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Downregulation of Mitochondrial Connexin 43 by High
Glucose Triggers Mitochondrial Shape Change and
Cytochrome c Release in Retinal Endothelial Cells

Kyle Trudeau, Tetsuya Muto, and Sayon Roy

PURPOSE. To determine connexin 43 (Cx43) localization in
mitochondria and investigate the effects of high glucose (HG)
on mitochondrial Cx43 (mtCx43) expression and whether
altered mtCx43 channel activity is involved in promoting
apoptosis in retinal endothelial cells.

METHODS. MtCx43 localization was determined using immuno-
staining, green fluorescent protein (GFP)-tagged Cx43 followed
by confocal imaging, and Western blot analysis using protein
isolated from mitochondria of rat retinal endothelial cells
(RRECs). To assess HG effects on mtCx43 expression, RRECs
were grown in normal (5 mM) or HG (30 mM) medium for 7
days, and mtCx43 protein level assessed by Western blot analysis.
To determine if mtCx43 channel inhibition affected mitochon-
drial morphology, RRECs grown sparsely were left untreated or
treated with b-glycerrhetinic acid (b-GA), an inhibitor of
connexin channels, and imaged using confocal microscopy.
Additionally, mitochondria isolated from RRECs were treated
with b-GA, and cytochrome c release assessed by Western blot.

RESULTS. Cx43 localization on the mitochondria of RRECs was
confirmed with immunofluorescence staining using Cx43
antibody and GFP-tagged Cx43 imaged in live cells. Western
blot analysis indicated that Cx43 was located primarily on the
inner mitochondrial membrane, and mtCx43 protein level was
significantly reduced in RRECs grown in HG condition.
Treatment of RRECs with b-GA significantly decreased mtCx43
phosphorylation, induced mitochondrial fragmentation, and
isolated mitochondria treated with b-GA showed increased
cytochrome c release.

CONCLUSIONS. HG-induced downregulation of mtCx43 protein
resulting in decreased channel activity may promote mito-
chondrial morphology changes and cytochrome c release,
suggesting a novel mechanism for hyperglycemia-induced
apoptosis in diabetic retinopathy. (Invest Ophthalmol Vis Sci.

2012;53:6675–6681) DOI:10.1167/iovs.12-9895

High glucose (HG)-induced mitochondrial dysfunction has
been shown to play a significant role in the onset and

progression of apoptosis, which is a characteristic hallmark of

diabetic retinopathy.1–3 Mitochondria in most cell types exist in
long, tubular networks that are carefully regulated by the rates
of mitochondrial fusion and fission.4 Increased fragmentation
of the mitochondrial networks has been shown to be a critical
step in the progression of apoptosis.5 Such fragmentation of
the mitochondrial network can lead to further mitochondrial
dysfunction and increased cytochrome c release,5 and we have
recently demonstrated that HG condition promotes mitochon-
drial fragmentation in retinal endothelial cells and pericytes
concomitant with increased apoptosis.6,7 Recent studies in
cardiac myocytes have shown mitochondrial connexin 43
(mtCx43) as an important regulator mitochondrial function
and initiation of apoptosis8; yet little is known about the role of
mtCx43 in retinal vascular cells. Thus, identifying the role of
mtCx43 in maintenance of mitochondrial morphology and
cytochrome c release in retinal endothelial cells could provide
a better understanding on how apoptosis is triggered in
diabetic retinopathy.

Specifically, it is unknown how HG affects Cx43 expression
in the mitochondria of retinal endothelial cells. Cx43 is
normally found in the plasma membrane where it performs
its well-studied function of forming gap junction channels.
Cx43 proteins of adjacent cells dock together to form the gap
junction channel, and these channels act as the primary
mechanism of intercellular communication.9 HG conditions
have been shown to downregulate Cx43 expression and
reduce gap junction intercellular communication (GJIC) in
endothelial cells and pericytes,10–12 ultimately contributing to
apoptosis.13,14 However, it is unknown where Cx43 localizes
on the mitochondria of retinal endothelial cells, and whether
its expression and possible channel activity play a role in
mitochondrial functionality.

