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OBJECTIVE—Previous studies have reported that �-cell mito-
chondria exist as discrete organelles that exhibit heterogeneous
bioenergetic capacity. To date, networking activity, and its role
in mediating �-cell mitochondrial morphology and function,
remains unclear. In this article, we investigate �-cell mitochon-
drial fusion and fission in detail and report alterations in re-
sponse to various combinations of nutrients.

RESEARCH DESIGN AND METHODS—Using matrix-tar-
geted photoactivatable green fluorescent protein, mitochondria
were tagged and tracked in �-cells within intact islets, as isolated
cells and as cell lines, revealing frequent fusion and fission
events. Manipulations of key mitochondrial dynamics proteins
OPA1, DRP1, and Fis1 were tested for their role in �-cell
mitochondrial morphology. The combined effects of free fatty
acid and glucose on �-cell survival, function, and mitochondrial
morphology were explored with relation to alterations in fusion
and fission capacity.

RESULTS—�-Cell mitochondria are constantly involved in fu-
sion and fission activity that underlies the overall morphology of
the organelle. We find that networking activity among mitochon-
dria is capable of distributing a localized green fluorescent
protein signal throughout an isolated �-cell, a �-cell within an
islet, and an INS1 cell. Under noxious conditions, we find that
�-cell mitochondria become fragmented and lose their ability to
undergo fusion. Interestingly, manipulations that shift the dy-
namic balance to favor fusion are able to prevent mitochondrial
fragmentation, maintain mitochondrial dynamics, and prevent
apoptosis.

CONCLUSIONS—These data suggest that alterations in mito-
chondrial fusion and fission play a critical role in nutrient-
induced �-cell apoptosis and may be involved in the
pathophysiology of type 2 diabetes. Diabetes 58:2303–2315,

2009

M
itochondria mediate �-cell responses to ex-
tracellular glucose by generating ATP and
initiating a cascade of events culminating in
the release of insulin. It is not surprising that

�-cell mitochondria have become an important target for
investigations into the etiology of type 2 diabetes. Mito-
chondria are highly dynamic organelles whose morphol-
ogy is regulated by cycles of fusion and fission, collectively
termed mitochondrial dynamics (1,2). Networks are
formed when mitochondria undergo fusion events that
cause the compartments of participating mitochondria to
become continuous. As a result, the constituents of each
network share solutes, metabolites, and proteins (3–5) as
well as a transmembrane electrochemical gradient (1,6).
The disruption of such networks has been shown to have
a profound effect on the progression of cells to apoptosis,
particularly in cases where reactive oxygen species (ROS)
are involved (7). As such, mitochondrial networking is
thought to be a potential defense mechanism allowing for
the buffering of mitochondrial ROS and calcium overload
(8,9).

Chronically elevated levels of glucose and fatty acid are
thought to contribute to the progression of type 2 diabetes
by adversely affecting �-cells and thereby causing a dete-
rioration in insulin secretion (10). In vivo, a reduction in
insulin gene expression due to reduced Pdx-1 binding has
been observed in rats perifused with glucose and intralip-
ids (11,12). In addition, exposure to high levels of glucose
and/or free fatty acid has been shown to affect �-cell
viability by inducing mitochondrial apoptosis and has been
linked to ROS-induced mitochondrial calcium overload
and damage (13). Recent studies indicate that nutrient-
induced ROS increases subcellular mitochondrial mem-
brane potential (��mt) heterogeneity and fragmentation
of the mitochondrial architecture (14,15). These findings
suggest that mitochondrial fragmentation-defragmentation
might play a role in the effects of noxious stimuli. Although
the functional significance of these changes has not been
studied in �-cells, studies of mitochondrial morphology in
other cells have demonstrated that the ability of mitochon-
dria to form networks influences both ROS and calcium
handling (7–9).

Previous studies have reported that �-cell mitochondria
form less elaborate network structures, compared with
COS cells for example, and raise doubts on the existence
of mitochondrial networking in these cells. Until now,
technologies for examining and quantifying the ability
of mitochondria to undergo fusion and fission were
unavailable.

In this work, we show that the densely packed appear-
ance of mitochondria in the �-cell represents the existence
of multiple juxtaposed units that do not share continuous
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matrix lumen but do go through frequent fusion and fission
events. We further demonstrate that mitochondrial dynam-
ics are disrupted by exposure to the combination of high
fat and glucose, gradually leading to the arrest of fusion
activity and complete fragmentation of the mitochondrial
architecture. Inhibiting mitochondrial fission preserved
mitochondrial morphology and dynamics and prevented
�-cell apoptosis.

RESEARCH DESIGN AND METHODS

Mitochondrial dynamics assays

Tagging and tracking mitochondria with matrix-targeted photoacti-

vatable green fluorescent protein. Primary �-cells and INS1 cells were
transfected with matrix-targeted photoactivatable green fluorescent protein
(PAGFPmt) expressed under the insulin promoter and allowed to accumulate
in the mitochondrial matrix for 48–72 h. Mitochondria were labeled with 7
nmol/l TMRE (tetramethylrhodamine-ethyl-ester-perchlorate; Invitrogen, Eu-
gene, OR) for 45 min prior to imaging to allow visualization. The transition to
active green fluorescent protein (GFP) was achieved by photoisomerization
using 2-photon laser (750 nm) excitation to give a 375 nm photon equivalence
at the focal plane. This allowed for selective activation of regions �0.5 �m2

