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Introduction

Decreased muscle strength is associated with poorly controlled
diabetes and contributes to physical disability, frailty, and
increased risk for morbidity and mortality in older individuals.
Muscle strength declines faster in older diabetic patients, leav-
ing them at higher risk of death (1, 2). Both type 1 and type 2 dia-
betes patients show decreased muscle strength, muscle quality
(strength per unit muscle mass), and overall fitness compared
with nondiabetic individuals (3, 4). Mitochondrial abnormal-
ities, including decreased respiratory capacity, decreased ATP
synthesis, and increased ROS generation, have been reported
in muscle of type 1 and type 2 diabetic patients (5-9). Yet oth-
er reports indicate that mitochondrial respiration and function
are normal in muscle from patients with prediabetes or insulin
resistance (10, 11). The mechanisms that control muscle mito-
chondrial function in diabetes and how this relates to muscle
strength and physiology are poorly understood. Thus, the cause
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Decreased skeletal muscle strength and mitochondrial dysfunction are characteristic of diabetes. The actions of insulin

and IGF-1through the insulin receptor (IR) and IGF-1 receptor (IGF1R) maintain muscle mass via suppression of forkhead

box O (Fox0) transcription factors, but whether FoxO activation coordinates atrophy in concert with mitochondrial
dysfunction is unknown. We show that mitochondrial respiration and complex | activity were decreased in streptozotocin
(STZ) diabetic muscle, but these defects were reversed in muscle-specific Fox01, -3, and -4 triple-KO (M-Fox0 TKO) mice
rendered diabetic with STZ. In the absence of systemic glucose or lipid abnormalities, muscle-specific IR KO (M-IR") or
combined IR/IGF1R KO (MIGIRKO) impaired mitochondrial respiration, decreased ATP production, and increased ROS.

These mitochondrial abnormalities were not present in muscle-specific IR, IGFIR, and Fox01, -3, and -4 quintuple-KO mice
(M-QKO). Acute tamoxifen-inducible deletion of IR and IGF1R also decreased muscle pyruvate respiration, complex | activity,
and supercomplex assembly. Although autophagy was increased when IR and IGFIR were deleted in muscle, mitophagy was
not increased. Mechanistically, RNA-Seq revealed that complex | core subunits were decreased in STZ-diabetic and MIGIRKO
muscle, and these changes were not present with Fox0 KO in STZ-Fox0 TKO and M-QKO mice. Thus, insulin-deficient diabetes
or loss of insulin/IGF-1 action in muscle decreases complex I-driven mitochondrial respiration and supercomplex assembly in
part by Fox0-mediated repression of complex | subunit expression.

and effect relationship between mitochondrial dysfunction and
diabetes remains controversial.

Insulin induces muscle glucose uptake and regulates protein
turnover (12). In patients with type 1 diabetes, short-term with-
drawal of insulin leads to a high protein-turnover state, which
drives loss of muscle mass (13, 14). Past and recent studies in
mice and humans indicate that loss of insulin action in diabetes
decreases muscle mitochondrial respiration and suppresses the
mitochondrial proteome, which may be prevented with insulin
treatment, suggesting a beneficial effect of insulin on mainte-
nance of mitochondrial function (6, 15). Alterations in mitochon-
drial structure are associated with these defects in mitochondrial
function in patients with type 1 diabetes (9). These studies show
that insulin action in muscle improves mitochondrial function, but
the molecular targets that mediate these responses and the signal-
ing abnormalities that alter mitochondrial function in diabetes
are not known. Thus, delineating insulin-mediated pathways that
regulate mitochondrial metabolism could provide an important
target for improving muscle strength and preventing disability in
patients with diabetes.

Insulin signals via insulin receptors (IRs) to regulate metabol-
ic changes and cellular growth. IR and highly homologous IGF-1
receptors (IGF1R) share common downstream signaling path-
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ways that regulate muscle glucose uptake and protein turnover
via IRS/PI3K/Akt (16, 17). Prior work indicates that loss of IR or
IGF1R specifically in muscle leads to mild decrease in muscle size
(18, 19), but combined loss of IR and IGFIR in muscle induces a
marked decrease in muscle mass via activation of Forkhead box
O-dependent (FoxO-dependent) autophagy and proteasomal
degradation pathways, indicating that signaling via IR/IGF1R is
critical for maintenance of muscle mass (20).

FoxO proteins are evolutionarily conserved metabolic and
stress-responsive transcription factors that regulate genes relat-
ed to autophagy, oxidative stress, energy metabolism, and mus-
cle atrophy (21, 22). In cells and various tissues, FoxOs regulate
mitochondrial metabolism (23, 24). In tumor cells, activation of
FoxO3 suppresses mitochondrial gene expression, which mod-
ulates responses to hypoxia (25). Loss of IRS1 and IRS2 in liver
decreases mitochondrial oxidative metabolism and alters fission
and fusion proteins, and these mitochondrial defects were nor-
malized by FoxO1 deletion in liver (26). In muscle, the regulation
of mitochondrial metabolism by FoxOs is less clear. Constitutive
activation of FoxO3 induces mitochondrial fission that is associat-
ed with muscle loss (27), but loss of FoxO1, -3, and -4 did not alter
the balance of oxidative or glycolytic fibers (28, 29). Still other
reports indicate that mitochondrial dysfunction from loss of Opal
can activate FoxOs (30), possibly indicating a reciprocal relation-
ship between mitochondria and FoxOs. Demonstration of direct
regulation of mitochondrial metabolic function in muscle by insu-
lin/FoxO signaling and how this may coordinate with regulation
of muscle mass remain to be determined.

This study aims to determine the role of FoxOs in mitochon-
drial function in insulin deficiency and the relative roles of IR,
IGF1R, or both IR/IGF1R and FoxOs in muscle mitochondrial
metabolism. We show that in a model of type 1 diabetes, mito-
chondrial respiration, ATP production, and complex I activ-
ity were decreased in streptozotocin (STZ) diabetic muscle,
and these mitochondrial abnormalities were reversed with the
deletion of FoxOs in STZ-FoxO triple-KO (TKO) mice. Further-
more, we show that perinatal muscle-specific loss of IR (M-IR7")
caused a mild decrease in pyruvate-driven respiration in soleus
fibers, whereas loss of IGF1R in M-IGF1R /- did not. Combined
deletion of both IR and IGFIR (MIGIRKO) resulted in a dramat-
ic decrease in respiration and ATP production with increased
ROS. These mitochondrial abnormalities were not present when
muscle-specific loss of FoxOl, -3, and -4 was introduced onto
the IR/IGF1R-deficient background (quintuple KO [M-QKO]),
indicating that FoxO activation mediates mitochondrial decline.
Tamoxifen-inducible IR/IGFIR KO in adult muscle (IND-
IGIRKO) demonstrated a decrease in soleus fiber respiration,
mitochondrial content, and complex I expression and activity.
FoxOs are known inducers of autophagy, but mitophagy quanti-
fication and flux were not increased with deletion of IR/IGF1R.
Mechanistically, RNA-Seq demonstrates that complex I subunits
were decreased in STZ-diabetic and MIGIRKO muscle, but were
unchanged in M-QKO and STZ-FoxO TKO compared with con-
trol mice. Thus, loss of insulin action via IR or both IR/IGFIR
receptors in muscle decreases complex I-driven mitochondrial
respiration and supercomplex assembly, in part by FoxO-medi-
ated repression of mitochondrial genes.
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Results

Deletion of FoxOs in muscle prevents complex I-mediated mitochon-
drial defectsinresponse to insulin-deficient diabetes. Insulin deficien-
cy is known to decrease muscle mitochondrial bioenergetics in
mice rendered diabetic with STZ (15). We have shown that FoxOs
regulate loss of muscle mass after STZ diabetes in mice (28). The
current study examines the role of FoxOs in the coordination of
muscle atrophy and diabetes-induced alterations of muscle mito-
chondrial function. Muscle-specific FoxOl, -3, and -4 triple-KO
(M-FoxO TKO) mice and FoxOl, -3, and -4 triple-floxed (T%%)
control mice were rendered diabetic with STZ, and mitochondrial
functional and biochemical assessments were performed 14 days
after high-dose STZ injection.