Only within the last decade has the presence of Cx43 in the
mitochondria of various cell types been reported.8,15–17

However, the exact localization and functional role of Cx43
in the mitochondrial membranes remains unclear. Increased
mtCx43 has been linked to ischaemic preconditioning and
cardioprotection, possibly through regulation of mitochondrial
ion homeostasis and swelling.17,18 In addition, studies have
demonstrated the role of mtCx43 in controlling apoptosis
initiation, where inhibition of mtCx43 channels promoted
Ca2þ and cytochrome c release from myocyte mitochondria.8

A study showed inhibition of mtCx43 expression can influence
mitochondrial metabolism, a vital function of the mitochondria
and plays a role in initiating apoptosis.15 Overall, recent studies
suggest the role of Cx43 in mitochondrial integrity and
apoptosis initiation.19 However, more research is needed to
understand the functional role of mtCx43 in other cell types,
and how it is affected in different diseases.

Preventing accelerated apoptosis of retinal endothelial cells
in diabetic retinopathy is an important therapeutic endpoint in
treating this diabetic complication. Importantly, identifying
novel molecular players in mitochondrial morphology and
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apoptosis regulation could provide new insight into under-
standing how HG induces apoptosis in the retinal vasculature.
In this study, we have investigated specific localization of Cx43
in the mitochondria, outer/inner membrane, and matrix. In
addition, we examined the effects of HG on Cx43 expression
in the mitochondria of retinal endothelial cells, and whether
channel inhibition of mtCx43 may play a role in mitochondrial
fragmentation and subsequent apoptosis that is observed in
HG conditions.

MATERIALS AND METHODS

Cell Culture

Rat retinal endothelial cells (RRECs) were isolated from rat retinas as

previously described,20 and third to fifth passage cells were used for

this study. For experiments, RRECs were grown in Dulbecco’s modified

Eagle medium (DMEM) (Invitrogen, Grand Island, NY) containing 10%

fetal bovine serum (FBS) and antibiotics. To assess HG effects on

mtCx43 expression, cells were grown on 100-mm dishes (Western

blot) or glass coverslips (immunofluorescence) for 7 days in normal (5

lM) or HG (30 mM) medium until confluent.

To assess the effects of inhibiting mitochondrial gap junction

channels on mitochondrial morphology, RRECs were grown on poly-D-

lysine-coated glass slide-bottom dishes (MatTek, Ashland, MA). Cells

were plated sparsely and grown for 24 hours under normal (5 mM)

medium. Four hours prior to imaging, one set of cells was treated with

b-glycerrhetinic acid (b-GA), an inhibitor of gap junction channels (50

lM), and another set treated with glycyrrhizic acid (GZ; 50 lM), a

chemical analog of b-GA that does not inhibit gap junction channels. To

examine the effects of GA and GZ treatment on phosphorylation of

mtCx43, cells were grown on 100-mm dishes in N medium. Four hours

prior to protein harvesting, one set of cells was treated with b-GA (50

lM) and another set treated with GZ (50 lM).

Transfection

RRECs were grown on poly-D-lysine-coated glass slide-bottom dishes

(MatTek) and transfected with 4 lg of Cx43–green-fluorescent protein

(GFP) DNA using Lipofectamine 2000 protocol (Invitrogen). After 48

hours post transfection, cells were stained with MitoTracker Red (250

nM; Molecular Probes, Eugene, OR) and imaged live.

Gel Electrophoresis and Western Blotting

Cells were washed with PBS and lysed with a 0.1% Triton-X-100 buffer

containing 10 mM Tris, pH 7.5, 1 mM EDTA, and 1 mM phenyl-

methylsulfonyl fluoride (PMSF). To isolate mitochondrial protein and

cytosolic protein separately, the cellular extract was centrifuged 700g

for 5 minutes. The supernatant was extracted and centrifuged again at

21,000g for 15 minutes. The supernatant was extracted as the cytosolic

protein fraction. The remaining cellular pellet was washed with the

Trition buffer and centrifuged at 21,000g for 15 minutes. The

supernatant was discarded and the cellular pellet was washed with

radio-immunoprecipitation assay (RIPA) buffer containing 1 mM PMSF.

