Mitofusin 2 (Mfn2) links mitochondrial and
endoplasmic reticulum function with insulin signaling
and is essential for normal glucose homeostasis
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Mitochondria are dynamic organelles that play a key role in en-
ergy conversion. Optimal mitochondrial function is ensured by
a quality-control system tightly coupled to fusion and fission. In
this connection, mitofusin 2 (Mfn2) participates in mitochondrial
fusion and undergoes repression in muscle from obese or type 2
diabetic patients. Here, we provide in vivo evidence that Mfn2
plays an essential role in metabolic homeostasis. Liver-specific ab-
lation of Mfn2 in mice led to numerous metabolic abnormalities,
characterized by glucose intolerance and enhanced hepatic gluco-
neogenesis. Mfn2 deficiency impaired insulin signaling in liver and
muscle. Furthermore, Mfn2 deficiency was associated with endo-
plasmic reticulum stress, enhanced hydrogen peroxide concentra-
tion, altered reactive oxygen species handling, and active JNK.
Chemical chaperones or the antioxidant N-acetylcysteine amelio-
rated glucose tolerance and insulin signaling in liver-specific Mfn2
KO mice. This study provides an important description of a unique
unexpected role of Mfn2 coordinating mitochondria and endoplas-
mic reticulum function, leading to modulation of insulin signaling
and glucose homeostasis in vivo.
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Mitochondrial morphology, response to apoptotic stimuli,
mitochondrial metabolism, and quality control are in part
controlled through the balance between mitochondrial fusion
and fission (1, 2). Mitochondrial fusion in mammalian cells is
controlled by mitofusin 1 and 2 (Mfn1 and Mfn2) proteins and by
optic atrophy 1 (OPA1). Mfnl and Mfn2 explain outer mito-
chondrial membrane fusion. Mfn2 has pleiotropic cellular roles
and regulates cell proliferation, oxidative metabolism, autoph-
agy, and mitochondrial antiviral signaling protein (3-7). In ad-
dition, Mfn2 is also localized in the endoplasmic reticulum
(ER)-mitochondrial contact sites, and it regulates the tethering
of the ER to mitochondria as well as calcium homeostasis in
mouse embryonic fibroblasts (8). Double ablation of Mfn2 and
Mfn1 causes mitochondrial DNA depletion, indicating that these
proteins are required for mitochondrial DNA stability (9). Mfn2
is relevant in human disease, and mutations in Mfn2 have been
reported in patients affected by Charcot-Marie-Tooth neurop-
athy type 2A (10-12). In addition, we have reported that Mfn2
expression is reduced in skeletal muscle of obese subjects and in
type 2 diabetic patients (13, 14).

Insulin resistance in skeletal muscle and liver plays a primary
role in the pathogenesis of type 2 diabetes (15). There is sub-
stantial evidence in humans indicating that insulin-resistant
conditions are characterized by alterations in mitochondrial ac-
tivity in skeletal muscle caused by either reduced mitochondrial
mass or functional impairment of mitochondria (16-19). How-
ever, several studies have challenged the concept that insulin
resistance is caused by a deficient mitochondrial function (20—
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22). Alternatively, insulin resistance may be a consequence of
specific alterations in mitochondrial metabolism. In this regard,
a high-fat diet (HFD) causes increased hydrogen peroxide pro-
duction and oxidative stress in skeletal muscle, which might ex-
plain, at least in part, the development of insulin resistance (23,
24). On the basis of these studies, we sought to determine the
effects of Mfn2 in mitochondrial function and glucose homeo-
stasis in vivo. We demonstrate that Mfn2 deficiency produces
mitochondrial dysfunction, increases H,O, concentration, and
activates JNK, leading to insulin resistance in skeletal muscle
and liver. Importantly, Mfn2 deficiency also leads to ER stress,
contributing as well to the loss of insulin sensitivity. In this paper,
we describe a unique mechanism by which mitochondrial and ER
function, both under the control of Mfn2, converge in the reg-
ulation of insulin signaling and glucose homeostasis in vivo.