Maximal respiration in mitochondria isolated from 1 full quad-
riceps and 1 full gastrocnemius (quad/gast) muscle was decreased
in STZ diabetic T%% mice compared with citrate-treated T#? con-
trols when using glutamate/malate and succinate substrates (Fig-
ure 1A). ATP synthesis rates were also decreased in mitochondria
from STZ diabetic T%% muscle under the same conditions (Figure
1B). Deletion of FoxOs rescued the mitochondrial defects in STZ
muscle, which was demonstrated by the fact that maximal respi-
ration and ATP production in STZ-FoxO TKO mitochondria were
not different from those in either T*# or M-FoxO TKO mice (Figure
1, A and B). H,0, production in isolated mitochondria was highly
variable at low ADP levels, but was increased in STZ diabetic T%
and STZ-FoxO TKO with 1000 uM ADP (Figure 1C). Interesting-
ly, although soleus muscle weight was increased in M-FoxO TKO
mice (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI1146415DS1),
permeabilized soleus fibers showed no differences in respiratory
capacity among the 4 groups (Supplemental Figure 1B).

We analyzed transcript levels of mitochondrial oxidative
phosphorylation (OXPHOS) subunits from a prior RNA-Seq
analysis on M-FoxO TKO and T#? control mice treated with STZ
(28). Twenty-seven out of 92 OXPHOS genes (Figure 1D and
Supplemental Figure 1C), including 4 of the 7 nuclear-encoded
complex I core subunits (Figure 1D), were significantly downreg-
ulated in STZ diabetic T#! mice when compared with those in
citrate-treated T%? controls. However, there were O differences
between M-FoxO TKO and STZ-FoxO TKO. Statistical analysis
of the fold-change ratio of STZ-diabetic T%%/citrate-treated T
versus the fold-change ratio of STZ-FoxO TKO/M-FoxO TKO
showed that 3 of the 4 nuclear-encoded core subunits of complex
I (Ndufs1, Ndufs3, and Ndufs8) and the mitochondrial-encoded
mt-Nd6 were normalized after FoxO KO in muscle (Figure 1D).
Among the other 78 OXPHOS subunits (excluding the 14 com-
plex I core subunits), 23 were downregulated in STZ diabetic T#!
mice: 7 were from complex I (Supplemental Figure 1C), 3 from
complex II (Supplemental Figure 1D), 1 from complex III (Sup-
plemental Figure 1E), 4 from complex IV (Supplemental Figure
1F), and 8 from complex V (Supplemental Figure 1G). Only 6
(Ndufb2, mt-Cytb, mt-Col, mt-Atp6, Atp5fl, and Atp5l) of these
78 OXPHOS genes were significantly (P < 0.05) different when
comparing fold-change ratio of STZ diabetic T#!/citrate-treated
T%% with the fold-change ratio of STZ-FoxO TKO/M-FoxO TKO,
indicating a predominant regulation of complex I core subunits
by STZ diabetic T% mice and FoxOs.

J Clin Invest. 2021;131(18):e146415 https://doi.org/10.1172/)CI146415
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Figure 1. Deletion of FoxOs in muscle prevents complex I-mediated mitochondrial defects in response to insulin-deficient diabetes. (A and B) Maximal
mitochondrial respiration (A) and ATP synthesis (B) using glutamate/malate/succinate substrates in mitochondrial-enriched fractions from quad/gast
muscle from T"" controls, STZ diabetic T"", M-FoxO TKO, and STZ Fox0-TKO mice (n = 4-12). (C) H,0, production using glutamate/malate/succinate in
isolated mitochondria from quad/gast muscle STZ-treated control and M-Fox0 TKO mice at various concentrations of ADP (n = 8-10). (D) Heatmap of
RNA-Seq fold changes of complex | core subunit transcripts in quad from STZ diabetic T"f, M-Fox0 TKO, and STZ-FoxO TKO compared with T"f controls
(n =4-6). “*FDR < 0.05, ““FDR < 0.01STZ diabetic T"" vs. control; 'P < 0.05, P < 0.01, ratio of STZ-Fox0 TKO/M-Fox0 TKO to STZ diabetic T"f/
citrate-treated T"". (E and F) Western blot (E) and densitometry (F) of Ndufs1 (complex | protein) in STZ diabetic T"" and STZ-Fox0 TKO quad with
respective controls (n = 6). (G-1) OXPHOS complex | (G), complex Il (H), and complex Il () activity in gast from STZ diabetic T"" and STZ-Fox0O TKO with
respective controls. Results are represented as mean + SEM. #P < 0.05, ##P < 0.01, 2-way ANOVA.

Western blots showed that levels of Ndufsl protein tended to
decrease in STZ diabetic T¥" and M-FoxO TKO, but Ndufsl was
higher in STZ-FoxO TKO muscle compared with STZ diabetic T4,
although this did not reach statistical significance (Figure 1, E and
F). Other OXPHOS proteins were unaltered (Supplemental Figure
1, H and I). Complex I activity tended to decrease in STZ diabetic
T%% mice and was significantly increased in STZ-FoxO TKO mus-
cle compared with STZ diabetic T%# (Figure 1G), with no changes in
complex II or III activity (Figure 1, H and I). Thus, STZ diabetic T#%
mice had decreased muscle mitochondrial respiration, ATP synthe-
sis, and complex I subunit expression and activity, and these defects
were reversed following deletion of FoxOs in STZ FoxO TKO.

J Clin Invest. 2021;131(18):e146415 https://doi.org/10.1172/)CI146415

Muscle-specific deletion of IR alone or in combination with IGFIR
decreases mitochondrial respivatory capacity and ATP production in
permeabilized soleus fibers, but combined deletion of FoxOl, -3, and
-4 with IR/IGFIR in M-QKO muscle does not alter mitochondrial
function. We next examined the regulation of muscle mitochon-
drial bioenergetics by IR and IGF1R in the absence of systemic
glucose or lipid abnormalities. We previously generated M-IR7,
M-IGF1R7;, MIGIRKO, and M-QKO mice (20). Since these genet-
ically altered mice could not be generated from a single breeding
scheme, we determined mitochondrial bioenergetics, biochemi-
cal assays, protein quantification, and mRNA measures separately
in M-IR”" compared with M-IR%# controls, M-IGF1R/~ compared
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with M-IGF1R¥4 MIGIRKO compared with M-IR/IGF1R¥4, and
M-QKO compared with M-Q¥# controls (see Supplemental Meth-
ods for full details of our strategy for controlling for mixed genetic
backgrounds). Real-time quantitative reverse-transcription PCR
(gqRT-PCR) of IR, IGF1R, and FoxOl, -3, and -4 in these models
demonstrated that the genes targeted for KO were decreased at
the mRNA level in soleus muscle (Supplemental Figure 2, A-D).
Western blot confirmed that IR was knocked out in M-IR”" soleus
muscle and that all 5 targeted genes in M-QKO were decreased at
the protein level relative to M-Q%# (Supplemental Figure 2E). In
MIGIRKO mice, IR was decreased, but IGFIR protein was rela-
tively preserved despite severe atrophy of the soleus (Figure 2B),
which may reflect the fact that IGF1R is highly expressed in myo-
blasts (20) and possibly other nonmyocyte cells.

To confirm that deletion of IR and IGFIR in our models
blocked downstream hormonal signaling, we injected supraphys-
iologic doses of insulin (5 units) or IGF-1 (1 mg/kg) intravenously
and measured Akt phosphorylation in soleus. Insulin-stimulated
phosphorylation of Akt was blunted in M-IR7-, MIGIRKO, and
M-QKO muscle when compared with control or M-IGFIR”- mus-
cle (Figure 2A). We have previously reported that MIGIRKO mus-
cle has increased basal Akt levels, leading to increased basal Akt
phosphorylation (19), but we observed no increase above basal
with insulin stimulation. Similarly, IGF-1 injection in M-IGF1R”",
MIGIRKO, and M-QKO mice showed reduced phosphorylation
of Akt in soleus relative to that of IGF-1-treated control or M-IR”
mice. These changes in Akt phosphorylation were also reflected in
phosphorylation of IR/IGFIR in soleus from our models (Supple-
mental Figure 2F), indicating that signaling downstream of IR and/
or IGF1R was appropriately blocked in our various mouse models.