(Zeiss LSM510) or �4 �m2 (Leica TCS SP2). In the absence of photoactivation,
PAGFPmt protein molecules remained stable in preactivated form. The
presence of preactivated PAGFPmt was detected using high-intensity excita-
tion at 488 nm in combination with a fully opened collection pinhole.
Whole-cell mitochondrial fusion assay. We used the dilution of PAGFPmt
into the mitochondrial web as an index for mitochondrial fusion (16). A region
of interest (ROI) occupying 10–15% of the cell in one confocal section was
activated using a 2-photon laser (350 nm equivalence at the focal plane). The
dilution of activated PAGFPmt within the mitochondrial web was assessed by
repeatedly scanning the entire cell volume (six confocal z-axis section
projection) at 3- to 10-min time intervals for 50 min.
Image analysis. Quantification of fusion was performed using Metamorph

(Molecular Devices, Sunnyvale, CA) by measuring the average fluorescence
intensity (FI) of the mitochondria that became PAGFPmt positive based on a
fixed threshold. The GFP FI values of PAGFPmt dilution were normalized to
the GFP FI value immediately after photoactivation and then fitted to a
hyperbolic function: F(t) � 1 � Fplateau 	 t/(t 
 T50). F and Fplateau denote FI
at time t and in the plateau phase. T50 denotes the time interval to a 50%
decrease in normalized GFP FI ([1 � Fplateau]/2). All fitting procedures and
statistical tests were conducted using Kaleida-Graph software (Synergy Soft-
ware, Reading, PA). Paired Student’s t tests were performed to calculate
statistical significance.

Prior to measuring FI, we used an integrated morphometry analysis
function designed for these experiments to extract PAGFPmt-positive struc-
tures that were larger than 10 pixels. These areas were interpreted to be
mitochondria, and their TMRE FIs were recorded. This procedure enabled the
selection of mitochondrial structures using very low threshold levels in the
green channel (�10% of the image average intensity), assuring that �90% of
the mitochondrial pixels were included for analysis. To set the threshold level,
a test-threshold function first measured the average green FI of the mitochon-
dria. The lower (inclusive) threshold was set at two-thirds of this average.
Prior to analysis, all images were scanned to verify that all intensity measure-
ments were below saturation; therefore, an upper threshold was not
necessary.

RESULTS

Characterizing mitochondrial architecture and dy-
namics in �-cells. Primary �-cells isolated from mice
exhibit dense mitochondrial architecture as revealed by
confocal microscopy. A three-dimensional reconstruction
of mitochondria within an entire �-cell has been projected
onto a single plain to illustrate the density of these
organelles (Fig. 1A). This morphology suggests the pres-
ence of either large continuous networks throughout the
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FIG. 1. Dissection of the mitochondrial web in primary �-cells using PAGFPmt. A: Projection of confocal images of a cell stained with TMRE. Note
that mitochondria are densely packed in �-cells. B: Sequential 2-photon laser photoactivation of individual mitochondria. C: Summary of
mitochondrial size distribution performed by 90 photoactivation steps in 9 cells. D: Tagging and tracking individual mitochondria in primary
�-cells reveals fusion events (transfer of activated PAGFPmt to juxtaposed unlabeled mitochondria) that are then followed by fission events
(separation of previously connected mitochondria). (A high-quality digital representation of this figure is available in the online issue.)
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cell or, alternatively, small discrete networks juxtaposed
with one another. To decipher this complex architecture
to its individual components, we double labeled the mito-
chondrial web with TMRE and PAGFPmt (6). Because
individual mitochondria are often in apposition with one
another, tagging individual mitochondria with PAGFPmt
targeted to the matrix allows morphological and biophys-
ical studies of mitochondria within a complex web. In
addition, this methodology takes into account organellar
movement and mitochondrial dynamics that continuously
change the mitochondrion’s size, shape, and location (6).
With adenoviral delivery, PAGFPmt is expressed in all
�-cell mitochondria but remains in its inactive form
(nonfluorescent).

Precise (0.5 �m2) photoactivation of PAGFPmt mole-
cules was achieved using a 2-photon laser. Equilibration of
activated PAGFPmt was immediate and revealed the
boundaries of matrix continuity of individual mitochon-
dria. Figure 1B shows five sequential photoactivations
revealing the boundaries of multiple individual mitochon-
drial networks in a mouse �-cell. Whereas TMRE staining
may show continuous mitochondrial structures, the
spread of matrix PAGFPmt is limited to short segments,
indicating that these segments do not form a continuous
lumen. In 90 photoactivation events performed in nine
different cells, we found that most (�95%) individual
networks are rod-like in shape with 76% exhibiting a length
�2 �m (Fig. 1C). A series of control studies confirmed that
laser intensity was kept at levels that did not affect
mitochondrial function or morphology. These included
time-lapse studies of ��mt in cells exposed to sequential
laser scanning and dose-response studies with the 2-pho-
ton laser (experiments are described in an online appendix
at http://diabetes.diabetesjournals.org/cgi/content/full/
db07-1781/DC1 and in ref. 6). The small network size of
�-cell mitochondria raises the possibility that mitochon-
drial fusion is absent in these cells or, alternatively, that
fusion events are transient and brief. To address this issue,
PAGFPmt was used to detect mitochondrial fusion events.
Fusion events were identified by the transfer of PAGFPmt
from a labeled mitochondria to a previously unlabeled one
when the two came in contact as shown in Fig. 1D. Fusion
events were commonly followed by fission (11 of 12
events) in a manner that reverted to prefusion size and
morphology of the involved mitochondria. A similar pat-
tern was observed in INS1 cells (supplemental Fig. S3 of
the online appendix).