Results

Liver-Specific Mfn2 KO Mice Show Glucose Intolerance, Enhanced
Hepatic Glucose Production, and Impaired Response to Insulin. Liver-
specific Mfn2 KO mice were generated, and expression of Mfn2
was analyzed in tissues from control (Alb-Cre '~ Mfn2'o**/1xF)
and KO (Alb-Cre*/~ Mfn2'"*"'**"; hereafter referred to as L-KO)
mice. Mfn2 expression was absent in liver, whereas normal Mfn2
expression was detected in other tissues (Fig. 14). Isolation of
mouse hepatocytes was performed to analyze the architecture
of the mitochondrial network. Mitochondria formed tubules in
control hepatocytes, whereas mitochondrial clusters were de-
tected in L-KO mice (Fig. 1B). L-KO mice at 8 wk of age showed
similar values of body weight or epididymal adipose depots
compared with control mice (Fig. S1 A and B). Plasma glucose
was increased in Mfn2 KO mice under a normal chow diet (Fig.
1C), which occurred in the presence of normal plasma insulin or
glucagon levels (Fig. 1 D and E)). L-KO mice at 8 wk of age showed
impaired glucose tolerance (Fig. 1F) without changes in plasma
insulin levels (Fig. S1C). Glucose intolerance was also detected
in L-KO mice subjected to a HFD for 20 wk (Fig. 1G), despite no
changes in body weight (Fig. S1 D and E). In mice subjected to
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Liver-specific Mfn2 ablation causes glucose intolerance and a reduced response to insulin. (A) Mfn2 protein levels from various tissues in control and

L-KO mice. (B) Representative images of mitochondria in isolated hepatocytes. Mitochondria were visualized by transfecting hepatocytes with DsRed2-mito
vector. (C-E) Plasma glucose insulin and glucagon levels in mice fed a normal diet (ND) or a HFD (n = 8-12). (F) Glucose tolerance test (GTT) on mice fed
a normal diet (n = 15-20). (G) GTT on mice fed a HFD (n = 8-12). (H) Insulin tolerance tests on mice fed a HFD (n = 8-12). (/) Pyruvate challenge (n = 15-20). (J)
Hepatic expression of gluconeogenic genes (n = 8-12). (K) CRTC2 phosphorylation in livers from fed or 4-h fasting mice. Data represent mean + SEM. *P <

0.05. C, control; G6Pase, glucose 6-phosphatase; PC, pyruvate carboxylase.

a HFD, plasma glucose was similar in control and L-KO mice
(Fig. 1C). In contrast, plasma insulin levels were markedly
greater in L-KO mice (Fig. 1D). The L-KO mouse subjected to
a HFD showed impaired glucose tolerance and high basal plasma
insulin levels, suggesting susceptibility to insulin resistance. In
keeping with this finding, insulin administration caused a lower
hypoglycemic response in L-KO mice than in controls when sub-
jected to a HFD (Fig. 1H).

The impaired glucose tolerance of L-KO mice was character-
ized by enhanced hepatic glucose production by gluconeogenesis
(assessed by the pyruvate challenge test) (Fig. 17) and by increased
expression of genes encoding for gluconeogenic enzymes [pyru-
vate carboxylase, phosphoenolpyruvate carboxykinase (PEPCK),
or glucose 6-phosphatase] and regulators of gluconeogenesis such
as peroxisome proliferator-activated receptor y coactivator la
(PGC-1a) (Fig. 1J). These results suggest that Mfn2 loss of func-
tion increases the expression of cAMP-response element-binding
(CREB) target genes (25). Next we studied the possibility that the
nuclear factor CREB-regulated transcription coactivator 2
[CRTC2 (TORC2)] was activated by dephosphorylation in livers
from L-KO mice. In the fed state, CRTC2 was mainly phos-
phorylated, and no differences were detected between control and
Mfn2 KO mice (Fig. 1K). However, Mfn2 KO mice showed
a greater response to 4 h of fasting so that most CRTC2 was
dephosphorylated (Fig. 1K). No changes in the expression of
forkhead box protein O1 (FoxO1) or hepatocyte nuclear factor 4
(HNF4) were detected (Fig. S2), but a reduced phosphorylation of
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FoxO1 was detected in the L-KO group after insulin treatment
(Fig. S2C). These results suggest that Mfn2 deficiency causes
a greater activation of CRTC2 and FoxO1 as well as the induction
of target genes and gluconeogenesis.