Measurement of soleus mass showed that M-IR7" was
unchanged compared with controls, while M-IGFIR7" was
increased (Figure 2B). However, soleus weight normalized to body
weight was not different between M-IGFIR7- and M-IGF1R¥!
(data not shown). In other muscle groups, M-IR”~ showed mild
atrophy compared with controls, while M-IGF1R”-muscle size was
unchanged (Supplemental Figure 2, G and H). MIGIRKO showed
severe atrophy of soleus, while M-QKO did not show changes in
muscle mass relative to that of littermate controls (Figure 2B), a
pattern that was also present in other muscle groups (Supplemen-
tal Figure 2,1 and J).

To determine whether insulin and/or IGF-1 signaling direct-
ly affect muscle mitochondrial function via FoxOs, we measured
respiration and ATP generation in saponin-permeabilized soleus
fibers from M-IR7,, M-IGF1R7", MIGIRKO, and M-QKO mice.
Maximal soleus fiber respiration after addition of 1 mM ADP was
mildly decreased (~20%) in M-IR”" using pyruvate and malate
(PYR/M) as substrates (Figure 2C). After sequential addition of
the complex II substrate succinate and mitochondrial inhibitors
rotenone (complex I), oligomycin (complex V), and the uncoupler
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
there were no significant differences in respiration between M-IR/-
and M-IR%? controls. Mitochondrial respiration was unchanged
between M-IGF1R”- and M-IGF1R¥! in soleus using PYR/M (Fig-
ure 2D). Mitochondrial respiration was dramatically decreased
in MIGIRKO soleus using PYR/M and remained decreased with
sequential addition of succinate, rotenone, oligomycin, and
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FCCP (Figure 2E). However, respiratory capacity was unchanged
between M-QKO and M-Q%® with pyruvate, succinate, and mito-
chondrial inhibitors (Figure 2F), indicating respiratory defects in
MIGIRKO are not present with combined deletion of IR/IGFIR
and FoxO1, -3, and -4 in M-QKO when compared with their M-Q%4
controls. The ATP synthesis rate with PYR/M trended lower in
M-IR/ without achieving statistical significance (P = 0.11) (Fig-
ure 2G) and was unchanged in M-IGF1R”" (Figure 2H). MIGIRKO
fibers showed dramatic reduction compared with M-IR/IGF1R¥!
in ATP synthesis with PYR/M (Figure 2I), which was again
unchanged in M-QKOs relative to controls (Figure 2J). Respirato-
ry capacity with the fatty acid substrate palmitoyl-carnitine (PC)/
malate and ATP synthesis was not different in M-IR” (Figure 2, K
and O) and M-IGF1R”" (Figure 2, L and P) when compared with
their respective floxed controls. Maximal respiration and ATP pro-
duction were significantly decreased in MIGIRKO soleus fibers
using PC/malate (Figure 2, M and Q), which was again unchanged
in M-QKO soleus fibers relative to controls (Figure 2, N and R).
Thus, long-term deficiency of IR alone mildly decreased, whereas
combined deletion of both IR/IGFIR dramatically decreased, res-
piration and ATP production in soleus fibers with both PYR/M and
PC/malate substrates. This diminished mitochondrial function in
MIGIRKO was no longer present in M-QKO muscle fibers, indi-
cating FoxO transcription factors regulate mitochondrial function.

OXPHOS complex I and complex II activity are decreased in
MIGIRKO muscle and preserved in M-QKO, but mitochondrial con-
tent remains unchanged. To determine whether the bioenergetic
deficiencies when IR/IGF1R signaling is lost are due to decreases
in mitochondrial content or defects in OXPHOS complex activi-
ty, we evaluated mitochondrial density by transmission electron
microscopy (TEM) and mitochondrial enzyme expression and
activity in muscle from MIGIRKO and M-QKO mice. MIGIRKO
showed no differences compared with M-IR/IGF1R¥! in mito-
chondrial area density quantitated in electron micrographs of the
intermyofibrillar (IMF) (IMF mitochondria are located between
sarcomere myofibrils) area of soleus (Figure 3, A and B). Since
MIGIRKO mice have dramatic muscle atrophy, this means that
the mitochondrial content is matched to the smaller IMF area.
Loss of FoxOs in M-QKO soleus did not change mitochondrial
area density in comparison with that in M-Q¥* controls (Figure 3,
Cand D). Citrate synthase (CS) activity in MIGIRKO soleus trend-
ed lower, but was not statistically changed (Figure 3E). However,
both complex I and complex II activities measured in soleus from
MIGIRKO were decreased (Figure 3, F and G), but CS, complex
I, and complex II activities were unchanged in M-QKO (Figure 3,
H-J). OXPHOS subunits Ndufs1 (complex I), Ugcrc2 (complex I11),
and Atp5a (complex V) were decreased in soleus from MIGIRKO
and unchanged in M-QKO mice (Figure 3, K-P).

Soleus is an oxidative muscle, but most skeletal muscle in
mice is mixed glycolytic and oxidative, which show dramatic
differences in OXPHOS expression and activity based on fiber-
type composition (31). To gain insight into IR/IGFIR and FoxO
effects on mixed muscle, CS activity, OXPHOS complex activi-
ty, and expression were also evaluated in quad/gast muscle from
MIGIRKO and M-QKO mice. In contrast to soleus, complex I
activity was dramatically decreased, whereas complex II activity
was mildly decreased in MIGIRKO quad/gast muscle (Supple-

J Clin Invest. 2021;131(18):e146415 https://doi.org/10.1172/)CI146415
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Figure 2. Muscle-specific deletion of IR alone or in combination with IGFIR decreases mitochondrial respiratory capacity and ATP production in perme-
abilized soleus fibers, but combined deletion of Fox01, -3, and -4 with IR/IGF1R in M-QKO muscle does not alter mitochondrial function. (A) Western
blot of p-Akt and Akt in soleus from IR/IGFIR"f, M-IR~-, M-IGF1R~-, MIGIRKO, and M-QKO mice treated intravenously with either 5 units of insulin or
1mg/kg of IGF-1. (B) Muscle weight of soleus from M-IR*/~, M-IGF1R"/~, MIGIRKO, and M-QKO (n = 3-6) relative to controls. (C-F) Respiratory capacity in
soleus permeabilized muscle fibers with PYR/M substrates, and then with sequential addition of ADP, succinate (Succ), rotenone (Rot), oligomycin (Oligo),
and FCCP from M-IR"f and M-IR"~ (C), M-IGFIR"" and M-IGF1R~ (D), M-IR/IGF1IR"" and MIGIRKO (E), and M-Q"" and M-QKO (F). (G-J) ATP synthesis rate
in soleus muscle fibers with PYR/M from M-IR~~ (G), M-IGF1R"- (H), MIGIRKO (1), and M-QKO (}). (K-N) Basal and maximal respiration in permeabilized
soleus muscle fibers with PC/malate from M-IR*/~ (K), M-IGF1R~ (L), MIGIRKO (M), and M-QKO (N). (0-R) ATP synthesis rate in soleus muscle fibers with
PC/malate from M-IR”/- (0), M-IGF1R~/~ (P), MIGIRKO (Q), and M-QKO (R). For C-R, n = 9-11 for M-IR"" and M-IR"/~, n = 6 for M-IGF1R" and M-IGF1R -,

n = 3-6 for M-IR/IGF1R"f and MIGIRKO, and n = 5 for M-Q"/f and M-QKO. Results are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 vs.
littermate control, t test for 2 groups.