We undertook a series of experiments designed to
manipulate the balance between fusion and fission to
assess the consequence on mitochondrial architecture in
primary and clonal �-cells. Of particular interest is the
fusion protein OPA1 because transcriptom databases sug-
gest its expression levels in the �-cell is uniquely high
(www.t1dbase.org). To test the significance of OPA1 in
modulating �-cell mitochondrial architecture, we overex-
pressed the protein by adenoviral transduction. Overex-
pression of OPA1 in primary �-cells caused mitochondria
to fragment into even smaller units (Fig. 2A). In INS1 cells,
transduction with the same number of OPA1 adenoviral
particles caused mild overexpression and increased den-
sity in mitochondrial architecture. Increasing the amount
of virus further increased the expression level and led to
fragmentation of the mitochondrial network (Fig. 2B).
These findings suggest that the increased degree of fusion
may promote elongation; however, further increases in
OPA1 levels can lead to fragmentation. GFP infections

were performed to control for potential effects of viral
transduction and normalized so that cells were exposed to
the same number of viral particles. We found that expres-
sion of GFP did not affect mitochondrial morphology in
any of the experiments performed.

An alternative approach to examining the consequences
of a pro-fusion state is to prevent fission. We found that
manipulating the pro-fission protein DRP1 also caused
dramatic changes in mitochondrial architecture. Disrup-
tion of fission in primary �-cells by overexpressing domi-
nant negative (DN) DRP1 resulted in swelling of the
mitochondria (Fig. 2C). In INS cells, similar treatment with
DN DRP1 caused elongation and swelling of the mitochon-
drial networks (Fig. 2D).

The overall rate of mitochondrial fusion activity within
an isolated �-cell was assessed by photoactivating a
subpopulation of mitochondria and monitoring the spread
as well as the dilution of active PAGFPmt throughout the
rest of the cell’s mitochondria (Fig. 3A and supplemental
movie A). The gradual spread of PAGFPmt signal to other
parts of the �-cell, which were not photoactivated, is
accompanied by dilution of PAGFPmt (Fig. 3A and B). As
a result, the average PAGFPmt fluorescence intensity in
mitochondria that contain photoactivated PAGFPmt grad-
ually decreases as long as the process of spreading is in
progress. When spreading of PAGFPmt reached equilib-
rium, FI was significantly lower and remained stable.

To rule out the possibility that decay in PAGFPmt FI
was the result of either nonspecific leak of activated
PAGFPmt from tagged mitochondria or bleaching of
PAGFP by the laser, two experiments were conducted:
GFP FI was measured over time 1) in individual mitochon-
dria that did not engage in fusion events and 2) in the
presence of FCCP, a mitochondrial inner membrane un-
coupler that collapses ��m and arrests mitochondrial
dynamics. In both experiments GFP FI remained un-
changed and stable over a period of 20 min, indicating a
negligible component of nonspecific PAGFPmt leak or
laser-induced bleach (see “mitochondrial fusion assay” in
supplemental material).

Individual �-cells within an islet were tested for mito-
chondrial fusion activity using PAGFPmt that is under the
insulin promoter (Fig. 3C). We found that fusion activity is
functional and comparable with that in isolated �-cells.
Interestingly, there is greater heterogeneity in the overall
fusion activity among individual cells within intact islets
exhibiting varied rates of GFP dilution (Fig. 3D). This is
evident when comparing the standard deviations of GFP
intensity at equilibrium.
Nutrient effects on primary �-cell mitochondria. Ex-
posure to increased levels of glucose and fatty acids has
been shown to compromise �-cell function and viability
(10). Incubation in 20 mmol/l glucose along with the fatty
acid palmitate (0.4 mmol/l complexed with 0.5% BSA) for
48 h resulted in fragmentation of mitochondrial morphol-
ogy and inhibition of mitochondrial dynamics in �-cells
within mouse islets (Fig. 3E), compared with controls in
Fig. 3. The mitochondrial fusion capability of �-cells
decreased significantly under HFG (20 mmol/l glucose and
0.4 mmol/l palmitate) which was revealed by the de-
creased ability of cells to dilute the GFP signal 2 h after
photoactivation (Fig. 3F).
Individual and combined effects of fatty acids and
high glucose in INS1 cells. El Assaad et al. (10) showed
that in INS1 cells, exposure to 20 mmol/l glucose and �0.2
mmol/l palmitate for 24 h leads to apoptosis and that
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caspase inhibitors do not rescue the cells from death (10).
We used confocal imaging of mitochondria to examine
alterations in morphology caused by alterations in nutrient
level (Fig. 4A). Cells were assessed visually, and those
possessing �50% punctate mitochondria were considered
fragmented. Exposure to 0.4 mmol/l palmitate in combina-
tion with 5, 11, or 20 mmol/l glucose (HFG) caused
fragmentation in 40, 75, and 88% of cells after 4 h and in 51,
61, and 79% of cells after 24 h, respectively (Fig. 4A). Only
16 and 28% of cells exposed to 20 mmol/l glucose without
palmitate for 4 and 24 h, respectively, exhibited frag-
mented mitochondrial architecture. These data indicate
that increasing levels of glucose in the presence of palmi-
tate is deleterious to mitochondrial architecture. However,
increased glucose alone has a minor effect on mitochon-
drial fragmentation.
HFG-induced fragmentation is accompanied by re-
duced mitochondrial fusion in INS1 cells. To deter-
mine the effect of HFG on mitochondrial fusion, we
measured the spread of PAGFPmt across the mitochon-
drial population by quantifying its dilution. As shown in
Fig. 4B and C, 24-h HFG–treated cells with fragmented
mitochondria failed to share the activated PAGFPmt. GFP

FI remained unchanged (n � 5; P � 0.46) in HFG-treated
cells 50 min after photoactivation, compared with a signif-
icant decrease observed in control cells (n � 6; P � 0.001).
Interestingly, 4-h exposure to HFG was sufficient to impair
fusion ability (Fig. 4E). These data reveal that fusion is
compromised in fragmented mitochondria observed under
HFG and that the reduction in fusion activity is measur-
able long before apoptosis. Fusion activity was also mon-
itored in cells exposed to palmitate or varying levels of
glucose for 24 h. We found that similar to HFG, HF (11
mmol/l glucose and 0.4 mmol/l palmitate) inhibits the
mitochondrial fusion ability, whereas HG (20 mmol/l glu-
cose) and HFLG (5 mmol/l glucose and 0.4 mmol/l palmi-
tate) leave fusion intact (Fig. 4D).