Mef2C-Cre*'~ Mfn2'>?'*P Mice Show Higher Susceptibility to Developing
Glucose Intolerance and Insulin Resistance in Response to Aging or HFD.
M2 pjce were crossed with a mouse strain expressing Cre
recombinase under the control of the MEF2C promoter (mef2C-
73K-Cre) (26). The exlpression of Mfn2 was analyzed in control
(mef2C-Cre ™~ Mfn2' Py and KO (mef2C-Cre*’~ Mfn2!¥/1oxF)
mice. Mfn2 protein expression in the KO group was markedly
reduced (80% decrease) in skeletal muscle, heart, and brain, and
a near 50% reduction was detected in adipose tissues, kidney, or
liver (Fig. 24). Immunofluorescence analysis indicated that Mfn2
was markedly depleted in muscle fibers from mef2C-Cre*/~
Mfn2'oP1* mice (Fig, 2B). Furthermore, skeletal muscle from
mef2C-Cre™™ Mfn2'"* ‘mice showed mitochondrial fragmen-
tation compared with the control group, as assessed by confocal
microscopy of muscles after in vivo gene transfer of DsRed2-Mito
vector (Fig. 2C). At 24 wk old, Mfn2 KO mice showed unaltered
values of body weight, epididymal adipose tissue, and plasma levels
of glucose and insulin (Fig. S3 A-D) as well as normal glucose
tolerance (Fig. S3B). However, 54-wk-old Mfn2 KO mice showed
fasting hyperinsulinemia and high plasma insulin levels after a
glucose challenge, in the presence of a normal glucose tolerance
(Fig. 2 D and E) and normal body weight, indicating the existence
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Fig. 2. Mfn2 KO mice show impaired glucose tolerance, high plasma insulin levels, and insulin resistance in response to aging or HFD. (A) Mfn2 protein levels
in mitochondrial extracts from several tissues in control (C) and Mfn2 KO mice and densitometric quantification (n = 3-8). (B) Confocal images of intracellular
localization of Mfn2 by immunofluorescence in transversal sections of gastrocnemius muscles of control and KO mice. (Scale bars: 50 pm.) (C) Mitochondrial
network was visualized by confocal microscopy using longitudinal sections of tibialis anterior muscles expressing a DsRed2-Mito vector that specifically labels
mitochondria. (Scale bars: 50 pm.) (D) GTT on 54-wk-old mice (n = 8). (E) Insulin levels during the GTT in 54-wk-old mice (n = 8). (F) GTT on mice subjected to
a HFD for 14 wk (n = 8-12). (G) Insulin levels during the GTT in HFD-fed mice (n = 8-12). (H) Insulin tolerance test in mice subjected to a HFD for 14 wk (n =
8-12). (/) Glucose fluxes during the euglycemic-hyperinsulinemic clamp in HFD-fed mice (26 wk) (n = 5). (J) Muscle glycogen synthesis assessed during
euglycemic-hyperinsulinemic clamp in mice fed a HFD (n = 5). Data represent mean + SEM. *P < 0.05 vs. control mice.

of insulin resistance. After 14 wk on a HFD, Mfn2 KO mice showed
impaired glucose tolerance compared with controls and higher
plasma insulin levels, thereby suggesting a greater extent of insulin
resistance (Fig. 2 F and G). In keeping with this finding, insulin
caused a lower hypoglycemic response in Mfn2 KO mice than in
controls when subjected to a HFD (Fig. 2H). The impact of Mfn2
ablation on whole-body glucose utilization was determined in con-
scious mice treated with a HFD for 26 wk during an euglycemic-
hyperinsulinemic clamp (Fig. 2 I-J). During hyperinsulinemic con-
ditions, Mfn2 KO mice showed a trend to enhance hepatic glucose
production and to reduce glucose infusion rate compared with wild-
type mice (Fig. 2). During the clamp, incorporation of glucose into
muscle glycogen was reduced in Mfn2 KO mice, although differ-
ences did not reach statistical significance (Fig. 27). The absence of
significant differences in insulin sensitivity between control and KO
mice may be explained by the use of five mice per group, which
underpowered these experiments compared with other studies, and
by the long exposure of mice to a HFD. Altogether, our results
indicate that deficient expression of Mfn2 in adult mice causes
metabolic alterations that are associated with a higher susceptibility
to insulin resistance in response to aging or to a HFD.