mental Figure 2, K and L). Complex III activity (Supplemental  plemental Figure 2, N-P). OXPHOS proteins were unchanged in
Figure 2M) and CS activity (data not shown) were unchanged in ~ quad/gast muscle from MIGIRKO and M-QKO when compared
MIGIRKO quad/gast muscle. M-QKO mice again showed pre-  with their floxed controls (Supplemental Figure 2, Q-T). In sum-
served mitochondrial enzyme activities relative to controls (Sup- ~ mary, loss of both IR/IGF1R in oxidative soleus and mixed quad/
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Figure 3. 0OXPHOS complex | and complex Il activity are decreased in MIGIRKO soleus muscle and preserved in M-QKO, but mitochondrial content remains
unchanged. (A and B) Electron micrographs (A) and quantified mitochondrial area density (B) in soleus from MIGIRKO and M-IR/IGFIR"" (n = 4-6). (C and

D) Electron micrographs (C) and quantitation of mitochondrial area density (D) in soleus from M-QKO and M-Q"f (n = 4-6). (E-G) CS (E), OXPHOS complex

I (F), and complex Il (G) activity in soleus from MIGIRKO and M-IR/IGF1IR™" (n = 4-8). (H-]) CS (H), complex | (1), and complex Il (J) activity in soleus from
M-QKO and M-Q"f (n = 4-6). (K-M) Western blot (K) of OXPHOS proteins and densitometry in soleus from MIGIRKO (L) and M-QKO (M) with their respective
controls (n = 3-6). (N-P) Western blot (N) of Ndufs1and densitometry in soleus from MIGIRKO (0) and M-QKO (P) with respective controls (1 = 4-6). Results
are represented as mean + SEM. *P < 0.05; **P < 0.01, vs. littermate control, t test for 2 groups. Scale bars: 2 pm.

gast muscle decreases both complex I and complex II activity in a
FoxO-dependent manner, whereas mitochondrial mass, CS, and
other OXPHOS complexes are less affected.
Loss of IR or both IR and IGFIR induces FoxO-dependent mito-
chondrial respiratory dysfunction in mixed muscle while increasing
O, production and protein carbonylation. To determine wheth-
er the mitochondrial dysfunction in oxidative soleus fibers from
M-IR7" and MIGIRKO were also present in muscle groups other
than soleus, we measured respiration and ATP production in
mitochondria-enriched isolates from mixed quad/gast muscle of
M-IR7, M-IGF1R/,, MIGIRKO, and M-QKO compared with their
respective controls. Glutamate/malate-driven respiration with
1 mM ADP was decreased by 34% in M-IR”" (Figure 4A) and by
49% in MIGIRKO (Figure 4C) mitochondria. This decrease was

no longer observed in M-IR”~ or MIGIRKO mitochondria with sub-
sequent addition of succinate, rotenone, and oligomycin, indicat-
ing a prominent complex I dysfunction in mixed muscle from both
models that mimicked complex activity assays (Supplemental
Figure 2, K-M). ATP synthesis rates in mitochondrial isolates were
decreased both in M-IR”" (Figure 4E) and MIGIRKO (Figure 4G)
using glutamate/malate, but not after the addition of succinate.
Mitochondrial respiratory capacity and ATP synthesis were not
different between M-IGF1R"® and M-IGF1R"" (Figure 4, B and F).
Again, deletion of FoxOs in M-QKO showed no changes in mito-
chondrial respiration (Figure 4D) and ATP production (Figure 4H)
compared with M-Q¥4.,

To determine whether mitochondrial dysfunction induced by
loss of IR/IGF1R was linked to oxidative damage, we measured
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H,0, emission, protein carbonylation, and expression of antioxi-
dant mRNAs. H,0, was increased by 2-fold in isolated mitochon-
dria from M-IR/- with glutamate/malate/succinate substrate at
low physiologic levels of 5 pM ADP (Figure 41I), but was unchanged
in the absence of ADP or with concentrations greater than 10 uM
ADP. In contrast, MIGIRKO mitochondria showed a dramatic 3-
to 5-fold increase in H,O, after addition of 5 uM and 10 uM ADP
(Figure 4K), but no changes in H,0, were seen in M-IGF1IR”" and
M-QKO mitochondria compared with their respective fl/fl controls
(Figure 4, J and L). With oligomycin (0.01 mg/ml), H,0, produc-
tion was increased in MIGIRKO mitochondria (Figure 4K). These
increases in H,0, production were associated with increased pro-
tein carbonylation in mitochondrial isolates from M-IR7" by 30%
(Figure 4M), and carbonylation was also increased in MIGIRKO
mitochondrial proteins (Figure 4N) and tissue homogenate (Sup-
plemental Figure 3, A and B), whereas no changes were seen in
M-QKO compared with M-Q¥# (Figure 40 and Supplemental Fig-
ure 3, A and C). Increased ROS production is often accompanied
by transcriptional changes to mitigate ROS toxicity. Glutathione
peroxidase 3 (Gpx3) and Gpx4 mRNA levels were increased in
quad from MIGIRKO. Additionally, Gpx4, superoxide dismutase
1 (Sod1), and thioredoxin 2 (Txnrd2) were increased in MIGIRKO
soleus (Supplemental Figure 3D). These antioxidant genes were
either significantly decreased (Gpx3) or unchanged in quad and
soleus from M-QKO (Supplemental Figure 3E).

Mitochondrial biogenesis and fission-fusion dynamics can
regulate mitochondrial function. Mitochondrial biogenesis genes
Ppara, Pprcl, Ppargcla, Ppargclb, and Tfam were not different
between MIGIRKO and M-IR/IGF1R¥ in either quad or soleus.
Esrr-a was decreased in MIGIRKO quad, but not soleus, and Gab-
pbl was decreased in MIGIRKO soleus, but not quad (Supplemen-
tal Figure 3F), demonstrating that the mRNA levels of these bio-
genesis mediators were not consistently regulated in MIGIRKO
muscle. Mitochondrial biogenesis genes were not altered in
M-QKO (Supplemental Figure 3G) except Ppargcla, which was
decreased in quad and tended to increase in soleus muscle. Pgcl-o
is known as a master regulator of mitochondrial biogenesis, but
we found no differences in protein levels between MIGIRKO,
M-QKO, and their respective controls (Supplemental Figure 3,
H-J). We also saw no changes in the mitochondrial fusion pro-
tein Opal (Supplemental Figure 3, K-M) and fission protein Drpl
(Supplemental Figure 3, N-P) in quad from MIGIRKO, M-QKO,
and their respective fl/fl controls. In summary, loss of IR/IGFIR
decreased complex I-driven respiration in mitochondrial isolates
from mixed quad/gast muscle, which is consistent with the results
obtained in oxidative soleus fibers. This decrease in respiration
was accompanied by increased oxidative stress, but could not be
explained by changes in mitochondrial mass, mitochondrial bio-
genesis genes, or fission-fusion proteins.

Tamoxifen-inducible deletion of IR and IGFIR in muscle
decreases muscle strength, soleus fiber respiration, and ATP produc-
tion in concert with increased oxidative stress. M-IR/-, M-IGF1R”,
MIGIRKO, and M-QKO mice are models of long-term deletion
of IR, IGF1R, and/or FoxOs starting during embryonic develop-
ment, which leads to a 60% decrease in muscle size in MIGIRKO.
To determine whether mitochondrial impairment in MIGIRKO is
secondary to developmental defects or represents a primary phe-

J Clin Invest. 2021;131(18):e146415 https://doi.org/10.1172/)CI146415

RESEARCH ARTICLE

nomenon, we performed muscle physiologic and mitochondrial
bioenergetic assays on IND-IGIRKO mice, which were gener-
ated previously. IND-IGIRKO mice do not show recombination
prior to tamoxifen treatment and displayed a near-total loss of
IR and downregulation of IGF1R 3 weeks after tamoxifen treat-
ment (20). In the current experiments, mRNA levels of IR were
approximately 80% decreased, whereas IGF1R was approximate-
ly 50% decreased 3 weeks after tamoxifen both in soleus (Figure
5A) and quad (Supplemental Figure 4A) from IND-IGIRKO mice.
IR and IGFIR protein levels were decreased in soleus (Figure 5, B
and C), whereas quad muscle showed a significant decrease in IR,
but IGF1R protein was mildly decreased (Supplemental Figure 4,
B and C). Oxidative soleus (Figure 5D), mixed muscle, and glyco-
lytic extensor digitorum longus (EDL) muscle weights (Supple-
mental Figure 4D) were significantly decreased, by 20% to 30%,
in IND-IGIRKO mice 3 weeks after tamoxifen. This reduction in
muscle mass was accompanied by decreased grip strength (Figure
5E), treadmill test running time (Figure 5F), and speed at the time
of exhaustion (Figure 5G) in IND-IGIRKO compared with tamoxi-
fen-treated IR/IGF1RY! controls.

