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Am J Physiol Endocrinol Metab 306: E1-E13, 2014. First published
October 3, 2013; doi:10.1152/ajpendo.00146.2013.—Insulin is a major
regulator of glucose metabolism, stimulating its mitochondrial oxida-
tion in skeletal muscle cells. Mitochondria are dynamic organelles that
can undergo structural remodeling in order to cope with these ever-
changing metabolic demands. However, the process by which mi-
tochondrial morphology impacts insulin signaling in the skeletal
muscle cells remains uncertain. To address this question, we silenced
the mitochondrial fusion proteins Mfn2 and Opal and assessed
insulin-dependent responses in L6 rat skeletal muscle cells. We found
that mitochondrial fragmentation attenuates insulin-stimulated Akt
phosphorylation, glucose uptake and cell respiratory rate. Importantly,
we found that insulin induces a transient rise in mitochondrial Ca®>*
uptake, which was attenuated by silencing Opal or Mfn2. Moreover,
treatment with Ruthenium red, an inhibitor of mitochondrial Ca?*
uptake, impairs Akt signaling without affecting mitochondrial dynam-
ics. All together, these results suggest that control of mitochondrial
Ca®* uptake by mitochondrial morphology is a key event for insulin-
induced glucose uptake.
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MITOCHONDRIA ARE MULTIFUNCTIONAL ORGANELLES essential for skel-
etal muscle cell function, as they supply energy for contraction in
the form of ATP via oxidative phosphorylation. These organelles
form a dynamic network governed by well-ordered processes of
biogenesis, degradation, movement along cytoskeleton tubules,
and fusion/fission events. Mitochondrial fusion is controlled by
the large GTPases optic atrophy 1 (Opal) and mitofusins 1 and 2
(Mfn1/2), which drive the fusion of the inner and outer mem-
branes between two individual mitochondria. In contrast, mito-
chondrial fission is controlled by dynamin-related protein-1
(Drpl) and fission protein-1 (Fis1). Fis1 localizes at the mitochon-
drial surface, where it recruits cytoplasmic Drpl under fission-
promoting stimuli (34). Drp1, in turn, forms a ring that constricts
mitochondria, thus generating two daughter mitochondria. Altered
levels of these mitochondria-shaping proteins have been reported
in several pathologies. Mutations in mfn2 and opal have been
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associated with Charcot-Marie-Tooth neuropathy type 2A (1) and
with dominant autosomal optic atrophy (3), respectively. Further-
more, decreased levels of Mfn2 and significantly smaller mito-
chondria have been found in skeletal muscle biopsies of obese and
type 2 diabetic patients (17, 37).

Besides its role in mitochondrial morphology, Mfn2 controls
apposition between the endoplasmic reticulum (ER) and mito-
chondria. De Brito and Scorrano showed that Mfn2 is enriched
at the ER-mitochondria interphase, and its ablation disrupts
interorganelle contacts and reduces the efficiency of ER-mito-
chondrial Ca?>* transfer (14). In the mitochondrial matrix,
Ca?* activates three key enzymes of the TCA cycle, pyruvate,
a-ketoglutarate, and isocitrate dehydrogenases, therefore stim-
ulating mitochondrial oxidative phosphorylation (10). Further-
more, previous work from our laboratory showed that insulin-
induced Akt activation and glucose transporter 4 (GLUT4)
traffic to the cell surface requires a rise in intracellular Ca®*
levels in cultured cardiomyocytes (12).

A recent study showed that Mfn2 regulates insulin signaling
and glucose homeostasis in skeletal muscle by coordinating
both mitochondrial and ER functions (30). However, it remains
unknown whether mitochondrial morphology itself controls
the actions of insulin on glucose homeostasis. To address this
question, we investigated the effects of Mfn2 and Opal silenc-
ing on insulin-induced glucose uptake, mitochondrial function,
and mitochondrial Ca®>* uptake in L6 rat skeletal muscle cells.
Our results show that mitochondrial fragmentation elicited by
Mitn2 and Opal silencing decreases insulin-dependent glucose
uptake, Akt signaling, and cellular oxygen consumption. Im-
portantly, we found that insulin increases mitochondrial Ca**
uptake, which is prevented by Opal or Mfn2 silencing. More-
over, treatment with Ruthenium red (RuRed), an inhibitor of
mitochondrial Ca®>" uptake, also impairs Akt signaling without
affecting mitochondrial morphology. Taken together, these
results suggest that regulation of mitochondrial Ca*>* uptake by
mitochondrial morphology is a key event for proper insulin
signaling.