Mfn2 Deficiency Impairs Insulin Signaling in Liver, Skeletal Muscle,
and Muscle Cells. On the basis of the impact of Mfn2 loss of func-
tion on glucose disposal and plasma insulin levels, we next tested
whether Mfn2 affects insulin signaling in liver and in skeletal mus-
cle. Defective hepatic insulin signaling [lower activation of insulin

Sebastian et al.

receptor substrate 1 (IRS1) and IRS2 association to the p85 subunit
of PI3K or Akt phosphorylation] was detected in L-KO mice (Fig.
34 and Fig. S44). The expression of the p-subunit of insulin re-
ceptors IRS1, p85 subunit of PI3K, or Akt was normal (Fig. 34 and
Fig. S4B), and IRS2 was markedly repressed (Fig. S4B).

Soleus muscles from Mfn2-deficient mice subjected to chow diet
were incubated in the absence or presence of insulin and then
insulin-stimulated. Akt phosphorylation was analyzed. Muscles
from control mice underwent a marked phosphorylation of Akt in
response to insulin, and this effect was reduced in muscles of
Mifn2-deficient mice (Fig. S4C). Similarly, insulin-stimulated Akt
phosphorylation was blocked in soleus muscles of Mfn2-deficient
mice subjected to a HFD (Fig. S4D). Defective insulin signaling
(lower IRSI1 association to the p85 subunit of PI3K or Akt phos-
phorylation but normal insulin receptor activation) was detected
in Mfn2-deficient mice treated with a HFD in response to in vivo
insulin administration (Fig. 3B and Fig. S4F). Insulin-induced p38
phosphorylation was not altered in muscles from Mfn2-deficient
mice (Fig. S5D). To determine whether Mfn2 deficiency triggers
an autonomous cellular response, Mfn2 was silenced in L6E9
muscle cells (Fig. S64). Mfn2 knockdown muscle cells showed an
impaired capacity to respond to insulin. Insulin-stimulated glucose
transport was markedly blocked in these cells (Fig. S6B). Fur-
thermore, Mfn2 knockdown cells showed impaired insulin sig-
naling characterized by lower activation of Akt and IRS1 or a
lower association of the p85 subunit of PI3K to IRS1, with no
changes in insulin receptor phosphorylation (Fig. S6C). Overall,
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the pattern of alterations in insulin signaling was similar in
Mifn2-silenced muscle cells and in muscle obtained from Mfn2-
deficient mice.

Mfn2 Deficiency Causes Mitochondrial Dysfunction and Enhanced
Hydrogen Peroxide Concentrations. We next analyzed whether
Mifn2 deficiency caused mitochondrial dysfunction. Mfn2-ablated
liver mitochondria exhibited a reduced state 4 and state 3 res-
piration (Fig. S74) as well as reduced respiratory activities of
complexes I + III or IT + III (Fig. S7B). These changes occurred
in the absence of alterations in the expression of subunits of res-
piratory complexes, mitochondrial DNA copy number, or ATP
concentrations (Fig. S7 C-FE). Under those conditions, the con-
tent of hydrogen peroxide was enhanced in liver upon Mfn2 de-
pletion (Fig. S7F). This result occurred in the presence of reduced
superoxide dismutase (SOD) and catalase activities as well as no
changes in glutathione peroxidase (GPx) or glutathione reductase
(GR) activities in L-KO mice (Fig. S7G) or in the reduced glu-
tathione to oxidized glutathione (GSH/GSSG) ratio (Fig. S7H).

We have analyzed mitochondrial function in two models of
muscle Mfn2 deficiency, i.e., Mfn2 KO mice and in mice elec-
troporated with microRNA (miRNA). Skeletal muscles com-
posed of mixed fast-twitch muscle fibers obtained from Mfn2 KO
mice showed a reduced respiratory control ratio, which occurred
in the absence of significant changes in state 3 and state 4 oxygen
consumption (Fig. S8 A and B). Electroporation of miRNA
caused a marked reduction of Mfn2 in mixed fast-twitch muscle
fibers (Fig. S8C). Under these conditions, expression of protein
subunits encoding for succinate dehydrogenase complex subunit
A (SdhA; complex IT) and cytochrome ¢ oxidase subunit IV (Cox
IV; complex IV) were repressed (Fig. S8D), and activity of re-
spiratory complex IV was reduced in Mfn2-deficient muscles
(Fig. S8E). Mfn2 ablation did not alter mitochondrial DNA copy
number (Fig. S8F), the expression of porin, or ATP concen-
trations (Fig. S8G). Mfn2-ablated soleus muscles (enriched in
slow-twitch oxidative fibers) showed reduced glucose oxidation
(Fig. S8H), increased expression of protein subunits encoding for
NADH dehydrogenase (ubiquinone) la subcomplex 9 (Ndufa9;
complex I) and SdhA (complex II), as well as reduced expression
of ubiquinol-cytochrome ¢ reductase core protein 2 (Ugqcre2;
complex III) and Cox IV (complex IV) (Fig. S8I).