IND-IGIRKO showed a 24% to 28% decrease in maximal respi-
ratory capacity in saponin-permeabilized soleus fibers with PYR/M
and combined PYR/M and succinate (Figure 5H). Maximal respi-
ratory capacity after the addition of rotenone tended to decrease,
but was no longer significant, indicating IND-IGIRKO muscle also
showed a prominent complex I dysfunction. ATP synthesis rate was
decreased 35% (Figure 5I) with PYR/M in IND-IGIRKO soleus
compared with controls. Soleus respiratory capacity also tended to
decrease with PC/malate substrates (Supplemental Figure 4E), and
ATP production was significantly decreased (P < 0.05) (Supplemen-
tal Figure 4F). Interestingly, respiratory capacity in glycolytic EDL
fibers was not changed in IND-IGIRKO with PYR/M/succinate, but
ATP synthesis was decreased at low 75 uM ADP with PYR/M (data
not shown). Respiratory capacity and ATP synthesis in mitochondri-
alisolates from quad/gast muscle of IND-IGIRKO were unchanged
(Supplemental Figure 4, G and H). These data show that short-
term deletion of IR/IGF1R decreases muscle strength and exercise
capacity and acutely impairs mitochondrial respiration and energy
production in soleus muscle fibers.

Protein carbonylation and H,O, production in quad was
increased in IND-IGIRKO (Supplemental Figure 4, I-K). Further-
more, mRNA expression of antioxidant genes nuclear respiratory
factor 1 (Nrfl), Sodl, and Txnrdl and -2 were increased in IND-
IGIRKO soleus, and Cat, Gpx4, and Nrfl were increased in IND-
IGIRKO quad (Supplemental Figure 4L) compared with controls.
Thus, acute loss of IR/IGFIR in muscle decreased mitochondrial
respiration and ATP production, particularly in oxidative soleus
muscle, but also increased oxidative stress in mixed muscle groups,
indicating that mitochondrial dysfunction occurs early and is not
secondary to growth delay or other developmental abnormalities.

Acute loss of IR/IGFIR in muscle decreases complex I activity/
content and mitochondrial area density with minimal alterations
in biogenesis genes. To determine whether acute loss of IR/IGFIR
affects electron transport chain function or abundance, we mea-
sured OXPHOS complex proteins, complex activities, and bio-
markers of mitochondrial content 3 weeks after tamoxifen treat-
ment in IND-IGIRKO. Complex I activity (Figure 5]) in quad was
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Figure 4. Loss of IR or both IR/IGF1R in mixed gast/quad muscle induces Fox0-dependent decline in mitochondrial respiratory function while increas-
ing H,0, production and protein carbonylation. (A-D) Basal and maximal respiration in quad/gast muscle mitochondria with glutamate/malate and
then with sequential addition of ADP, succinate, rotenone, and oligomycin from M-IR”- (A), M-IGF1R~~ (B), MIGIRKO (C), and M-QKO (D) with respective
controls. (E-H) ATP synthesis rates in quad/gast muscle mitochondria from M-IR”/- (E), M-IGF1R"~ (F), MIGIRKO (G), and M-QKO (H) with respective con-
trols. (I-L) H,0, production in mitochondria from M-IR”~ (1), M-IGF1IR~/~ (J), MIGIRKO (K), and M-QKO (L) with respective controls at various concentrations
of ADP or with oligomycin. (M-0) Oxyblot images with quantification of protein carbonylation in mitochondria from M-IR*/- (M), MIGIRKO (N), and M-QKO
(0) (n = 5-6) with controls. Mitochondria were isolated from mixed quad/gast muscle for each experiment. For A-L, n = 8-14 for M-IR"f and M-IR/~, n =

6 for M-IGF1R"f and M-IGF1R™/~, n = 3-4 for M-IR/IGF1R"" and MIGIRKO, and n = 4-5 for M-Q"" and M-QKO. *P < 0.05; **P < 0.01; ***P < 0.001 vs. litter-
mate control, t test for 2 groups.
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Figure 5. Tamoxifen-inducible deletion of IR and IGF1R in muscle decreases muscle strength, soleus fiber respiration, ATP production, complex I activi-
ty, OXPHOS proteins, and mitochondrial area density. (A) mRNA levels of IR and IGF1R in soleus muscle 3 weeks after a 5-day course of tamoxifen treat-
ment in IND-IGIRKO and IR/IGFIR" mice. (B and C) Western blot (B) and densitometry (C) of IR and IGFIR in soleus from IND IGIRKO. (D) Soleus muscle
weight in IND-IGIRKO and IR/IGF1R"f mice (n = 5-6). (E and F) Forelimb grip strength (E), treadmill run time (F), and speed at the time of exhaustion (G)
in IND-IGIRKO and IR/IGF1IR" (n = 7). (H) Respiratory capacity in permeabilized soleus fibers with PYR/M, then subsequent addition of ADP, succinate,
rotenone, oligomycin, and FCCP in IND-IGIRKO and IR/IGF1IR™ (n = 10-12). (I) ATP generation in soleus fibers with PYR/M from IND-IGIRKO (n = 5-6). (J-L)
OXPHOS complex | in quad (J) and complex Il (K) and complex IIl (L) activity in gast from IND-IGIRKO and IR/IGFIR"f (n = 6). (M-P) Western blot (M) with
densitometry of OXPHOS proteins (N), Ndufs1(0), and Vdac (P) in quad from IND-IGIRKO and IR/IGFIR™" (n = 13 for OXPHOS and Ndufs1; n = 6 for Vdac).
(Q and R) Electron micrographs (1) and quantitation of mitochondrial area density (J) in soleus from IND-IGIRKO and IR/IGF1R"" (n = 5-6). Results are
represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 vs. littermate control, t test for 2 groups. ponS, Ponceau$ for normalization.

decreased by 50% in IND-IGIRKO. In contrast, complex II and
complex III (Figure 5, K and L) activities in gast from IND-IGIRKO
were not different. Activity of CS was not decreased in quad mus-
cle homogenate (data not shown). Unlike in MIGIRKO, expression
of complex I subunits Ndufb8 and Ndufs1 was robustly decreased
in quad from IND-IGIRKO compared with IR/IGFIRY, while
other OXPHOS complex subunits were less affected (Figure 5,
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M-0). Voltage-gated anion channel (Vdac) protein was not altered
(Figure 5, M and P), suggesting that overall mitochondrial protein
content was not different in quad from IND-IGIRKO. To further
evaluate mitochondrial content, we determined mitochondrial
area of IMF mitochondria by TEM in soleus muscle (Figure 5Q).
This analysis showed an approximately 35% decrease (Figure
5R) in IMF mitochondrial volume after acute loss of IR/IGFIR
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in IND-IGIRKO. Despite the decrease in mitochondrial area in
soleus, we did not observe a consistent change in the expression
of mitochondrial biogenesis genes. Levels of Ppargclb mRNA
were decreased in IND-IGIRKO soleus compared with controls,
while Pprcl was increased (Supplemental Figure 4M). In quad,
Gabpbl and Pprcl were increased in IND-IGIRKO, while Tfam
was decreased (Supplemental Figure 4M). Ppargcla tended to
decrease both in soleus and in quad but these changes did not
reach statistical significance. These data indicate that acute loss of
IR/IGF1R in muscle is associated with decreases in mitochondrial
content and complex I activity, but does not correlate with a coor-
dinate regulation of mitochondrial biogenesis genes.