MATERIALS AND METHODS

Reagents. Antibodies against Mfn2, Opal (polyclonal and mono-
clonal) and Parkin were from Abcam (Cambridge, MA). Drpl anti-
body was from BD Transduction Laboratories (San Jose, CA).
PINK1, CHOP, phospho-JNK, JNK, and BIP antibodies were from
Santa Cruz Biotechnology (Dallas, TX). Phospho-Akt, Akt, phospho-
IRS-1, IRS-1, and phospho-insulin receptor (phospho-IR) antibodies
were from Cell Signaling (Danvers, MA). HERP antibody was from
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BIOMOL Research Laboratories (Plymouth Meeting, PA), and
mtHsp70 antibody was from Affinity BioReagents (Glosen, CO).
Tetramethylrhodamine methyl ester (TMRM), dihydrorhodamine 123,
MitoTracker green and MitoTracker orange were from Invitrogen
(Eugene, OR). Cytochalasin B and 2-deoxy-D-glucose were from

Fig. 1. Mitofusin 2 (Mfn2) silencing causes
mitochondrial fission and reduced response
to insulin in skeletal muscle L6 myoblasts.
A: confocal images of the mitochondrial net-
work of cells stained with MitoTracker green.
Right: X5 magnification of selected areas;
scale bar, = 10 wm. B, top: Western blot
analysis of Mfn2 in AsMfn2 and LacZ cells;
bottom: quantification of mean volume and
number of individual mitochondria per cell
(n = 3). C, top: Western blot analysis of insu-
lin-signaling proteins in LacZ- and AsMfn2-
transduced L6-GLUT4myc (c-myc epitope-
tagged GLUT4-expressing) cells; bottom:
quantification of Akt phosphorylation at Ser*’?
(n = 4). D: quantification of GLUT4myc ex-
position at the cell surface in response to insulin
(n = 6). E: quantification of glucose uptake of
LacZ and AsMfn2 cells in response to 30 min
of insulin stimulation (n = 6). F: representative
images of Western blot analysis of markers of
endoplasmic reticulum (ER) stress in the differ-
ent conditions evaluated. All values are ex-
pressed as means *= SE. *P < 0.05 vs. LacZ;
#P < 0.05 vs. LacZ + Ins.

Calbiochem (La Jolla, CA). Protein assay reagents were from Bio-Rad
(Hercules, CA). Insulin, anti-GAPDH antibody, o-MEM, carbonyl
cyanide m-chlorophenylhydrazone (CCCP), and all other reagents
were from Sigma-Aldrich (St. Louis, MO). Generation and use of
adenoviruses coding for LacZ, the dominant negative form of Drpl
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(DrplK38A), antisense sequence against Mfn2 (AsMfn2), and
miRNA against Opal (miOpal) and miRNA control (miControl) have
been described previously (2).

Cell culture. L6 muscle cells expressing c-myc epitope-tagged
GLUT4 (GLUT4myc) were cultured as a myoblast monolayer as
previously described (18). For all experiments, cells were seeded in
10% FBS-a-MEM for 2 days. At that point, cells were transduced
with adenoviral vectors according to experimental group. Cells were
maintained in 2% FBS-o-MEM for the next 2 days. For experimen-
tation, cells were maintained in serum-free a-MEM for 3 h and then
were exposed to insulin for 0.5 h (100 nM) or left untreated.

Adenoviral transduction. Myoblasts were serum deprived and in-
fected with adenoviral vectors coding for LacZ, Drp1K38A, AsMfn2,
miOpal, or miControl at a multiplicity of infection of 5,000. After 5
h, medium was replaced with 2% FBS-o-MEM.

Western blot. Equal amounts of protein from complete cell extracts
were separated by SDS-PAGE (10% polyacrylamide gels) and elec-
trotransferred to nitrocellulose. Membranes were blocked with 5%
milk-TBS-T. Membranes were incubated with primary antibodies at
4°C and blotted with horseradish peroxidase-linked secondary anti-
bodies [1:5,000 in 1% (wt/vol) milk in TBS-T]. Signals were detected
using ECL (Promega) and quantified by scanning densitometry. Pro-
tein content was normalized with GAPDH or B-tubulin.