The washed pellet solution was centrifuged at 21,000g for 15 minutes,

and the supernatant was extracted as the mitochondrial protein

fraction.

An equal volume of 23 sample buffer was added to the protein

samples followed by denaturation at 958C for 5 minutes. Then, the

protein samples were electrophoresed at 120 V for 50 minutes.

Kaleidoscope molecular weight standards were run in separate lanes in

each gel. After completion of electrophoresis, the protein samples

were transferred to nitrocellulose membranes using a semi-dry

apparatus with Towbin buffer system according to the Towbin et al.

procedure.21 The membranes were blocked with 5% nonfat dry milk

for 1 hour and then exposed to either rabbit anti-mouse Cx43

antiserum or anti-cytochrome C in 0.2% nonfat milk overnight. The

following day, the blots were washed with Tris-buffered saline

containing 0.1% Tween-20 and then incubated with rabbit anti-mouse

immunoglobulin G (IgG) secondary antibody for 1 hour. The

membrane was again washed as above, and then exposed to Immun-

Star Chemiluminescent Protein Detection System (BioRad, Richmond,

CA) to detect the protein signals on x-ray film. Protein loading in the

gels was confirmed by Ponceau-S staining. Densitometry was

conducted and analyzed using NIH Image analysis program (NIH,

Bethesda, MD).

Immunofluorescence Staining and Analysis of
mtCx43

To study the relative amounts of mitochondrial Cx43, immunofluores-

cence staining for Cx43 was performed on RRECs. Briefly, cells grown

to confluency were stained with MitoTracker Red (250 nM) for 45

minutes and then fixed in ice-cold methanol for 15 minutes, washed in

PBS, and treated with 2% BSA for 15 minutes to block nonspecific

antibody binding. The cells were then incubated overnight at 48C in a

moist chamber with a monoclonal mouse anti–rat Cx43 antibody

(Chemicon, Temecula, CA) diluted 1:200 in PBS containing 2% BSA.

After three PBS washes, the cells were incubated for 1 hour with

fluorescein isothiocyanate–conjugated goat anti-mouse IgG (Sigma, St.

Louis, MO) diluted 1:200 in PBS containing 2% BSA. After three PBS

washes, coverslips were mounted in Slow-Fade (Molecular Probes).

The cells were viewed and photographed using confocal microscopy to

acquire z-stack images of individual mitochondria. Mitochondrial Cx43

signals were then identified by sequentially viewing z-stack slices and

counting Cx43 signals (green) that colocalized with mitochondria

(red).

Fluorescent Probes

To visualize mitochondria in living or fixed RRECs, cells were

incubated at 378C in a humidified chamber, with 5% CO2 and with

250 nM MitoTracker Red for 45 minutes.

Confocal Microscopy

Cells were imaged live under confocal microscopy using a Zeiss LSM

710 Meta microscope (Carl Zeiss, Oberkochen, Germany) with a 633

oil immersion objective. Cells were kept at 378C in a humidified

microscope stage chamber containing 5% CO2. MitoTracker Red was

subjected to 543 nm helium/neon laser excitation and emission was

recorded through a bandpass 650 to 710 nm filter (Zeiss, Thornwood,

NY). To observe individual mitochondria z-stack images were acquired

in series of six slices per cell ranging in thickness from 0.5 to 0.8 lm

per slice.

Mitochondrial Morphology Analysis

Acquired images of mitochondria were analyzed using ImageJ (National

Institutes of Health, Bethesda, MD) by first processing with a median

filter to obtain isolated and equalized fluorescent pixels. After

converting to ‘‘masks’’ individual mitochondria were subjected to

particle analysis for acquiring fill factor (FF) values (4p*Area/

perimeter2) and lengths of major and minor axes, called aspect ratio

(AR) values. A minimal value of 1 indicates a perfect circle for both

parameters, and as mitochondria elongate and become more branched

FF increases; likewise, as mitochondria become more elliptical AR

increases.