Muscle mitochondrial protein synthesis and mitochondrial fusion
proteins are decreased in IND-IGIRKO. The insulin/IGF-1/FoxO
signaling axis is a critical regulator of muscle proteostasis and
protein synthesis (12). We first measured total muscle protein
synthesis rates using the SUnSET method (32). The decline in
mitochondrial content by acute loss of IR/IGF1R in IND-IGIRKO
was accompanied by decreased protein synthesis in muscle tissue
homogenate as well as mitochondrial isolates (Supplemental Fig-
ure 4, N-P). Muscle protein synthesis is regulated by the mTORC1
pathway (33), but we observed a paradoxical activation in mTOR
signaling in IND-IGIRKO, demonstrated by an increase in phos-
phorylation of 4ebpl (Supplemental Figure 4, Q and R) with no
change in S6 phosphorylation (Supplemental Figure 4, Q and S).
Alternatively, fission/fusion dynamics may influence mitochon-
drial content and IND-IGIRKO showed a significant decrease in
Opal (Supplemental Figure 4, T and U), but no change in Drpl
protein (Supplemental Figure 4, T and V).

Mitophagy flux is not increased by loss of IR/IGFIR in vivo and
in vitro. Both perinatal and acute deletion of IR/IGFIR in muscle
increases autophagy flux (the flow of proteins/cargo through the
degradative process in lysosomes) via FoxOs (20), so we reasoned
that mitophagy (the flow of mitochondrial proteins/cargo through
autophagy) would be activated in IR/IGF1R deletion models and
could contribute to the mitochondrial changes observed. Bnip3,
a marker of mitophagy, was increased in MIGIRKO quad and
tended to decrease in M-QKO (Figure 6, A and B). Bnip3 was also
increased in mitochondrial-enriched fractions of IND-IGIRKO
(Figure 6, C and D), which could indicate Bnip3-dependent mito-
phagy is activated in these muscles.

To determine whether mitophagy flux is increased, MIGIRKO,
IND-IGIRKO, and control mice were treated with saline or col-
chicine, a known autophagy inhibitor in muscle (34). First, we
confirmed that bulk autophagy flux measured by accumulation
of LC3-II after colchicine was appropriately increased in IND-
IGIRKO (Supplemental Figure 5, A-C). Bnip3 protein was
increased in IR/IGFIR after treatment with colchicine com-
pared with saline (Supplemental Figure 5, D and E), indicating bas-
al mitophagy flux could be measured in control mice. In contrast,
there were no increases in Bnip3 expression between saline and
colchicine treatment in IND-IGIRKO and MIGIRKO mice (Figure
6, E and F, and Supplemental Figure 5, D and E). We assessed and
found minimal differences in another mitophagy marker, Pink1, in
IR/IGF1R¥® mice treated with or without colchicine (Supplemen-
tal Figure 5, F and G). However, Pinkl is a poor marker of muscle
mitophagy in vivo (35, 36). These results indicate mitophagy flux
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was not increased and was actually impaired after deletion of IR/
IGF1R, which is contrary to our hypothesis.

To develop a cell model for insulin regulation of mitochondri-
al function and mitophagy, we used C2C12 mouse skeletal mus-
cle-derived cell lines, which have been extensively used to study
metabolic diseases (37). C2C12 myotubes were pretreated with or
without insulin and carbonyl cyanide m-chlorophenylhydrazone
(CCCP) (a known mitophagy inducer) for 4 hours on day 7 of dif-
ferentiation prior to metabolic analysis using the Seahorse XF24
analyzer. These results showed that insulin increases oxygen con-
sumption rate (OCR) in C2C12 myotubes and that 4-hour pretreat-
ment with CCCP (washed out immediately prior to mitochondrial
analysis) decreased basal and maximal respiration, but insulin
cotreatment with CCCP partially rescued the decline in basal and
maximal respiration (Supplemental Figure 6A).

Given the challenges with quantifying mitophagy markers, we
took advantage of a mitophagy biosensor, mito-Keima (38, 39).
IR/IGF1R¥® primary myotubes were infected with adenoviral-Cre
(Ad-Cre) or control adenoviral-luciferase (Ad-Luc) and with ade-
no-mito-Keima to monitor mitophagy. By day 6 of differentiation,
IR and IGF1R were completely knocked out (Figure 6G and and
Supplemental Figure 6B). Western blots for LC3-II showed that
autophagy was induced after CCCP treatment in both Ad-Luc and
Ad-Cre cells, but insulin was able to mitigate the LC3-II accumula-
tion only in Ad-Luc cells (Supplemental Figure 6, C and D). CCCP
increased the mitophagy index (ratio of mito-Keima fluorescence
at 550 nm vs. 450 nm) equally in Ad-Luc and Ad-Cre cells (Figure
6H), indicating deletion of IR/IGF1R did not enhance or prevent
the capacity to increase mitophagy in response to CCCP. Insulin
treatment of Ad-Luc and Ad-Cre cells did not change the mitoph-
agy index either when cells were treated alone or with CCCP (Fig-
ure 6H), indicating insulin does not regulate mitophagy in these
cells. Thus, loss of IR/IGFIR in primary myotubes did not change
basal or CCCP-induced mitophagy in vitro.

We utilized MitoTimer to monitor mitophagy in vivo, as it
can serve as a proxy of mitochondrial degradation and hence,
mitophagy (40, 41). We coelectroporated MitoTimer with the
lysosomal protein marker LAMP1-YFP and mitochondrially tar-
geted blue fluorescent protein (mitoBFP) into tibialis anterior
(TA) muscle of IND-IGIRKO and control mice. Colocalization
of MitoTimer with mitoBFP (Supplemental Figure 6E) indi-
cated we achieved appropriate expression of the MitoTimer in
mitochondria. Although we previously showed mild increas-
es in H,0, and carbonylation, acute loss of IR/IGFIR in IND-
IGIRKO did not show differences in the average red/green ratio
compared with that in controls (Figure 6,1and J). Distribution of
red/green ratio of MitoTimer images in TA from IND-IGIRKO
and IR/IGF1R" confirmed there were no differences in Mito-
Timer oxidation (Supplemental Figure 6F). In agreement with
the expression of Bnip3 after colchicine, colocalization of red
MitoTimer puncta (red/green ratio >2.0) and LAMP1-YFP was
unchanged in IND-IGIRKO (Figure 6, I and K), indicating mito-
phagy was not activated in these mice. Thus, the mitochondrial
dysfunction observed when IR and IGFIR are deleted in muscle
is not due to increased mitophagy and clearance of mitochon-
dria, but instead may be related to a reduction in mitophagy flux
or alternative mechanisms.
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Figure 6. Mitophagy flux is not increased by loss of IR/IGF1R in vivo and in vitre. (A and B) Western blot images and densitometry of Bnip3 in quad
tissue homogenate from MIGIRKO (A) and M-QKO (B) with respective controls (n = 3-4). (C and D) Western blot images of Bnip3 (C) and densitometry (D)
in mitochondrial isolates in quad/gast muscle from IND-IGIRKO with respective controls (n = 5-6). (E and F) Western blot image from IND-MIGIRKO (E)
with densitometry (F) of Bnip3 in quad tissue homogenate after 2-day colchicine or saline treatment (n = 3-4). (G) Western blot of IR and IGFIR from IR/
IGF1IR™ primary myotubes on day 6 of differentiation after Ad-Cre or Ad-Luc. (H) Measurement of mitophagy in primary myotubes at day 7 of differen-
tiation, previously infected with Adeno-mito-Keima, Ad-Cre, and Ad-Luc. Myotubes were treated with or without insulin and CCCP for 4 hours prior to
imaging for mitophagy index (n = 3 experiments). Mitophagy index is displayed as the ratio of mito-Keima fluorescence using 550 nm excitation versus
450 nm excitation (550/450 nm). (1) Confocal microscopy analysis of TA muscle from day-21 IND-IGIRKO and control mice after coelectroporation with
the mitochondrial oxidation probe, MitoTimer, and lysosomal LAMP1-YFP. Merged panels are also presented in Supplemental Figure 6E. Original magni-
fication, x40. () and K) Quantification of mitochondrial oxidation measured as MitoTimer red/green ratio (I) and colocalization of oxidized mitochondria
(MitoTimer red/green ratio >2) and LAMP1-YFP measured as Manders’ coefficient (J) (n = 9-10). Results are represented as mean + SEM. *P < 0.05; **P <
0.01vs. littermate control, t test for 2 groups. ##P < 0.01; ###P < 0.001, 3-way ANOVA.