Mitochondrial morphology. Cells were incubated with 400 nM
MitoTracker green or 400 nM MitoTracker orange in Krebs solution
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for 30 min. Confocal image stacks of the mitochondrial network were
captured with a Zeiss LSM 5 Pascal/Axiovert 200 microscope, using
a Plan-Apochromat 63x/1.4 oil DIC objective, as described elsewhere
(25). Z-stacks were deconvolved, thresholded, and 3D-reconstructed
using Image] software (NIH). Number and volume of individual
mitochondria were quantified using the 3D Object Counter plug-in.
Each experiment was repeated at least three times, and 1625 cells per
condition were quantified.

Mitochondrial Ca™*? uptake. To determine mitochondrial Ca™?
levels, time-lapse images were obtained from cultured GLUT4myc
cells preloaded with Rhod2-FF using a Zeiss LSM 5 Pascal/Axiovert
200 microscope, as previously described (32).

Mitochondrial content, transmembrane potential (ymt), and ROS
production. Myoblasts were loaded with 200 nM MitoTracker orange,
200 nM TMRM (23), or 25 nM dihydrorhodamine 123 (22), respec-
tively, for 30 min. Fluorescence was determined by flow cytometry
using a FACScan system (Becton-Dickinson).

ATP measurement. Intracellular ATP content was determined using
a Cell Titer-Glow Luminescent Cell Viability Assay (Promega) fol-
lowing the manufacturer’s instructions. Signals were measured in a
TopCount NXT microplate luminescence counter (PerkinElmer) (32).

Respiration rate. Cells were plated on 100-mm dishes, and when
they reached confluence, the cells were treated according to experi-
mental design. After trypsinization, oxygen levels of the cell suspen-
sion in PBS were measured polarographically at 25°C using a #5331

Fig. 2. Quantification of insulin signaling. A: quantifi-
cation of Western blot analysis for Hsp70 (n = 4),
p-IRS Ser?%7 (n = 4), p-IRS Ser®® (n = 4), and p-Akt
Thr3%® (n = 3) in response to insulin treatment for
LacZ- and AsMfn2-transduced cells. B: quantification
of Western blot analysis for Hsp70 (n = 4), p-IRS
Ser’®7 (n = 4), p-IRS Ser®3® (n = 4), and p-Akt Thr%®
(n = 3) in response to insulin treatment for miOpal-
and miControl-transduced cells.
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Clark electrode (Yellow Springs Instruments) (8, 32). Maximal oxy-
gen consumption was assessed by uncoupling the respiratory chain
with 200 nM CCCP. Respiration rate was determined by the ratio
between basal oxygen consumption and maximal oxygen consump-
tion.

2-Deoxy-p-[°H]glucose uptake. Glucose uptake was measured at
room temperature for 5 min in transport buffer [20 mM HEPES, pH
7.4, and 10 wM 2-deoxy-pD-[*H]glucose (1 mCi/ml)] as described
elsewhere (12).

Surface GLUT4myc. Surface myc-tagged GLUT4 was measured as
previously reported (36). Briefly, L6-GLUT4myc cells were fixed in
3% paraformaldehyde PBS for 3 min at room temperature and then
blocked with 3% BSA 10% goat serum-PBS at 4°C for 30 min.
Primary anti-c-myc antibody was incubated at a 1:100 dilution for 60
min at 4°C, followed by incubation with peroxidase-conjugated sec-
ondary antibody. One milliliter of OPD reagent (51.4 mM Na,HPO.,,
24.3 mM citric acid) was added to each well. The colorimetric
reaction was stopped by addition of 0.25 ml of 3 N HCl for 10 min at
room temperature. The supernatant was collected, and absorbance was
measured at 492 nm.

Immunofluorescence and colocalization analysis. Cells were incu-
bated for 30 min with Lysotracker red (LSTR, 100 nM) and Mito-
Tracker green (MTG, 400 nM) and maintained in Krebs solution.
Confocal images were captured with a Leica TCS SP5 confocal
microscope using a Plan-Apochromat 63x/1.4 oil DIC objective. For
colocalization analysis, only one focal plane was analyzed. Images
were deconvolved, and the background was subtracted using ImagelJ

software (NIH). Signal colocalization was quantified using Manders’
algorithm, as previously described (25).