We sought to determine whether the observed decrease
in fusion activity is specific to HFG-induced toxicity as
opposed to a physiological response to glucose challenge
that is part of the glucose-stimulated insulin secretion
(GSIS) cascade (Fig. 4E). INS1 cells were kept at 2 mmol/l
glucose for 2 h before exposure to two different stimula-
tory conditions: 8 and 15 mmol/l glucose. In these exper-
iments glucose concentration was switched immediately
after a group of mitochondria had been labeled, and thus

FIG. 2. Mitochondrial morphology is modulated by mitochondrial fusion and fission proteins in �-cells. A: In primary �-cells, overexpression of
the fusion protein OPA1 leads to mitochondrial fragmentation. Overexpression was achieved by adenoviral transduction of GFP or OPA1 at equal
concentrations of viral particles. B: Level of OPA1 overexpression in INS1 cells was controlled by the dose of viral particles used. Mild
overexpression causes mitochondria to take on a dense and elaborate morphology compared with controls. Further increases in OPA1
overexpression levels resulted in mitochondrial fragmentation. C: In primary �-cells, overexpression of DN DRP1 to reduce mitochondrial fission
leads to mitochondrial swelling. D: In INS1 cells, overexpression of DN DRP1 leads to network superfusion and a limited amount of mitochondrial
swelling. The number and concentration of viral particles used in A, C, and D was identical. (A high-quality digital representation of this figure
is available in the online issue.)

MITOCHONDRIAL NETWORKING AND �-CELLS

2306 DIABETES, VOL. 58, OCTOBER 2009 diabetes.diabetesjournals.org



the effect of acute glucose challenge on fusion activity was
tested within the first 30 min of the exposure. We find that
neither of these conditions resulted in statistically signifi-
cant changes in mitochondrial fusion capacity of the INS1
cells when compared with 2 mmol/l glucose. These data
suggest that mitochondrial fragmentation and loss of

fusion capacity are specific to noxious external stimuli and
are not altered during normal �-cell function.
Role of mitochondrial fission machinery in the re-
sponse to HFG. We hypothesized that the fragmented
mitochondrial morphology that accompanies HFG is me-
diated by alterations in the balance between fusion and

FIG. 3. Mitochondrial fusion and fission in primary �-cells. A: Fusion of the photoactivated fraction (�10%) with the rest of the mitochondrial
web dilutes activated PAGFPmt and leads to a reduction in fluorescence intensity. A plateau is reached within �40 min. Images are representative
Z-projections. B: Dilution of GFP FI is shown for individual cells (n � 6; gray lines) and their average � SE (F). The average dilution values were
fitted (R � 0.99) to a hyperbolic function yielding T50 of 12.1 min. C and D: �-Cells within an intact islet also exhibit mitochondrial dynamics as
revealed by the diffusion of the activated PAGFPmt signal. (See RESEARCH DESIGN AND METHODS and supplemental material for imaging and image
analysis methodology). E: Fusion activity in primary �-cells is reduced after 24 h in HFG media. Images taken during the assay show that the
number of PAGFPmt-positive mitochondria and the FI of PAGFPmt remained unchanged. F: Quantitative summary of PAGFPmt dilution shown
60 and 120 min after photoactivation. The HFG-treated cells possess significantly brighter GFP intensity (P � 0.04) than controls, indicating
reduced mitochondrial fusion activity. (A high-quality digital representation of this figure is available in the online issue.)
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fission processes. Because these processes typically occur
in a 1:1 ratio (17), our hypothesis predicts that reduction in
fusion activity may be counteracted by reduced fission. We
chose to reduce the expression levels of Fis1 because it
plays a rate-limiting function in the recruitment of DRP1.

We were able to inhibit the expression of Fis1 using a
shRNA sequence described previously (18,19). Protein
levels are reduced by �90%, and RNA transcripts are
reduced by an average of 83% (n � 5; Fig. 5A). It is notable
that in INS1 cells the knockdown of Fis1 does not cause
noticeable alterations in mitochondrial morphology (sup-
plemental Figs. S5 and S6A) (17,20).

We have previously reported that �-cell mitochondria
exist as individual units that can exhibit differences in
membrane potential (14). With exposure to HFG, mem-
brane potential heterogeneity increased due to the appear-
ance of depolarized mitochondria. Interestingly, the loss of
fission ability by Fis1 knockdown or by the expression of
DRP1 DN did not prevent the increase in membrane
potential heterogeneity (supplemental Fig. S6).

To determine the efficiency of Fis1 knockdown on the
inhibition of fission machinery, we tested its effect on

DRP1 recruitment to fission sites (Fig. 5B). Colocalization
of DRP1 puncta to mitochondria was visualized and quan-
tified by immunofluorescence in control and lentivirally
transduced Fis1 RNAi INS1 cells exposed to 4 h of HFG.
This time period corresponds to the duration required to
achieve full fragmentation of the mitochondrial web with-
out apoptosis (Fig. 4A). With Fis1 knockdown, the forma-
tion of DRP1 puncta along mitochondria is prevented.
Control cells transduced with empty vector exhibited
numerous DRP1-positive puncta along every mitochon-
drial network after 4 h of HFG. Colocalization of DRP1
puncta with mitochondria was significantly higher in the
empty vector control group compared with Fis1 RNAi
(P � 0.001; Fig. 5C). A Western blot was performed to test
whether HFG, Fis1 knockdown, or a combination of both
affected the expression of DRP1. We find that DRP1
expression levels did not change under these conditions,
thereby supporting that Fis1 knockdown and HFG affected
puncta formation alone without altering DRP1 expression
(Fig. 5D). In addition, immunostaining for DRP1 in control
INS1 cells exposed to HFG for 4 h revealed the same