Deletion of IR/IGFIR in muscle decreases complex I core subunits
in a FoxO-dependent manner and disrupts complex I-dependent
supercomplex assembly and activity. We demonstrated thus far that
loss of insulin and IGF-1 action in muscle leads to a predominant
defect in complex I-driven respiration. To determine whether the
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decline in mitochondrial function by loss of IR/IGFIR is tran-
scriptionally regulated, we performed RNA-Seq analysis in quad
from MIGIRKO and M-QKO mice. We performed a more detailed
analysis of OXPHOS subunits and found a broad downregulation
of OXPHOS with 28 genes out of 92 significantly (FDR < 0.01)
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decreased in MIGIRKO (Figure 7, A and B). None of these were
significantly changed in M-QKO versus M-Q%# controls, but a
mitochondrial encoded gene, mt-Nd3, was decreased. Although
M-QKO and MIGIRKO are generated from separate mouse
lines (see Supplemental Methods), principal component analysis
(PCA) from RNA-Seq results showed that IR/IGF1R¥? and M-Q/1
controls clustered together, but were distinct from MIGIRKO
and M-QKO (Supplemental Figure 7A). Twenty-four of the 28
OXPHOS genes that were downregulated in MIGIRKO were
significantly increased when comparing M-QKO to MIGIRKO
by an FDR of less than 0.01 (Supplemental Table 3). When ana-
lyzing subunits by individual complexes, we observed that 10 of
the 14 complex I core subunits (71%) were highly repressed in
MIGIRKO, but not in M-QKO (Figure 7A). Three genes (Sdha,
Sdhc, and Sdhd) of complex II, 2 genes (mt-Cytb and Uqcrc2) of
complex III, 3 genes (mt-Col, Cox5a, and Cox5b) of complex IV,
and 5 genes (Atp5al, Atp5b, Atp5cl, AtpSh, and ATP5s) of complex
V were decreased in MIGIRKO (Figure 7B). Acute deletion of IR/
IGFIR in IND-IGIRKO also showed decreases in mRNA levels of
subunits of complexes I-V both in soleus (Supplemental Figure 7B)
and quad (Supplemental Figure 7C). In summary, both perinatal
and acute loss of IR/IGFIR decreased OXPHOS subunit expres-
sion, particularly the core subunits of complex I, but deletion of
FoxOs in conjunction with IR/IGF1R in muscle did not lead to this
transcriptional decline.

Blue native polyacrylamide gel electrophoresis (BN-PAGE) in
IND-IGIRKO showed that only complex I content was significant-
ly decreased in quad (Figure 7, C and D). Supercomplexes II1I+1V,
supercomplexes I+IV, supercomplexes I+III, and supercomplex-
es I+III+IV were all significantly decreased in quad from IND-
IGIRKO compared with controls (Figure 7, C and E). Soleus mus-
cle showed a more robust decrease in complexes I, II, III, and IV
and supercomplexes I+IV (Supplemental Figure 7, D-F) in IND-
IGIRKO. In contrast, MIGIRKO quad only showed a decrease in
complex IT and no decreases in content of complex I and super-
complexes (Supplemental Figure 7, G-I). Interestingly, in-gel
activity of complex I in MIGIRKO was not different from that of
IR/IGF1R controls, but the background staining in the lane, pos-
sibly due to increased oxidative damage, may have altered this
measurement (Supplemental Figure 7, J-L). M-QKO did not show
differences in levels of complexes or supercomplexes (Supple-
mental Figure 7, M-0). Finally, in-gel activity of quad muscle from
IND-IGIRKO showed free complex I was unchanged, whereas
complex I-containing supercomplex activity was decreased in
supercomplexes I+1V, supercomplexes I+I11, and supercomplexes
I+II1+IV in IND-IGIRKO compared with controls (Figure 7, F and
G). Taken together, these data indicate that IR/IGF1R signaling in
muscle regulates mitochondrial complex I subunit transcription
as well as complex/supercomplex function by suppressing FoxO
transcription factors.

Discussion

Decreased muscle strength is a critical indicator of compromised
muscle health and contributes to physical disability in diabetes
(1, 4). Decreased energy production and mitochondrial abnor-
malities have been reported in muscle from diabetic patients
(5, 6, 9), but whether insulin action, which is decreased in both
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type 1 and type 2 diabetes (42), plays a direct role in regulation of
mitochondrial respiration or merely alters substrate delivery/uti-
lization is not fully understood. This study investigated the con-
tribution of FoxOs to muscle mitochondrial metabolism in insu-
lin-deficient diabetes and the relative contribution of IR, IGF1R,
and FoxOs in the regulation of mitochondrial metabolism using
muscle-specific KO mouse models. We showed that loss of insu-
linin STZ diabetic T%% mice decreases muscle mitochondrial res-
piration, ATP production, and complex I activity and that these
changes were reversed with FoxO deletion in STZ-FoxO TKO.
Furthermore, we demonstrated that loss of IR is sufficient to
impair mitochondrial metabolism, whereas combined loss of IR/
IGF1R leads to a dramatic mitochondrial decline. These bioener-
getic impairments were again reversed with deletion of FoxOl,
-3, and -4. Detailed analysis revealed that IR/IGF1R signaling
specifically regulates complex I activity, subunit expression, and
supercomplex content in a FoxO-dependent manner. Thus, loss
of insulin action in diabetes or by deletion of IR or both IR/IGFIR
in muscle decreases complex I-driven mitochondrial respiration
and supercomplex assembly, at least in part by FoxO-mediated
repression of mitochondrial genes.

A growing body of evidence indicates that type 1 and type 2
diabetes are associated with muscle mitochondrial respiratory
defects, but the cause and effect relationship remains controver-
sial. Early studies identified mitochondrial defects in muscle from
insulin-resistant humans (5, 6, 43, 44) at times in the disease when
muscle from type 2 patients showed defects in signaling down-
stream of insulin (42). Several studies in mice supported the idea
that obesogenic diets can cause muscle mitochondrial dysfunc-
tion (45, 46), leading to the idea that mitochondrial dysfunction
can induce insulin resistance. However, other studies in mice
and humans indicated that diet-induced obesity is not sufficient
to cause mitochondrial decline (47, 48) and that nutrient over-
load (49) or loss of insulin action, as in type 1 or type 2 diabetes,
was the key driver of mitochondrial abnormalities in muscle (15).
We showed that loss of IR alone (M-IR7") or IR/IGFIR together
(MIGIRKO) in muscle is sufficient to cause defects in maximal
respiratory capacity and ATP production and induces oxidative
damage in the absence of nutrient overload or systemic glycemic
abnormalities. We further identified that FoxO transcription fac-
tors mediate mitochondrial defects when insulin action is lost.
These findings were confirmed in insulin-deficient STZ-diabetic
models and may help explain the mitochondrial defects seen in
patients with type 1 diabetes (9). The action of insulin suppresses
FoxOs via the PI3K/Akt pathway, but other studies showed that
muscle-specific deletion of the pl10a subunit of PI3K caused
muscle atrophy, which is associated with increased mitochondri-
al mass, respiration, and ROS generation (50), while deletion of
the p85/p55 subunits of PI3K led to muscle atrophy and features
of metabolic syndrome accompanied by minimally decreased CS
activity (51). Whether separate pools of PI3K interact with differ-
ent upstream activators or may act in distinct subcellular compart-
ments of the myocyte to control mitochondrial biology needs fur-
ther investigation. Nonetheless, our results indicate that impaired
insulin action in muscle is sufficient to cause mitochondrial dys-
function and that these metabolic defects are not present with
deletion of FoxOs in M-QKO.