Statistical analysis. Data are means = SE of the indicated sample
size (n). Student’s #-test was performed for comparisons between two
groups. Multiple groups were analyzed using one-way ANOVA
followed by a protected Tukey’s test. Statistical significance was
defined as P < 0.05.

RESULTS

Mfn2 knockdown impairs insulin-induced mitochondrial meta-
bolic stimulation. First, the impact of Mfn2 silencing on mito-
chondrial morphology in L6-GLUT4myc cells was assessed.
Mean volume and number of individual mitochondria per cell
were quantified via confocal microscopy and 3D reconstruction
of the mitochondrial network. AsMfn2 significantly decreased
Mftn2 protein levels compared with cells transduced with LacZ.
As expected for the silencing of a fusion protein, this interven-
tion lead to mitochondrial fragmentation observed as a de-
creased mitochondrial mean volume (55%, P < 0.001) and
increased number of mitochondria per cell (25%, P < 0.001)
(Fig. 1, A and B).

Then, we assessed the effect of Mfn2 silencing on insulin
signaling. Compared with LacZ cells, AsMfn2 caused a sig-
nificant decrease in insulin-stimulated Akt phosphorylation at
Ser*”® (55%, P = 0.001), without affecting the phosphoryla-
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tion of IR or IRS-1 in its inhibitory residues Ser®*® (substrate of
mTORC1) and Ser®”’ (substrate of INK). Moreover, AsMfn2 did
not affect Thr’®-Akt phosphorylation (Figs. 1C and 24). In
addition, AsMfn2 significantly diminished both GLUT4 migra-
tion to the plasma membrane (26%, P = 0.003) and glucose
uptake (basal 0.79 = 0.22; insulin 0.89 *+ 0.23 pmol [*H]2-
DOG/pg protein) (20%, P < 0.001) in response to insulin com-
pared with LacZ (basal 0.74 = 0.19; insulin 1.01 = 0.26 pmol
[*H]2-DOG/pg protein) (Fig. 1, D and E). Thus, these data
suggest that AsMfn2 silencing disrupts insulin signaling at the Akt
level without affecting the upstream IR-IRS1 axis.

o)
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Previous reports on Mfn2 participation in insulin resistance
indicate that its absence impairs insulin signaling through ER
stress (24, 30). Our results showed no evidence of ER stress-
mediated disruption of the insulin pathway. In this regard, JNK
phosphorylation was increased in AsMfn2-trasduced cells.
Nevertheless, this effect appears to be UPR independent, as ER
stress markers CHOP, BIP, and HERP remained unchanged
between adenoviral treatments (Fig. 1F). This observation
suggests that Mfn2 modulates Akt through a mechanism dif-
ferent from the UPR. This discrepancy with the aforemen-
tioned studies can be explained by the use of different strate-
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gies to ablate Mfn2. Our results show cellular response to
partial and acute Mfn2 reduction instead of long-term ablation.
Of note, insulin stimulation caused increases in BIP levels,
JNK phosphorylation, and IRS-1 phosphorylation at Ser*®’
compared with nonstimulated cells (Figs. 1F and 2A). This
insulin-induced mild stress response has been described as an
adaptive mechanism to cope with insulin’s anabolic effect (26).
Additionally, the impact of Mfn2 silencing on mitochondrial
metabolism in response to insulin was studied. The results
showed that mitochondrial potential was not altered by insulin
or the adenoviral transduction (P = 0.314; Fig. 3A). Moreover,
insulin promoted an increase in ROS production that was not
modified by the adenoviral transduction (Fig. 3B). Along with
maintaining mitochondrial potential, insulin stimulation pro-
moted an increase in ATP production in control cells that was
significantly reduced in AsMfn2-transduced cells after insulin
stimulation (P < 0.05). In contrast, while in a basal state,
transduced cells showed a significant increase, likely due to an
increase in oxygen-independent ATP production (Fig. 3D).
Moreover, the increased respiration rate stimulated by insulin
(=8%, P = 0.03) in LacZ cells was significantly abolished in
AsMfn2-transduced cells (Fig. 3C). All of these metabolic
effects were due to changes in mitochondrial function rather
than fluctuations in mitochondrial content, as two markers of
mitochondrial mass, MitoTracker orange and mtHsp70, did not
significantly change between conditions (Fig. 3, E and F).

