward 5′-TGAGCCATCCCTTCACTAGG-3′

reverse 5′-TGAGCCGCAAATTTCAGAG-3′

Tom40 forward 5′-TGGGTCAAACGCTGGTCGCG-3′

reverse 5′-CCCATCGTTCGAGGACGCCG-3′

Tom70 forward 5′- TGTCGTCCGCTCCTGCTGCT-3′

reverse 5′-GCGTGGAGAGGAAGCCGGGA-3′

Tim23 forward 5′-CGCGGGTCTTCCCGCTGTTG-3′

reverse 5′-GGCTCCGAAAAAGCCGGCCA-3′

Hsp60 forward 5′-TGGAGTAGCCGTGTTGAAGGTTGG-3′

reverse 5′-CCGAAGTAGAGCACAGCCCCCT-3′

β-actin forward 5′-AGCGAGCCGGAGCCAATCAG-3′

reverse 5′ -TGCGCCGCCGGGTTTTATAGG-3′

BRECs

Tom70 forward 5′ -CGACCAGCAAGGAGGCGGTG-3′

reverse 5′-ATCCCACTCCCGGAACCGGG-3′

Tim44 forward 5′-GGGAACTGGCGTCCACCTGC- 3′

reverse 5′-CCGATGCAGCCCCCTACCCT-3′

β-actin forward 5′-TGTTCCCTTCCACAGGGTGT-3′

reverse 5′-TCCCAGTTGGTAACAATGCCA-3′

HRECs

Tom70 forward 5′-GAAGTGATTTCCGCCCCTCC-3′

reverse 5′-CGCCACAATCACCAAACAGC-3′

β-actin forward 5′-AGCCTCGCCTTTGCCGATCCG-3′

reverse 5′ -TCTCTTGCTCTGGGCCTCGTC-3′
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