Mitochondrial Isolation and Cytochrome c Release
Assay

Mitochondria were isolated from RRECs using Mitochondrial Isolation

from Cultured Cells Kit (Thermo, Rockford, IL). Purity of protein

samples from cytosolic and mitochondrial cell fractions was deter-
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mined by probing for voltage-dependent anion channel (VDAC1)

(abundant outer mitochondrial membrane protein) and Hsp90

(cytosolic protein).

Cytochrome c release from isolated mitochondria was assayed by

resuspending isolated mitochondria in mannitol-sucrose buffer (MSB)

buffer (400 mM mannitol; 50 mM Tris-HCl, pH 7.2; 5 mg/mL BSA; 10

mM KH2PO4) and treating with indicated drugs for 4 hours at 308C.

Following the incubation, the suspension was centrifuged at 4000g and

the supernatant was collected as the ‘‘Release’’ fraction and the

mitochondria pellet was lysed with 2% CHAPS buffer.

Statistics

All data were expressed as mean 6 SD. Comparisons between groups

were performed with Student’s t-test. A value of P less than 0.05 was

considered statistically significant.

RESULTS

Endogenous Connexin 43 and Plasmid-Driven
Connexin 43-GFP Localizes to Mitochondria in
Retinal Endothelial Cells

To determine if Cx43 localizes to mitochondria in RRECs,
immunofluorescence and Cx43-GFP were used to visually
observe Cx43 localization within the cell. Immunofluores-
cence images of RRECs pretreated with MitoTracker Red and
stained with anti-Cx43 antibody showed colocalization of Cx43
on mitochondria (Fig. 1A). Abundant Cx43 expression on the
cell membrane is observed, indicating plasma membrane-
associated gap junction plaques, as previously reported.10,11

RRECs transiently or stably transfected with Cx43-GFP
plasmid show localization of Cx43-GFP to gap junction plaques
in the plasma membrane. In addition, Cx43-GFP signal was

observed to localize on mitochondria in live RRECs (Fig. 1B).
Since Cx43-GFP signal is seen throughout the cytosol, it is
possible that the Cx43-GFP signal that localizes to mitochon-
dria is not on the mitochondria but adjacent in the cytosol.
Finally, we performed mitochondrial isolation from RRECs, in
order to identify if Cx43 localizes to the mitochondrial fraction.
In mitochondrial samples, Cx43 expression was detected by
Western blot (Fig. 1C). VDAC1 expression was strong in the
mitochondrial fraction, indicating the purity of the sample.

Connexin 43 Localization Is Primarily on the Inner
Mitochondrial Membrane

Western blot analysis was performed with a protein obtained
from fractions containing inner and outer mitochondrial
membrane, which indicated Cx43 to be predominantly
localized in the inner mitochondria membrane. This was
verified using cytochrome c oxidase subunit 2 (COX-2)
expression as control for inner mitochondria membrane
fraction (Fig. 1D).

Mitochondrial Connexin 43 Is Downregulated by
High Glucose Condition in Retinal Endothelial
Cells

Cx43 protein expression in whole cell lysate has been shown
to be downregulated by HG condition in vitro10,11 and in
diabetes in vivo.13 HG-induced downregulation of Cx43
protein leads to reduced gap junction intercellular communi-
cation and influences apoptosis of retinal microvascular
cells.14,22 Thus, we sought to investigate whether HG
condition may also have an effect on Cx43 protein expression
in the mitochondria. Mitochondria were isolated from RRECs
grown in normal or HG condition, and Cx43 protein level was
assessed by Western blot. Cx43 protein level was significantly

FIGURE 1. Connexin 43 localizes to mitochondria in RRECs. (A) Immunofluorescence stains of RRECs pretreated with MitoTracker Red and stained
with anti-Cx43 antibody showed colocalization of Cx43 on mitochondria. (B) RRECs transfected with Cx43-GFP plasmid show Cx43 localization on
mitochondria (stained with MitoTracker Red) in live RRECs. Open arrowheads indicate Cx43 localization on mitochondria. Closed arrowheads

indicate Cx43 localization in gap junction plaques between cells. (C) Western blot shows Cx43 localization in protein isolated from mitochondria of
RRECs. Hsp90 is used as cytosolic marker, while VDAC1 is mitochondrial marker. (D) Cx43 is predominately present on the inner mitochondrial
membrane. COX-2 is used as control for mitochondrial inner membrane fraction, and VDAC1 is used as control for outer mitochondrial membrane
fraction. P ¼ pellet representing mitochondrial inner membrane fraction, S ¼ supernatant representing mitochondrial outer membrane fraction,
Cyto represents cytosolic fraction.
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reduced in mitochondria of RRECs grown in HG media
compared with those grown in normal media (Fig. 2A; 59 6
19% of control, P ¼ 0.027). Concomittant with mitochondrial
Cx43 downregulation under HG condition, we observed
mitochondrial fragmentation, similar to previous studies6

(Fig. 2B).