>
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Opal knockdown replicates Mfn2 knockdown effects on insu-
lin signaling. To assess whether our results were due to changes
in mitochondrial morphology or the absence of Mfn2 in par-
ticular, Opal was silenced using miOpal. This strategy pro-
motes mitochondrial fragmentation independent of Mfn2 level.
The results showed a decrease in mean mitochondrial volume
(50%, P < 0.001) and augmented mitochondrial number per
cell (40%, P < 0.001) to an extent similar to that achieved with
AsMfn2 (Fig. 4, A and B). Similar to the results with AsMfn2,
this impaired mitochondrial fusion significantly decreased
Ser*’? Akt phosphorylation after insulin stimulation (60%, P <
0.001), without affecting Akt Thr3°8, IRS1 Ser®3®, IRS Ser*"’,
or IR phosphorylation (Figs. 4C and 2B). As expected, Opal
silencing also diminished insulin-induced glucose uptake
(basal 0.41 = 0.28; insulin 0.56 = 0.23 pmol *H-2DOG/p.g
protein) compared with miControl (basal 0.52 *= 0.22; insulin
0.89 = 0.33 pmol [*H]2-DOG/pg protein; Fig. 4D). Also
similar to AsMfn2, there was no increase in ER stress markers
(Fig. 4E). Of note, there are several types of glucose trans-
porter, and basal control of glucose uptake is mediated by
GLUTI1 in muscle cells, which is mainly localized in the
plasma membrane. In contrast, GLUT4 is mainly localized in
intracellular reservoirs, and after insulin stimulation it is trans-
ported to the plasma membrane to increase glucose uptake
(28). Mfn2 and Opal silencing resulted in no change in basal
glucose uptake but reduced insulin-dependent glucose uptake.
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The results of the present work suggest that mitochondrial
morphology may mainly affect the inducible glucose uptake
mediated by the insulin-Akt-GLUT4 axis.

At a metabolic level, miOpal produced the same effects as
AsMfn2 (Fig. 5). In particular, mitochondrial potential did not
vary after transduction or insulin stimulation (Fig. 5A); more-
over, ROS production caused by insulin stimulation did not
differ between miOpal- and miControl-transduced cells (Fig.
5B). To determine the mitochondrial metabolism, respiratory
rate was measured. miControl cells showed a significantly
increased respiratory rate in response to insulin, whereas
miOpal-transduced cells did not increase in respiratory rate
after insulin stimulation (Fig. 5C). In addition to respiratory
rate, we measured ATP production. In miRNA-treated cells, no
significant changes were observed after insulin stimulation
(Fig. 5D). MitoTracker orange and mtHsp70 did not differ
significantly between conditions (Fig. 5, E and F). All together,

B
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these results suggest that defective mitochondrial fusion di-
rectly affects Akt activation upon insulin stimulation.

Drpl loss-of-function does not affect insulin signaling. Next,
to assess the role of the opposite effects on mitochondrial
morphology, an adenoviral vector coding for a dominant neg-
ative Drpl (Drp1K38A) was used. Displacement of the mito-
chondrial balance toward elongation was observed, as well as
increased mean mitochondrial volume (90%, P < 0.001),
concomitant with decreased numbers of mitochondria per cell
(30%, P < 0.001; Fig. 6, A and B). DrplK38A did not affect
insulin signaling. The elongated phenotype did not alter insu-
lin-induced Akt Ser*’? phosphorylation (Fig. 6C), nor did it
affect GLUT4 traffic to the surface (Fig. 6D). In addition,
Drpl1K38A did not change glucose uptake (basal 1.02 % 0.50,
insulin 1.35 = 0.68 pmol [*H]2-DOG/ug protein; 20%, P <
0.001) compared with LacZ (basal 1.12 = 0.60, insulin 1.31 *
0.65 pmol [*H]2-DOG/pg protein; Fig. 6E). These data suggest
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that mitochondrial network continuity rather than a balance be-
tween fusion and fission events is needed for full Akt activation.