Additional evidence indicating that Mfn2 deficiency causes
mitochondrial dysfunction came from studies in muscle cells in
culture. Mfn2-silenced muscle cells showed enhanced routine
respiration, reduced respiratory control ratio, and enhanced re-
spiratory leak in the absence of changes in ATP levels (Fig. S6
E-H). The content of hydrogen peroxide was also enhanced

5526 | www.pnas.org/cgi/doi/10.1073/pnas.1108220109

c KO portal vein insulin injection. (B) Insulin
receptor (IR) tyrosine phosphorylation,
p85 subunit of PI3K bound to IRS1, and
Akt phosphorylation were measured in
gastrocnemius extracts from C or KO

mice on high-fat diet.

in skeletal muscle upon Mfn2 depletion (Fig. S8/) or in Mfn2-
silenced muscle cells (Fig. S6/). These results occurred in the
presence of enhanced GPx activity and no changes in SOD,
catalase, or GR activities in Mfn2 KO mice (Fig. S8K) or in the
GSH/GSSG ratio (Fig. SSL).

Mfn2 Deficiency Causes ER Stress and Activates JNK in Liver and
Muscle. It has been reported that Mfn2 plays a key role in the
tethering of ER to mitochondria (8). On the basis of this in-
formation, we analyzed the possible development of ER stress
caused by Mfn2 deficiency. Livers from L-KO mice showed a
marked increase in phosphorylated eukaryotic translation initi-
ation factor 2a (eIF2a), DNA-damage inducible transcript 3 or
Ddit3 (CHOP), and phosphorylated IRE1 (markers of ER stress)
compared with controls (Fig. 44 and Fig. S94). An increased
abundance of ER stress markers such as phosphorylated elF2aq,
CHOP, activating transcription factor 6 (ATF6), and GRP78 or
glucose-regulated protein (BiP) was also detected in Mfn2-defi-
cient skeletal muscle (Fig. 4B and S9B). Thus, our data indicate
ER stress in liver and muscle under conditions of Mfn2 deficiency.

ER stress or reactive oxygen species (ROS) activate JNK,
which, in turn, phosphorylates IRS proteins and inhibits insulin
signaling (27-29). In light of this process and the enhanced hy-
drogen peroxide concentrations, we next analyzed the effects of
Mifn2 depletion on JNK activation as well as on the phosphor-
ylation of Ser’®” in IRS1. Liver extracts obtained from L-KO
mice showed higher activation of JNK and greater phosphoryla-
tion of Ser’®” in IRS1 (Fig. 4 C and D and Fig. S9 C and D).
Similarly, JNK phosphorylation was enhanced in Mfn2-deficient
skeletal muscle or muscle cells, and an enhanced phosphorylation
of Ser’”” in IRS1 was also detected (Fig. 4 E-G and Fig. S9 E-G).

To determine whether JNK plays a role in the development of
reduced insulin signaling under conditions of Mfn2 deficiency,
control and Mfn2-silenced muscle cells were incubated with the
selective JNK inhibitor SP600125 (30). This compound blocked
JNK activation induced by Mfn2 silencing and normalized
insulin-stimulated Akt phosphorylation (Fig. S9F) as well as
Ser*”” IRS1 phosphorylation (Fig. S9G). Altogether, our studies
indicate that Mfn2 deficiency causes ER stress, mitochondrial
dysfunction, hydrogen peroxide increase, and JNK activation,
leading to altered insulin signaling in cells via phosphorylation of
IRSI at Ser’””.