Connexin 43 Channel Activity Is Necessary for
Maintenance of Mitochondrial Morphology

We have previously reported that mitochondria exist as long,
tubular structures in RRECs, and that the mitochondrial
network becomes fragmented when exposed to HG for six
days.6 This mitochondrial fragmentation was associated with
further mitochondrial dysfunction and commitment to apopto-
sis. To test whether downregulation of mitochondrial Cx43 may
influence mitochondrial morphology change, RRECs plated
sparsely without cell to cell contacts were treated with b-GA, an
inhibitor of gap junction channels, or GZ, a chemical analog of
b-GA that does not inhibit gap junction channels. Plating the
cells without cell to cell contacts allowed us to investigate the
effect of inhibiting Cx channels on mitochondria, rather than
between cells. Treatment with b-GA significantly fragmented
mitochondria toward a round, punctate morphology compared
with untreated cells (Fig. 3A). GZ, a chemical analog of b-GA,
that does not inhibit Cx channels, did not result in altered
mitochondrial morphology (Fig. 3A). Quantifying the mito-
chondrial morphology change using FF and AR values verified
that b-GA–treated cells display significantly lower FF and AR
values compared with untreated and GZ-treated cells, indicat-
ing mitochondrial fragmentation (Fig. 3B; FF for b-GA–treated
RRECs: 1.54 vs. 2.41 in untreated, P ¼ 0.001, vs. 2.38 in GZ-
treated, P¼0.001; AR: 1.86 vs. 2.11 in untreated, P¼0.010, vs.
2.02 in GZ-treated, P¼ 0.006).

In order to verify that b-GA treatment of RRECs lacking cell
to cell contacts inhibits Cx43 channel activity on mitochon-

dria, we assessed mitochondrial Cx43 phosphorylation pat-
terns following b-GA or GZ treatment. RRECs treated with b-
GA showed decreased phosphorylated 2 (P2) and phosphor-
ylated 1 (P1) forms of mtCx43, and increased P0 form
indicating dephosphorylation of mtCx43 (Fig. 3C; 36 6 16%
of control P2/P1, P ¼ 0.007). The P2 form is associated with
active gap junctions, while P0 form is not23; thus, b-GA
treatment results in decreased active Cx43 channels on RREC
mitochondria, in turn resulting in mitochondrial fragmentation
similar to that induced by HG condition.

Treatment of Isolated Mitochondria with Cx
Channel Inhibitor Causes Cytochrome c Release

To directly assess whether Cx43 channel inhibition by b-GA
would compromise mitochondria leading to cytochrome c
release, mitochondria were isolated from RRECs and treated
with b-GA, GZ, or no treatment. During treatment mitochon-
dria were suspended in MSB buffer. After treatment mitochon-
dria were centrifuged and the supernatant was collected as the
‘‘Release’’ fraction. Western blot was then used to determine
the extent of cytochrome c release from the mitochondria
during treatment. Treatment of mitochondria for 4 hours with
increasing concentrations of b-GA resulted in increasing
release of cytochrome c from the mitochondria during the
treatment, compared with GZ treatment (Fig. 4; 25 lM b-GA¼
222 6 66% of control, P < 0.05; 50 lM b-GA¼ 295 6 83% of
control, P < 0.05; 100 lM b-GA¼ 485 6 111% of control, P <
0.01). In conclusion, decreased mtCx43 channel activity due to
b-GA treatment or Cx43 downregulation under HG condition
could promote cytochrome c release from mitochondria,
leading to accelerated apoptosis of retinal endothelial cells.