remains high. C: Quantitative summary of PAGFPmt dilution within the mitochondrial population after 24 h of HFG. E, Cells exposed to HFG for
24 h; F, cells incubated in normal growth media for the same amount of time. Average GFP dilution values were fitted (R � 0.99) to a hyperbolic
function yielding T50 of 10.1 min only for the normal media group. D: Mitochondrial fusion activity, measured by the ability to dilute PAGFPmt
after 50 min. Histogram shows steady-state values of GFP FI obtained 50 min after photoactivation, when the PAGFPmt dilution reached
equilibrium. HFG- and HF-treated cells show reduced fusion activity compared with control and HFLG- and HG-treated cells (P <0.05). E: A 4-h
HFG treatment is sufficient to reduce the fusion activity of INS1 cell mitochondria to levels similar to those found with 24-h HFG treatment.
Mitochondrial fusion activity is not affected by 30-min challenge with 8 and 15 mmol/l glucose. Glucose media was changed from 2 to 8 or 15 mmol/l
10 min prior to photoactivation. The plateau GFP FI level after 50 min is similar to that of the INS1 cells that remained in 2 mmol/l glucose. (A
high-quality digital representation of this figure is available in the online issue.)
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staining pattern as cells not exposed to HFG (supplemen-
tal Fig. S4).
Effect of Fis1 on mitochondrial fragmentation, mito-
chondrial dynamics, and movement velocity under
HFG. Inhibition of DRP1 recruitment to mitochondria
suggests that Fis1 shRNA can effectively prevent mito-
chondrial fission in �-cells. We next determined whether
Fis1 knockdown can prevent HFG-induced fragmentation
by performing morphometrical analysis of mitochondrial
structures in INS1 cells infected with Fis1 shRNA and
control shRNA viruses.

INS1 cells infected with control virus were cultured in
either 11 mmol/l (normal growth/culture conditions) glu-

cose or with 20 mmol/l glucose and 0.4 mmol/l palmitate
for 24 h and stained with TMRE. Under HFG, we observed
a change from elongated and elaborate networks to frag-
mented and punctate mitochondria (Fig. 6A). The aspect
ratio (AR) of all mitochondria in each cell was calculated
by measuring the length and width of best fit ellipses (see
RESEARCH DESIGN AND METHODS; an AR of 4 represents a
mitochondrion that is four times longer than it is wide).
Organelles were classified according to AR values into
those with short (AR �2), intermediate (2�AR�4), and
long (AR �4) morphology. HFG treatment reduced the
fraction of long mitochondria fivefold and doubled the
fraction of short mitochondria. Fis1 knockdown signifi-
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FIG. 6. Fis1 RNAi restores mitochondrial morphology and dynamics under HFG in INS1 cells. A: Mitochondrial morphometry. Mitochondria were
classified according to AR into short (AR <2), intermediate, (2<AR<4), and long (AR >4) length (n � 8 cells per group). B: Whole-cell
mitochondrial fusion assays (PAGFPmt dilution) in Fis1 RNAi INS1 cells exposed to HFG for 24 h (Œ). A hyperbolic fitting yielded T50 � 7.6 min.
Fis1 RNAi cells not exposed to HFG are also plotted (�). Values of control RNAi cells with and without HFG treatment were imported from Fig.
3C (f and E, respectively). C: Mitochondrial movement was calculated by measuring the velocity of single mitochondria over time. Velocities are
not significantly different between groups (P >0.05). Control RNAi with and without HFG treatment are represented by f and �, respectively.
Fis1 RNAi cells with and without HFG treatment are represented by ` and z, respectively. D: Confocal images demonstrating mitochondrial
movement analysis. Images at time 0 and 10 min are portrayed. The last image zooms to one mitochondrion and the movement over 10 min is
depicted, in this case 4 �m over 10 min. The velocity over time is plotted and indicates a peak around 250 s. When the distance from the origin
is plotted over time, it is evident that mitochondria do not move at a constant speed. (A high-quality digital representation of this figure is
available in the online issue.)
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cantly reduced the appearance of short mitochondria
under HFG treatment. Furthermore, the number of long
mitochondria was tripled. It is notable that Fis1 RNAi
alone did not alter the distribution of short, intermediate,
and long mitochondria within a cell’s mitochondrial pop-
ulation (Fig. 6A).

In addition to rescuing mitochondrial architecture, Fis1
knockdown also preserved the capability of mitochondria
to fuse after 24-h HFG treatment. Whereas cells trans-
duced with control lentiviral treatment were unable to
diffuse GFP after HFG treatment, those transduced with
Fis1 RNAi lentivirus reduced GFP intensity by 31%, simi-
lar to control cells not treated with HFG that exhibited a
29% decrease in GFP intensity (Fig. 6B). Fis1 knockdown
alone also caused a mild decrease in mitochondrial fusion
ability, exhibiting a 14% intensity decrease after 50 min.
This result suggests the importance of fission in mito-
chondrial dynamics. It is reasonable to infer that with
decreased fission, mitochondrial dynamics may occur
more slowly although the network morphology remains
unchanged.