Tauroursodeoxycholic Acid (TUDCA) or N-Acetylcysteine (NAC)
Normalizes Insulin Signaling and Glucose Tolerance in Liver-Specific
Mfn2 KO Mice. To demonstrate the role of ER stress in the
maintenance of reduced insulin signaling and altered glucose
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disposal in L-KO mice, we performed rescue studies with the
chemical chaperone TUDCA. Wild-type or L-KO mice were
treated or not treated with TUDCA for 3 wk as reported (31). As
expected, TUDCA treatment normalized CHOP and phos-
phorylated IREL1 levels (Fig. S104). TUDCA normalized JNK
phosphorylation in L-KO mice and reduced hydrogen peroxide
levels even below basal values in L-KO mice but not in controls
(Fig. S10 B-C). Under these conditions, TUDCA also normalized
Sel§O7 IRS1 phosphorylation and insulin-stimulated insulin re-
ceptor or Akt phosphorylation in L-KO mice (Fig. S10 D-F and
Fig. S11). In keeping with this profile, TUDCA treatment also
normalized glycemia and glucose tolerance of L-KO mice (Fig.
S10 G and H). Altogether, our studies indicate that Mfn2 de-
ficiency causes ER stress, and this process participates in the
alterations of glucose disposal and deficient insulin-signaling in
liver-specific Mfn2 KO mice.

Next we studied whether the metabolic effects linked to he-
patic Mfn2 ablation were sensitive to antioxidants. Control and
L-KO mice were treated for 3 wk with NAC in the drinking water
(1% wt/vol). NAC treatment reduced hydrogen peroxide con-
centrations in control and L-KO mice so that differences be-
tween groups were no longer detectable (Fig. S124). NAC
treatment normalized CHOP levels and reduced phosphorylated
IRE1 in L-KO mice below control values (Figs. S12B and S13).
NAC also prevented the enhanced JNK phosphorylation in
L-KO mice (Fi%s. S12C and S13). Under these conditions, NAC
normalized Ser*”” IRS1 phosphorylation or Akt phosphorylation
in L-KO mice, whereas it only partially rescued insulin receptor
phosphorylation (Figs. S12 D-F and S13). Furthermore, NAC
treatment also normalized glycemia and glucose tolerance of
L-KO mice (Fig. S12 G and H).

Discussion

A major conclusion of this study is that Mfn2 regulates insulin
signaling and insulin sensitivity in muscle and liver tissues. Here,
we demonstrate that Mfn2 deficiency in mice induces suscepti-
bility to develop insulin resistance in response to both age and
HFD treatment. These data fit with the observations that muscle
Mfn?2 is repressed in human obesity or in type 2 diabetes (13, 14)
and allow us to propose that Mfn2 is a regulator of in vivo insulin
sensitivity and a potential target in diabetes drug development.

L-KO mice showed glucose intolerance, which is, at least in
part, attributable to an increased hepatic gluconeogenesis. In this
regard, we detected an increased expression of gluconeogenic
genes, such as pyruvate carboxylase, PEPCK, and glucose 6-
phosphatase, and regulators of gluconeogenesis, such as PGC-1a
(32), in livers from L-KO mice. In addition, an increased capacity
to dephosphorylate and, consequently, reactivate CRTC2 in re-
sponse to short-term fasting as well as a reduced capacity of
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insulin to phosphorylate and, therefore, inhibit FoxO1 were
observed in livers from L-KO mice. Given the capacity of PGC-
la and CRTC2 to coactivate CREB (25, 33, 34), as well as the
observations that ER stress triggers the dephosphorylation of
CRTC2 in cultured cells (35), we favor the idea that Mfn2 loss
of function triggers ER stress, which causes dephosphorylation
of CRTC2 and further activation of CREB.

Mifn2 deficiency in skeletal muscle was associated with a pattern
of insulin resistance in 12-mo-old mice and glucose intolerance after
HFD. Under these conditions, euglycemic-hyperinsulinemic clamp
studies suggested a higher rate of hepatic glucose production and
reduced glycogen synthesis in muscle from Mfn2 KO mice. Whether
the hepatic changes are because of the fact that Mfn2 is down-
regulated in livers from Mfn2 KO mice deserves further analysis.

Mfn2 deficiency reduces insulin signaling in muscle and liver
tissues and induces susceptibility to develop insulin resistance. In
this connection, we provide evidence that Mfn2 deficiency causes
enhanced hydrogen peroxide concentrations, altered ROS han-
dling, and mitochondrial dysfunction in both liver and muscle. In
parallel with a greater ROS production, Mfn2 deficiency caused
enhanced JNK phosphorylation as well as higher phosphorylation
of IRS1 at Ser’’, which is consistent with prior findings in-
dicating that ROS activates JNK through apoptosis signal-regu-
lating kinase 1 (ASK1) and that JNK phosphorylates and inac-
tivates IRS proteins at Ser’”” (27-29). Additional demonstration
of the concept that Mfn2 deficiency leads to insulin resistance via
ROS production and JNK activation came from the use of the
antioxidant compound NAC or the JNK inhibitor SP600125. In-
cubation of Mfn2-silenced muscle cells with SP600125 normalized
Ser®” phosphorylation of IRS1 and insulin-stimulated Akt phos-
phorylation. Furthermore, chronic treatment with NAC normal-
ized insulin signaling and glucose tolerance in L-KO mice. Alto-
gether, our data support the view that Mfn2 deficiency causes
mitochondrial dysfunction, which leads to enhanced ROS pro-
duction, enhanced JNK activity, and inactivation of IRSI1, a key
protein in insulin signaling.