DISCUSSION

In this study we have identified Cx43 to be localized on
mitochondria of RRECs, predominately in the inner mitochon-
drial membrane, and that it is downregulated by HG, which in
turn, triggers cytochrome c release in the RRECs. Furthermore,
we observed that mitochondrial Cx43 channel activity is
necessary for maintenance of mitochondrial morphology, and
importantly in isolated mitochondria inhibition of mitochon-
drial Cx43 channel activity–induced cytochrome c release.
Results also indicate that HG-induced mitochondrial morphol-
ogy changes in retinal vascular cells, which we previously
reported,6 may be associated with dysfunction of mitochon-
drial Cx43 channel activity. While it is evident that HG-induced
mitochondrial morphology changes and cytochrome c release
leads to apoptosis,14 the underlying mechanisms of mitochon-
drial morphology disruption remain unclear. Our findings
presented in this study suggest HG-induced mitochondrial
Cx43 downregulation and reduced channel activity may
contribute to cytochrome c release and promote apoptosis.

Several studies have shown that mitochondrial dysfunction
plays a critical role in diabetes-induced apoptosis.1,3,24,25 Cx43
has been reported to be downregulated by HG and in diabetes
where the canonical role of Cx43 as a gap junction channel is
compromised, leading to reduced gap junction intercellular
communication activity and triggering apoptosis.10–14 Here, we
show that Cx43 located on the inner membrane is decreased
by HG, which may result in overall decreased channel activity,
provoking the release of cytochrome c. Presumably, these
Cx43 on the mitochondrial inner membrane are functioning as
hemi-channels (connexons); however, the limited studies on
mitochondrial Cx43 have not ruled out other possible docked
Cx43 channel activity in the mitochondrial membranes, or its
functional role through interacting with key mitochondrial

FIGURE 2. Mitochondrial connexin 43 is downregulated by high
glucose in RRECs and is concomittant with mitochondrial fragmenta-
tion and cytochrome c release. (A) Mitochondria were isolated from
RRECs grown in normal (N) or HG condition for 7 days, and Cx43
protein level was assessed by Western blot. Mitochondrial Cx43
protein level was significantly downregulated in RRECs grown in HG
condition for 7 days. VDAC1, an abundant outer mitochondrial
membrane protein, was used as control for mitochondrial protein,
and Hsp90 for cytosolic fraction. *P < 0.05 (B) RRECs grown for 7 days
in HG condition show mitochondrial fragmentation compared to cells
grown in normal medium.
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proteins.26 Cx43 hemi-channels on the plasma membrane of
cells facilitate Naþ and Caþþ exchange between cells and the
environment, Hþ regulation and plasma membrane polariza-
tion, and other functions related to cell survival.27 Similarly,
Cx43 hemi-channels in the mitochondrial inner membrane are
involved in regulating mitochondrial ion exchange or mito-
chondrial volume and swelling.16 Other studies have shown
mitochondrial Cx43 upregulation to promote ischaemic
preconditioning, where mitochondrial ion regulation and
swelling are established players in the preconditioning
process.18 In addition, respiration defect was observed in

isolated mitochondria from Cx43-deficient mice15; thus,
findings from these studies and our current study point to
the important role of Cx43 in normal mitochondrial function-
ing.

Mechanisms for Cx43 intracellular trafficking is not
completely understood at this present time. Our studies using
plasmid–Cx43-GFP showed a majority of the Cx43 plaques
would localize on the cell plasma membrane, whereas a small
percentage (<5%) would localize on the mitochondria. This
difference in the distribution of Cx43 localization on mito-
chondria has been verified by more quantitative studies in rat

FIGURE 4. Treatment of isolated mitochondria with Cx channel inhibitor causes cytochrome c release. (A) Mitochondria were isolated from RRECs,
suspended in MSB buffer, and treated with b-GA, GZ, or no treatment. After treatment, mitochondria were centrifuged and the supernatant was
collected as the ‘‘Mito-Release’’ fraction. Western blot analysis revealed that treatment of mitochondria for 4 hours with increasing concentrations of
b-GA, Cx channel inhibitor, resulted in increasing release of cytochrome c from the mitochondria, compared with mitochondria treated with GZ,
which does not inhibit Cx channel activity. Hsp90 was used as control for cytosolic fraction. VDAC1 was used as control for mitochondrial fraction.
(B) Quantification of cytochrome c release from isolated mitochondria treated with b-GA. *P < 0.05. (C) RRECs exposed to b-GA for 24 hours also
showed significant cytochrome c release compared to control.