It is possible that alterations in mitochondrial dynamics
that we report are caused by changes in mitochondrial
movement or velocity. Using PAGFPmt and time-lapse
imaging of Z-stacks, we were able to tag and quantify the
velocity of mitochondria under a variety of conditions. We
found that the velocity (�m/min) of mitochondria remains
unchanged by HFG or Fis1 knockdown compared with
controls (Fig. 6C). P values are �0.05 when comparing the
effects of HFG and Fis1 RNAi. Figure 6D depicts two
mitochondria tagged and tracked for velocity. Note that
one mitochondrion remains relatively immobile during the
time of tracking, whereas the other (shown in greater
detail) moves 4 �m over the 10-min period. We find that
mitochondrial movement does not occur in a smooth
linear fashion. Rather, we observe spikes in the rate of
movement over time similar to what has been reported in
other cell types (21). This is also evident when looking at
the distance from the origin at various time points. In the
example provided, the maximal distance from the origin is
reached between 120–250 s.
Reduced Fis1 expression by RNAi protects against
HFG-induced apoptosis. Previous studies have demon-
strated that HFG induces �-cell apoptosis (10). We pro-
ceeded to examine the effect of Fis1 RNAi on HFG-
induced apoptosis. Control and Fis1 RNAi INS1 cells were
exposed to HFG for 24 h and tested for various molecular
markers of apoptosis (Fig. 7A–C). Immunostaining for
cleaved caspase-3 as well as the 17 kDa and 19 kDa
proapoptotic active forms of caspase-3 revealed a reduc-
tion back to basal levels in the Fis1 RNAi cells exposed to
HFG. The percentage of control INS1 cells exhibiting
staining for cleaved caspase-3 staining (78  4%) was
significantly greater compared with Fis1 RNAi–treated
cells (25  3%) when exposed to 24-h HFG (Fig. 7A).
Similar results were found when apoptosis was analyzed
using transferase-mediated dUTP nick-end labeling stain-
ing (Fig. 7B). Fis1 knockdown cells did not possess the
dark nuclear staining, indicating that they are not under-
going apoptosis. Consistent with the immunofluoresence
and TUNEL data, fluorescence-activated cell sorter analy-
sis using annexin V, another apoptotic marker, revealed a
dramatic reduction in apoptotic cells in Fis1 RNAi–in-
fected cells exposed to HFG (Fig. 7C).

Phosphorylated Akt (pAkt) has been shown to protect a
variety of cell types, including �-cells, from apoptosis

through the inhibition of proapoptotic proteins including
BAD and caspase-9 (22,23). Previous studies have found
that �-cell survival under elevated glucose or fatty acid is
dependent on Akt phosphorylation (24–26). To determine
whether Fis1 RNAi was upstream or downstream of Akt
phosphorylation we examined the effect of HFG-induced
apoptosis on the activation state of Akt (Fig. 7D). Acti-
vated pAkt inhibits apoptosis by inactivating downstream
proapoptotic targets (14). Control INS1 cells exposed to
HFG, but not HG or HF, showed a marked decrease in the
amount of pAkt (Ser 473), consistent with their progres-
sion through apoptosis. Fis1 RNAi–expressing cells also
exhibited a dramatic decrease in pAkt because Akt signal-
ing in apoptosis is primarily upstream of the mitochondrial
machinery and Fis1 action (27). Expression levels of Akt
remained unchanged in both empty vector and Fis1 RNAi–
expressing cells under basal, HG, HF, and HFG culture
conditions.
Insulin secretion. Although restoration of mitochondrial
fusion improved cell viability under HFG, it did not rescue
GSIS (Fig. 7E). We found that under HFG, insulin secre-
tion in response to 15 mmol/l glucose is significantly
decreased by an average of 31% (P � 0.023). Fis1 knock-
down cells exposed to similar HFG treatment exhibit the
same levels of insulin secretion compared with control
cells (P � 0.43).
Fis1 expression. Induction of Fis1 expression by HFG
was not observed. The relative change in Fis1 expression
level after 24-h HFG exposure measured by Western blot
yielded results with high variability (SD � 0.552) and
insignificant induction compared with control (n � 3, P �
0.97; data not shown).

DISCUSSION

A number of studies have established that mitochondrial
dysfunction plays a role in the development of type 2
diabetes and that exposure of �-cells to high levels of
glucose and fatty acids may contribute to the development
of the disease (11,28,29). Mitochondrial dysfunction has
been observed in the Zucker diabetic fatty rat model. Most
notably, superoxide generation is increased and mitochon-
drial morphologies are short and swollen compared with
those of nondiabetic littermates (30). In this article, we
report that exposure to toxic nutrient levels induces �-cell
mitochondrial fragmentation that is caused by alterations
in mitochondrial dynamics. Moreover, preserving mito-
chondrial dynamics can prevent fragmentation and
apoptosis.

Previous studies in a variety of cells have demonstrated
the existence of elaborate networks of mitochondria that
frequently connect through fusion events. Given the dense
appearance of �-cell mitochondria and the relatively short
unit size, it was unclear whether fusion and fission occur
in �-cells and whether these play any role in the develop-
ment of diabetes. Here, we demonstrate for the first time
that mitochondria in �-cells continuously undergo fusion
and fission and that these interactions may function to
negate the detrimental effects of long-term exposure to
high levels of nutrients. Under normal condition, the
dynamic activity of mitochondria is evident in clonal
�-cells, dispersed �-cells, and �-cells within an intact islet.
Individual whole-cell mitochondrial fusion assays per-
formed within intact islets indicate that fusion rates vary
from cell to cell. The intercellular variation appears to be
greater between �-cells within an islet compared with
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dispersed �-cells. This may correlate to previous studies
by Marsh and colleagues suggesting that differences in the
level of mitochondrial branching between �-cells in a islet
may reflect differences in secretory capacity (31). Indeed,
it is conceivable that cells with more branched mitochon-

drial networks will have a different PAGFPmt fusion rate
than cells with less branched mitochondria.