Both Mfn2 and Opal knockdown disrupt insulin-induced
mitochondrial Ca®™ uptake. Aside from their role in energy
production, mitochondria are also key regulators of Ca>" levels.
We addressed whether the morphological changes had repercus-
sions on Ca®>" homeostasis and insulin signaling. Our results
show that insulin induced an immediate increase in mitochondrial
Ca®* uptake, which was completely abolished by the mitochon-
drial uniporter channel inhibitor RuRed (Fig. 7A). Moreover,
mitochondrial fragmentation induced by AsMfn2 produced a
significant reduction in mitochondrial Ca*>* uptake (Fig. 7B),
probably due to diminished connectivity within the mitochondrial

>

Ins
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network and decreased contact with the ER. As with AsMfn2,
miOpal decreased mitochondrial Ca?>* uptake (Fig. 7C). The
reduced Ca®" uptake exerted by imbalanced mitochondrial frag-
mentation could account for the inability of AsMfn2- and
miOpal-treated cells to increase their metabolism in response to
insulin. Insulin-induced Ca®" entrance to the mitochondrial ma-
trix can boost oxidative catabolism, since it stimulates TCA cycle
dehydrogenases (9), therefore fueling the respiratory chain and
ATP production, a mechanism that could be impaired due to
mitochondrial fragmentation.

The possible mechanism linking mitochondrial fragmenta-
tion with diminished Ca?" uptake could be diminished ion
diffusion: in a more interconnected network, Ca>" enters the
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mitochondrial matrix and readily diffuses throughout the ma-
trix, allowing for a more efficient uptake. On the other hand, in
a fragmented network, diffusion is limited. To gain some
insight into the matter, we measured insulin-elicited Ca’*
uptake of small and large mitochondria in L6-GLUT4myc cells
in basal conditions (Fig. 8, B and C). Our results show that
smaller mitochondria indeed showed a reduced Ca>* uptake, in
accord with our proposed mechanism.

Mitochondrial uniporter inhibitor attenuates Akt signaling
without interfering with mitochondrial morphology. Since mi-
tochondrial fragmentation reduced mitochondrial Ca>" uptake,
we investigated whether impaired Ca”>* uptake per se might
lead to alterations in insulin signaling or mitochondrial mor-
phology. As shown in Fig. 7D, treatment with the mitochon-
drial uniporter inhibitor RuRed did not affect mitochondrial

B

morphology, since mean volume and number of mitochondria
per cell did not differ significantly between conditions (Fig.
8A). On the other hand, Akt Ser*’® phosphorylation and surface
GLUTH4 levels in response to insulin stimulation were signifi-
cantly decreased (50%, P < 0.05, 50% P < 0.001, respec-
tively; Fig. 7, E and F) in RuRed-treated cells. These results
suggest that mitochondrial Ca>" uptake is an important com-
ponent of insulin signaling and that impaired mitochondrial
Ca®" signaling is the mechanism by which mitochondrial
fragmentation leads to reduce insulin metabolic response.

DISCUSSION

Different tissues diverge greatly in their mitochondrial or-
ganization and in the composition of their respiratory machin-

Fig. 8. Ca?* uptake in different-sized mito-
chondrial populations. A: quantification of
mean volume and number of individual mito-
chondria per cell in control and RuRed-treated
conditions (n = 3). B: representative confocal
image of L6-GLUT4myc cells loaded with the
Ca?*-sensitive dye Rhod-FF; scale bar, 20
pm. C: quantification of mitochondrial Ca®*
signals in different regions of interest (Roi)
comprising both small (Roi 2 and 4) and larger
mitochondria (Roi 1 and 3).
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ery, as a reflection of specific requirements in physiological or
pathological state (5). In tissues with high metabolic rates,
mitochondrial network remodeling profoundly affects the func-
tion of the respiratory chain, directly impacting cellular me-
tabolism (4). In accordance, both mitochondrial fragmentation
and uncoupling of the electron transport chain have been found
in the skeletal muscle of obese and diabetic patients (20).
Moreover, levels of mitochondria-shaping proteins such as
Mitn2, and PARL, a rhomboid-like protease that promotes
mitochondrial fusion, are decreased under insulin resistance
conditions (35). On this subject, Bach et al. (2) showed that
mitochondrial fragmentation induced by Mfn2 silencing leads
to metabolic defects such as decreased respiratory rate and
glucose oxidation in L6E9 cells. On the basis of these findings,
we further proposed a direct relationship between fragmented
morphology of the mitochondrial network and disruption of
insulin signaling, with a subsequent decrease in glucose utili-
zation in skeletal muscle cells. Our results show that modifying
the mitochondrial network by deleting Mfn2 from the system
and suppressing fusion alters insulin signaling, along with a
significant decrease in GLUT4 traffic, glucose uptake, and
mitochondrial metabolism.