FIGURE 3. Cx channel inhibitor disrupts mitochondrial morphology in retinal endothelial cells lacking cell-cell contacts. (A) Sparsely-plated RRECs
exposed to b-GA, a Cx channel inhibitor, exhibited significant fragmentation of mitochondria into round, punctate morphology compared with
those of untreated cells. Exposure to GZ, a chemical analog of b-GA that does not inhibit Cx channel activity, did not result in altered mitochondrial
morphology. (B) Quantification of the mitochondrial morphology change using FF and AR values verified that b-GA–treated cells display significantly
lower FF and AR values compared with untreated and GZ-treated cells, indicating mitochondrial fragmentation. *P < 0.05. (C) RRECs treated with b-
GA showed decreased P2 and P1 forms of mtCx43, and increased P0 form indicating dephosphorylation of mtCx43. The P2 form is associated with
active Cx43 channels, while P0 form is not.
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myocardium.26,28 In retinal endothelial cells, overall Cx43
protein level both in the mitochondria and cell surface is
significantly reduced under HG condition10; however, it is
unclear whether HG alters this ratio. Presumably, an imbalance
between the levels of Cx43 between the plasma membrane
and the mitochondria may disrupt normal ion homeostasis.
Cx43 is imported into the mitochondria by the transporter
outer membrane (TOM) and transporter inner membrane
(TIM) mitochondrial import machinery, and currently, it is
believed that a certain percentage of the total Cx43 is targeted
to the mitochondria.17 Further studies are needed to better
understand Cx43 targeting to the mitochondria versus the cell
membrane, and the consequences resulting from an imbalance
between the two compartments.

Recent studies have stressed the importance of mitochon-
drial morphology changes and its association with disease
processes. In diabetes, mitochondrial morphology changes
have been shown to induce mitochondrial dysfunction through
mitochondrial morphology changes in pancreatic islets,29

kidney podocytes,30 skeletal muscle,31 coronary endothelial
cells,32 and retinal endothelial cells6 and pericytes.7 Mainte-
nance of normal mitochondrial morphology has been shown to
regulate several aspects of mitochondrial functioning, includ-
ing mitochondrial metabolism, reactive oxygen species pro-
duction, and induction of apoptosis.4 Importantly, our previous
studies have shown how mitochondrial fragmentation under
HG condition promotes mitochondrial oxygen consumption
defects and increased apoptosis of both retinal endothelial
cells6 and pericytes,7 two cell types that undergo cell death in
the early stages of diabetic retinopathy.33 In a diabetic animal
model we have observed Cx43 downregualtion in the retina
and subsequent retinal pathology similar to those seen in
human diabetic retinopathy.13 Here we present evidence that
inhibition of normal mitochondrial Cx43 channel activity can
lead to mitochondrial fragmentation, similar to the HG-induced
mitochondrial morphology changes. This may point to an
important role for HG-induced mitochondrial Cx43 inhibition
in promoting mitochondrial fragmentation and subsequent
apoptosis of retinal microvascular cells.

In this study we present data demonstrating the localization
and important functional role of Cx43 on the mitochondria of
retinal endothelial cells. As of yet, it is still unclear what is the
functional role of Cx43 in the mitochondria, and whether it
forms hemi-channels and what are the key molecules that are
being exchanged through this channel. Only recently, Cx43 has
been identified on the mitochondria of different cell types. It is
clear that mitochondrial Cx43 plays an important role in
mitochondrial function, specifically regulation of apoptosis.8,26

Our data demonstrates that HG is a critical player that drives
mitochondrial Cx43-mediated cellular disturbances. Identifying
means to improve proper functioning of Cx43 channel activity
on mitochondria may hold therapeutic promise for treatment
of diabetic retinopathy.
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