Tagging individual mitochondria with matrix-targeted
PAGFPmt enables quantitative dissection of mitochon-
drial architecture and dynamics. Mitochondria in primary
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�-cells are densely packed, which can lead to an overes-
timation of mitochondrial size and the impression of a
continuous structure. However, when the matrix bound-
aries of each mitochondrial unit are determined by photo-
activation of PAGFPmt, it is clear that many of the larger
convoluted webs actually represent short strands of mito-
chondria juxtaposed with one another without matrix
continuity. For comparison, COS cells possess very elab-
orate mitochondrial structures that often appear to be
interconnected within a complex web. Despite the appear-
ance of connectivity, the average COS cell mitochondrion
is only about 1% of the size of the entire web, which is
revealed by PAGFPmt photoactivation of individual units
(6). Interestingly, it has been reported that mitochondria
are unconnected and can have distinct functional proper-
ties (32). With the PAGFPmt-based mitochondrial fusion
assays, we have been able to observe that �-cell mitochon-
dria undergo transient fusion events. The relatively small
size of these units is not the result of the inability of these
mitochondria to undergo fusion. We show that these
mitochondria frequently go through fusion, shown by
complete equilibration of PAGFPmt throughout the web in
as little as 1 h. Compared with other cell types, the time to
equilibrium we report is similar to what has been observed
in HeLa cells and several other cell types including rat
hipoccampal neurons (16).

Interestingly, INS1 cell mitochondria assemble into
more elongated and convoluted networks than primary
�-cells. Our data suggest that the mechanism underlying
differences in mitochondrial morphology between cell
types may be related to the levels of OPA1 expression. We
report that overexpression of OPA1 leads to the appear-
ance of short punctate mitochondria. Similarly, overex-
pression of another mitochondrial fusion protein, Mfn2,
leads to the clustering of mitochondria into short frag-
ments (33). In INS1 cells, it takes larger increases in OPA1
to achieve similar fragmentation of the mitochondrial
network. These findings suggest that INS1 cell mitochon-
dria are able to maintain networking ability when faced
with disruptions in the balance between fusion and fission.

Altering mitochondrial fission by expressing DN DRP1
leads to the formation of very elongated mitochondrial
tubules along with the appearance of swollen sections. In
primary �-cells, expression of DN DRP1 leads to the
formation of large swollen mitochondria that likely repre-
sent a superfused state. HFG, the synergistic combination
of elevated glucose and fatty acid, is an in vitro model of
type 2 diabetes described previously (34) and has been
shown to cause progressive �-cell dysfunction and cell
death (35). Previous studies have shown that HFG leads to
an increased level of ��mt heterogeneity and the appear-
ance of a growing population of depolarized mitochondria
(14). It is conceivable that these changes may be mediated
by alterations in mitochondrial dynamics and network
morphology. Indeed, we found dramatic differences in
mitochondrial morphology between control (basal glu-
cose) and HFG-treated groups. HFG caused the appear-
ance of numerous punctate mitochondria and overall
fragmentation of the mitochondrial network. When com-
bined with palmitate, increasing concentrations of glucose
(5, 11, and 20 mmol/l) lead to increasing levels of fragmen-
tation in a dose-dependent manner. However, in the ab-
sence of palmitate, even 20 mmol/l glucose does not affect
mitochondrial architecture. These data are congruent with
the synergistic effects of palmitate and glucose that have
been reported previously (10).

Interestingly, with higher levels of glucose alone and
longer exposure, expression of the mitochondrial fission
protein DRP1 is increased (36). This finding supports an
important role for mitochondrial fission in apoptosis be-
cause the induction of DRP1 expression increased high
glucose–induced apoptosis in DRP1 wild-type cells. Cells
expressing a DN DRP1 were not affected by the induction
of DRP1 expression. Our results indicate that with the
combination of high fat and glucose, mitochondrial frag-
mentation occurs within 4 h. Furthermore, we report that
alterations in mitochondrial fusion mediate mitochondrial
fragmentation, whereas DRP1 translocation is unaffected.
Rescue of mitochondrial fusion ability was sufficient to
prevent HFG-induced apoptosis.

Fragmentation of the mitochondrial network may be
mediated by increased fission, decreased fusion, or condi-
tions characterized by uniquely high expression levels of
fusion proteins such as OPA1 or Mfn2. To determine
which of these possibilities occurs under HFG, we quan-
tified mitochondrial dynamics by studying the spread of
photoconverted PAGFPmt across the mitochondrial web.
We found significant abrogation of mitochondrial fusion in
cells exposed to HFG compared with control (basal glu-
cose). The disruption of mitochondrial dynamics in the
presence of palmitate appears at 11 mmol/l glucose but is
not apparent at 5 mmol/l glucose. As shown in the mito-
chondrial morphometry analysis, after 24-h HFG, there
remains a small population of mitochondria that retains a
relatively elongated morphology. Indeed, certain cells re-
tain complex mitochondrial morphology that is comprised
of a mixture of elongated and punctuate structures. This
may represent an intermediate stage prior to full fragmen-
tation. Future work will address whether these cells
represent a population that is less susceptible to apopto-
sis. Cells under HFG that do not exhibit mitochondrial
fragmentation are still capable of mitochondrial fusion,
shown by PAGFPmt dilution (see supplemental material).
However, the kinetics of PAGFPmt sharing in these cells is
reduced compared with control cells, indicating that fu-
sion activity is compromised even before fragmentation is
apparent.

The contribution of fission machinery to fragmentation
was determined by analyzing the effect of HFG on Fis1 and
DRP1. Analysis of Fis1 transcript as well as protein levels
in cells treated with HFG did not reveal a statistically
significant induction of this protein. Although expression
does not change, we show that HFG is accompanied by
recruitment of DRP1 to mitochondrial fission sites. This
was inhibited in cells treated with Fis1 RNAi, indicating an
essential role for Fis1. We rationalized that the inhibition
of fission may balance reduced fusion activity observed
under HFG. Indeed, Fis1 RNAi restored mitochondrial
dynamics and morphology in HFG-treated cells, deter-
mined by the spreading and dilution of matrix PAGFPmt
through the mitochondrial network.