Mifn2 silencing dampens insulin signaling, observed as de-

creased Akt phosphorylation at Ser*’? without changes in

Control
LSTR 3

Colocalization
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Thr3% or its upstream IR-IRS1 axis. Akt Ser*’® phosphoryla-
tion is important for Akt full activation, and is carried out by
mTORC2 (29). On the other hand, Akt Thr3®® is phosphory-
lated by PDK1, thus underlying control of IR activation. The
effects of Mfn2 and Opal silencing on Akt phosphorylation
sites indicate that mitochondrial morphology is required for
insulin signaling, downstream of the IR-IRS1 axis. Recently, it
has been reported that mTORC2 partially localizes at the
ER-mitochondria interphase within a subdomain termed the
mitochondria-associated membranes (MAM), where it inter-
acts with the Ca?" transfer complex IP3R-grp75-VDAC (6).
Upon insulin stimulation, mMTORC?2 is further enriched in the
MAM, maintaining its integrity and promoting mitochondrial
metabolism through Ca?>* uptake. This observation supports
mTORC?2 as an important regulator of mitochondrial function,
as MAM is the platform for its signaling. Interestingly, our
present work shows this relationship to be bidirectional, since
mitochondrial integrity, in turn, can modulate the insulin-Akt
pathway.

Mifn2 fulfills several functions within the cell other than
mitochondrial fusion, such as UPR modulation (24), ER-
mitochondria tethering (14), and direct regulation of mitochon-
drial metabolism independently of its mitochondrial fusion
activity (31). Such diversity of function renders Mfn2 knock-
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out cells susceptible to great strains, including ER stress, as
previously observed (24, 30). Our results do not suggest ER
stress, mainly due to the extent of Mfn2 silencing achieved
with our strategy. The residual amount of Mfn2 (Fig. 1B)
allows us to assess the importance of mitochondrial morphol-
ogy without interference of other perturbations or compensa-
tory processes. Furthermore, to test another method for mito-
chondrial morphology manipulation, we investigated whether
decreased protein levels of Opal lead to the same defects as
AsMfn2. miOpal also downregulated insulin-induced Akt
phosphorylation and its associated metabolic boost. Our results
support the idea that the fragmented mitochondrial phenotype
is responsible for these observations rather than a particular
fusion protein.

Opal is a highly regulated protein responsible for both the
structuring of mitochondrial cristae and the merging of inner
membranes during mitochondrial fusion (11). It is regulated,
among other mechanisms, through cleavage by intramembrane
proteases. Under physiological conditions, effective mitochon-
drial fusion requires a balance between long and short forms of
Opal. Metabolic alterations promote increased protein cleav-
age, thus producing a significant increase in short isoforms
at the expense of long forms, shifting toward a fragmented
organelle morphology (15). Reduced ATP content and dissi-
pation of mitochondrial potential, for example, both lead to
Opal cleavage by proteases m-AAA and Omal (3). Recent
literature showed that Opal deregulation in Omal knockout
mice produced insulin resistance, impaired glucose uptake, and
unbalanced thermogenesis. Of note, Omal ~/~ mice suffer the
same effects as individuals fed a high-fat diet, indicating that a
balance between long and short forms of Opal is required for
the maintenance of mitochondrial metabolism (27). All to-
gether, these data suggest an important relationship not only
between mitochondrial morphology and metabolism but also
with insulin resistance. Our results support the idea that Opal
is a crucial protein in insulin-induced metabolic response.