Mfn2 ablation caused mitochondrial dysfunction as well as
alterations in mitochondrial morphology both in liver and in skele-
tal muscle. Hepatocytes from L-KO mice showed mitochondria
that were organized in clumps rather than showing a normal elon-
gated morphology. Transmission electron microscopic observation
of hepatic ultrathin sections confirmed the increased presence of
spherical mitochondria in L-KO mice. The existence of larger mi-
tochondria was also detected by electron microscopy in skeletal
muscles from Mfn2 KO mice. Alterations in mitochondrial mor-
phology associated with Mfn2 ablation have also been reported
in cardiomyocytes (36), Purkinje cells (37), and mouse embryo
fibroblasts (38). Mitochondria are usually larger in diameter and
appear round upon ablation of Mfn2 compared with the elon-
gated, tubular mitochondria detected in control conditions, and this
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alteration occurs in different cell types. These observations suggest
that, in addition to supporting mitochondrial fusion, Mfn2 is in-
volved in other roles that control mitochondrial size.

Another major finding of our study is that Mfn2 loss of function
triggers ER stress in liver and in skeletal muscle. This finding seems
to be relevant in many of the metabolic alterations detected in the
liver-specific Mfn2 KO mouse because chronic treatment with the
chemical chaperone TUDCA, which reduces hepatic ER stress,
normalized the alterations in insulin signaling and glucose disposal
in that animal model. Our data are in agreement with the report by
de Brito and Scorrano stating that Mfn2 tethers ER to mitochon-
dria and regulates calcium homeostasis in cells (8). In this regard,
we propose that Mfn2 deficiency in liver and muscle causes a de-
fective calcium homeostasis, which may be instrumental in the de-
velopment of ER stress. In keeping with this view, hepatocytes from
L-KO mice show increased cytosolic calcium levels in response to
inhibition of sarcoplasmic reticulum/ER Ca®*-ATPase (SERCA)
activity induced by thapsigargin. This observation suggests greater
calcium storage in the ER of cells lacking Mfn2, a notion that is
consistent with data obtained in mouse embryo fibroblasts (8).

In summary, we propose a model by which Mfn2 regulates
insulin signaling in skeletal muscle and liver through mechanisms
that depend on ROS production and ER stress. In in vivo
studies, we found that both ROS and ER stress played major
roles contributing to deficient insulin signaling, and either NAC
or TUDCA normalized JNK, insulin signaling, or glucose tol-
erance in liver-specific Mfn2 KO mice. Our data additionally
indicate the existence of a bidirectional positive cross-talk be-
tween ER stress and ROS that is activated only under conditions
of Mfn2 deficiency and results in activation of JNK, causing in-
sulin resistance. This finding is in keeping with previous obser-
vations indicating that ER and mitochondria undergo a complex
relationship in response to ER stress (39).
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Materials and Methods

Animal Care, Generation of Animal Models, and Diet Treatments. All animal
work was performed in compliance with guidelines established by the Uni-
versity of Barcelona Committee on Animal Care. Mfn2'o®°" mice were
provided by David Chan (Division of Biology and Howard Hughes Medical
Institute, California Institute of Technology, Pasadena, CA) (Mfn2tm3Pe/
Mmcd) (37) through Mutant Mouse Regional Resource Center. Homozygous
Mfn2'®1oxP mice were crossed with different mouse strains expressing Cre
recombinase. See S/ Materials and Methods for further details.

Respiration Studies in Permeabilized Muscle, Isolated Liver Mitochondria, or
Cultured Muscle Cells. The respiration of permeabilized muscle fibers and liver
mitochondria was measured at 37 °C by high-resolution respirometry with
the Oxygraph-2k (Oroboros Instruments). Respirometry of cultured muscle
cells was performed with the Seahorse Bioscience XF 24 platform. See S/
Materials and Methods for further details.
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