In our studies, knockdown of the fission protein Fis1 did
not result in robust morphological changes in INS1 cells
(37). This finding suggests that INS1 cells are able to
counteract the effects of reduced fission by balancing the
rate of fusion. Indeed, our data indicate that Fis1 knock-
down is accompanied by a reduction in the fusion rate
reported by the PAGFPmt dilution assay. Because fusion
and fission events are paired, it is conceivable that de-
creased fission activity may render the mitochondrial
webs more static, suggesting that a certain level of fission
is required for an optimal mitochondrial dynamics rate.
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Additionally, the lack of change in gross mitochondrial
morphology with Fis1 knockdown may be due to the
packed and entangled appearance of mitochondria in INS1
cells compared with other cell types such as fibroblasts.
The density of mitochondria leads to a large percentage of
juxtaposed mitochondria that are not necessarily fused.
Under these conditions, alterations in the level of connec-
tivity can produce a measurable shift in PAGFPmt dilution
without necessarily altering the overall morphology.

The mechanism by which HFG leads to mitochondrial
fragmentation may be related to an increase in ROS. HFG
has been shown to increase superoxide levels (38). In a
separate study, treatment of INS1 with H2O2 resulted in
fragmentation of the mitochondrial network, suggesting
that nutrient-induced ROS production can lead to mito-
chondrial fragmentation (39). On the other hand, other
studies have shown that dynamic changes in mitochon-
drial morphology may influence glucose-induced overpro-
duction of ROS (7). In H9C2 and CRL-1439 cell lines,
inhibition of mitochondrial fission with DN DRP1 attenu-
ates ROS production and mitochondrial fragmentation
induced by acute exposure to 50 mmol/l glucose. In
neurons, inhibition of fission was found to mitigate NO-
induced mitochondrial fragmentation and cell death (40).
Thus, it is conceivable that the effect of HFG on mitochon-
drial morphology may be due to increased ROS damage.
The decrease in ROS production in Fis1 RNAi cells under
HFG may be at least partially responsible for the protec-
tion from fragmentation and apoptosis. In a previous
study, we demonstrate that Fis1 knockdown does not
lower ROS levels in INS1 cells under growth conditions.
However, a significant decrease was observed in INS1
cells incubated in 22 mmol/l glucose (17).

Inhibition of mitochondrial fission through Fis1 RNAi
markedly reduced apoptosis compared with cells infected
with control virus. This result demonstrates the impor-
tance of mitochondrial networking in �-cell physiology
because preventing HFG-induced fragmentation through
Fis1 RNAi reduces �-cell apoptosis. However, this does
not indicate that fragmentation necessarily leads to apo-
ptosis. Indeed, it has been shown that overexpression of
hFis1 in INS1 cells only leads to nominal levels of apopto-
sis. Moreover, fragmentation caused by the expression of
DN Mfn1 does not result in apoptosis in INS1 cells (41).
Although it is possible to induce fragmentation and apo-
ptosis by Fis1 overexpression in other cell types, it is also
possible to prevent apoptosis without affecting mitochon-
drial fragmentation, which has been demonstrated with
the overexpression of Bcl-XL (42).

Previous studies have raised a number of potential
mechanisms by which inhibition of mitochondrial frag-
mentation can affect apoptosis (43,44). Fragmentation
occurs early in the cell death pathway (43,45) and is
thought to contribute to the release of cytochrome C into
the cytosol, culminating in caspase-mediated apoptosis
(45). It is notable that although a decrease in the translo-
cation of BAX to mitochondria and the subsequent release
of cytochrome C have been reported with Fis1 knock-
down, DN DRP1 left BAX translocation unaffected (46). An
article by Martinou and colleagues (47) has shown that
inhibition of fission machinery can prevent mitochondrial
fragmentation and reduce cytochrome C release. How-
ever, Bax/Bak-mediated apoptosis still occurs along with
the release of Smac/DIABLO. A more recent article by
Bossy-Wetzel and colleagues (48) has reported that mito-
chondrial fission occurs upstream of BAX translocation.

Revealing the relevance and timing of these events in
HFG-induced apoptosis in �-cells is a topic for future
investigation.

Activated Akt provides protection from apoptosis
through phosphorylation and inhibition of proapoptotic
proteins such as BAD (24,49). Previous studies have
indicated that �-cell survival under elevated glucose or
fatty acid is dependent on Akt phosphorylation and that
reduced level of pAkt is associated with �-cell loss (24–
26). Interestingly, in HFG-treated cells where Fis1 has
been knocked down, reduced pAkt was not accompanied
by cell death. �-Cell survival enhanced by Fis1 knockdown
indicates that the effect of Fis1 occurs downstream of the
Akt signaling pathway and that the reduction in mitochon-
drial fragmentation bypasses the reduction in Akt activity.
Recent studies have also indicated that increased calcium
influx plays a role in palmitate-mediated �-cell apoptosis
(50). Activation of calcineurin by calcium may regulate
mitochondrial morphology by dephosphorylation of DRP1
(51,52). However, our results indicate that HFG-mediated
mitochondrial fragmentation is not accompanied by an
increased level of DRP1 assembly on mitochondria and
increased fission but rather a decrease in the level of
fusion activity, demonstrated by mtPAGFP diffusion
assays.

The role of mitochondrial dynamics in insulin secretion
remains unclear. Our data indicate mitochondrial fusion
rate is unchanged by acute stimulation by 15 mmol/l
glucose. In addition, Fis1-mediated rescue from HFG is not
accompanied by improvements in GSIS. Previous studies
by our group and by Wollheim and colleagues indicate that
altering mitochondrial dynamics proteins Mfn1 and Fis1
does not improve GSIS (17,41,53). It is interesting to note
that both Fis1 overexpression and Fis1 knockdown lead to
a decrease in GSIS. Together, these data suggest that any
disturbance in the balance of fusion and fission can lead to
�-cell dysfunction.
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