On the other hand, we tested the opposite scenario by
promoting mitochondrial fusion using a dominant negative

Ell

form of Drpl, Drp1K38A. In this regard, Jheng et al. described
that the use of a dominant negative Drpl strategy rescues
insulin signaling after palmitate treatment in skeletal muscle
cells (19), thus emphasizing the importance of mitochondrial
network integrity. In accord with these findings, our data
revealed no impact of DrplK38A on insulin response, indicat-
ing that, while a certain amount of mitochondrial fusion is
necessary for this pathway, other components may also act as
limiting steps. In this way, our data show that dominant
negative Drpl alone does not enhance glucose uptake in
response to insulin, but the above-mentioned study shows that
Drp1K38A or short hairpin Drpl can reverse insulin resistance
induced by palmitate, since it causes via mitochondrial frag-
mentation (19).

The relevance of the changes in mitochondrial morphology
could be associated with their direct effect on Ca** homeosta-
sis. Mitochondria are dynamic Ca?* regulators capable of
rapid uptake from domains of high concentration. This way,
they act as buffers, taking up Ca>" especially at releasing sites
on the ER surface and therefore preventing a prolonged rise in
cytosolic concentration (16). According to our data, the size of
individual mitochondria affects their Ca>* buffering capacity,
thus modulating both mitochondrial and cytosolic Ca*>* avail-
ability. Previous findings from our laboratory showed that
Ca®* entry into the mitochondrial matrix is required for energy
production in a stressed condition (7). In this work, we tested
mitochondrial morphology as a modulator of Ca®>* homeosta-
sis in response to insulin. We show here for the first time that
insulin promotes Ca®" transfer into mitochondria of skeletal
muscle cells. This process greatly depends on mitochondrial
morphology, since it is significantly diminished after Mfn2 or
Opal silencing. To further investigate the impact of mitochon-
drial Ca®* uptake on insulin signaling, we used the mitochon-
drial Ca®>* uniporter inhibitor RuRed, resulting in both dimin-
ished Akt at Ser*’® phosphorylation and GLUT4 exofacial
exposure. On the basis of these findings, we conclude that
mitochondrial morphology itself can modulate insulin meta-
bolic stimulation, where mitochondria Ca?™ uptake seems to
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have a key role in Akt Ser*’?

uptake in response to insulin.

The relationship between mitochondrial dynamics and Ca®*
signaling is, in fact, complex, as they are constantly giving
shape to each other. Aside from energy production, Ca®*
modulates mitochondrial mobility along cytoskeleton tubules
(21) as well as mitochondrial fragmentation via Drpl (13).
Both of these properties, in turn, determine mitochondrial
buffering capacity, thus regulating intracellular Ca?* levels.
Additionally, Ca®>* regulates lysosome-mediated mitochon-
drial degradation, termed mitophagy. This process is known to
require a mitochondrial fusion/fission balance to produce mi-
tochondria small enough to be subject to degradation (33).
Mitophagy is the basis of mitochondrial quality control and
therefore crucial for maintaining a fully functional network. To
address the possible participation of this process in our model,
we tested whether our experimental strategies stimulate mi-
tophagy. Both AsMfn2 and RuRed treatments increased lyso-
some-mitochondria colocalization and led to accumulation of
the mitophagy-promoting kinase PINK1, compared with un-
treated cells (Fig. 9). This observation suggests that impaired
mitochondrial Ca®" uptake, either via disruption of the net-
work continuity or via blockade of the uniporter, leads to
mitochondrial deterioration and thereby to increased turnover.
Lowering the quality of the mitochondrial network might
contribute to the decreased insulin response, not only at the
energy production level but also leading to signaling altera-
tions.

All together, our findings show that mitochondrial morphol-
ogy is an important regulator of mitochondrial Ca>" uptake,
likely through modulation of diffusion across different parts of
the network. This aspect of mitochondrial dynamics is impor-
tant for insulin signaling, as impaired Ca?" entry into the
mitochondrial matrix significantly compromises Akt activation
and its downstream effects. Mitochondrial fragmentation, but
not elongation, affected Akt activation and energy production
in response to insulin. The presence of mitophagy in this
scenario strongly suggests that maintenance of network conti-
nuity is necessary for mitochondrial function in response to
stimuli. In consequence, the present work shows for the first
time that control of mitochondrial Ca®" uptake through mito-
chondrial morphology is a critical step for insulin-induced
Akt-dependent glucose uptake (Fig. 10).

phosphorylation and glucose
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