J Clin Invest. 2021;131(18):e146415 https://doi.org/10.1172/)CI146415


https://www.jci.org
https://doi.org/10.1172/JCI146415
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd
https://www.jci.org/articles/view/146415#sd

The Journal of Clinical Investigation

A

mt-Nd1
mt-Nd2
mt-Nd3
mt-Nd4
mt-Nd4l
mt-Nd5
mt-Nd6
Ndufs1
Ndufs2
Ndufs3
Ndufs7
Ndufs8
Ndufv1
Ndufv2
Ndufa1
Ndufa10
Ndufa11
Ndufa12
Ndufa13
Ndufa2
Ndufa3
Ndufa4
Ndufa4l2
Ndufa5
Ndufa6
Ndufa7
Ndufa8
Ndufa9
Ndufab1
Ndufb10
Ndufb11
Ndufb2
Ndufb3
Ndufb4
Ndufb5
Ndufb6
Ndufb7
Ndufb8
Ndufb9
Ndufc1
Ndufc2
Ndufs4
Ndufs5
Ndufs6
Ndufv3

Complex |

Floxed controls
MIGIRKO
M-QKO

|

sjuNgns 9109

8§

§§§,

Sdha
Sdhb
Sdhc
Sdhd

mt-Cytb
Uqcr10
Uqcer11
Uqcrb
Uqgcre2
Uqcrfs1
Uqgcrh
Uqgcrq

mt-Co1
mt-Co2
mt-Co3
Cox4i1
Cox4i2
Coxba
Cox5b
Cox6a1
Cox6a2
Cox6b1
Cox6c
Cox7a1
Cox7a2
Cox7a2l
Cox7b
Cox7c
Cox8a
Cox8b

mt-Atp6
Atp5a1
Atp5b
Atp5c1
Atpbd
Atp5e
Atp5f1
Atp5g1
Atp5g2
Atp5g3
Atp5h
Atp5j
Atp5j2
Atp5k
Atp5I
Atp5o
Atp5s

Floxed controls
MIGIRKO
M-QKO

3%3?‘

§§

88§

11 xo|dwon

11l Xajdwon

Q]

o)

3

°

©

x

<

Fold change
2.0
1.5
1.0
0.5

A xodwo)

C s riv—2dder  RyiGF1RM

RESEARCH ARTICLE

IND IGIRKO

Oricrirn  E

15 IINQ |"3IRKO
c - . -
8 1.017L
[}
- 0.5 I
£ 0.0
“Cl CAll CHll G-IV C-V N \
e>\\\"\ e)\»r\\] 6\)c\\
)
F S 14111 iche IR/IGF1R™ IND IGIRKO
+|||+ -
S|+|||4>z,- b+ 4 I
I e ‘
S I+IvV—> .‘ I‘ - ‘
Gl - - - -
G _20
=
215 .
(]
m 3 .
T 104 & .
= . .
£05
38
0.0

F\'ee C—\ s \.\—\\] S \+\\\ 5 \’\'\\\.\»\\I

\*\\\*\\l

Figure 7. Deletion of IR/IGF1R in muscle decreases complex | core subunits in a FoxO-dependent manner and disrupts complex I-dependent supercom-
plex assembly and activity. (A and B) Heatmaps displaying RNA-Seq transcript levels of OXPHOS subunits in mixture of quad and gast from MIGIRKO
and M-QKO compared with floxed controls. Heatmap of complex I, including core complex subunits (A). Heatmap of complexes 1I-V (B) (n = 4-6). Floxed
controls are combined M-IR/IGFIR™" and M-Q"f controls. FDR < 0.01, $FDR< 0.001 MIGIRKO vs. floxed; #P < 0.05 M-QKO vs. floxed. (C-E) BN-PAGE (C)
with densitometry of individual complexes -V (D) and supercomplexes (E) in quad from IND-IGIRKO and IR/IGF1R"f (n = 5-6). C, complex. (F and G) Clear
native gel showing complex | in-gel activity (F) and densitometry (G) in quad from IND-IGIRKO and IR/IGF1R"" (n = 4). Results are represented as mean +
SEM. *P < 0.05; **P < 0.01; ***P < 0.001 vs. littermate control, t test for 2 groups.
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An important question we addressed is whether IR/IGF1R
deletion induced mitophagy, since the IR/IGF1R/FoxO signaling
axis is a critical regulator of autophagy (12, 20, 28, 29). Increased
mitophagy can improve mitochondrial function and fission-fusion
dynamics in various disease conditions (52). We showed that dele-
tion of IR/IGF1R in muscle did not change mitophagy (biosensor
experiments) or could even impair mitophagy flux as measured
by decreased Bnip3 accumulation despite robust upregulation of
autophagy flux measured by LC3 accumulation. Thus, the mito-
chondrial dysfunction observed when IR and IGFIR are deleted in
muscle is not due to increased mitophagy, but may be influenced
by a reduction in mitophagy flux by mechanisms that are distinct
from regulation of bulk autophagy.

A critical finding from this study is that IR and IGF1R regulate
complex I-mediated respiration and that this regulation occurred
in both oxidative soleus and mixed muscle groups that exhib-
it very different OXPHOS composition (31). Complex I (NADH
oxidase) is the largest complex of OXPHOS, containing 44 differ-
ent nuclear and mitochondrial-encoded subunits (53), and is the
foundation for supercomplexes containing I/1V, I/III, or I/III/IV,
which increase efficiency of electron transfer. Our results indicate
that the subunits of the core complex of complex I are specifically
strongly repressed after acute loss of IR/IGFIR and are restored
when FoxOs are deleted. FoxOs have previously been shown to reg-
ulate the OXPHOS subunit Ndufv2 across species (54), which fits
with the fact that mitochondrial dysfunction in STZ-diabetic mice
is restored with insulin treatment (15). Our results also aligned with
arecent study in which the authors observed that deficiency of the
complex I subunit ND-49 (mammalian NDUFS2) induces ROS
generation via activation of the mTOR pathway (55), but the direct
connection between complex I defects and mTOR activation was
not fully explored in our own study. Furthermore, the mitochon-
drial respiratory defects were coincident with ROS production and
markers of oxidative damage in M-IR”- and MIGIRKO muscle and
were not present in M-QKO. FoxOs are critical regulators of oxida-
tive stress pathways (56), and this adds another layer of complexity
to the mitochondrial regulation that will require further investiga-
tion. Thus, we identify what we believe is a new regulatory capacity
of insulin/IGF-1 signaling in muscle. Insulin suppresses FoxO acti-
vation to maintain mitochondrial complex I subunit transcription
as well as complex/supercomplex function, which correlates with
improved strength and prevention of muscle atrophy.

Our study has several limitations. First, the use of a mixed
background strain, rather than backcrossing onto a pure genetic
background, can cause significant variability in metabolic stud-
ies (57). Given that the QKO line has 11 alleles (Acta-Cre and 10
targeted floxed alleles in 5 genes), backcrossing is practically chal-
lenging. Nonetheless, similar mitochondrial findings in MIGIRKO
and IND-IGIRKO generated on different mixed backgrounds do
lend credence to our findings, but do not change the contribu-
tion of genetic heterogeneity as a source of variance. The use of
isolated mitochondria may cause heterogeneity, as subsarcolem-
mal and IMF mitochondria can have specialized function (58),
although we aimed to control this with our isolation techniques
(see Supplemental Methods) and use of permeabilized fibers.
Additionally, physical activity is associated with muscle mitochon-
drial function and we did not assess this in each mouse prior to
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mitochondrial studies. We previously published that spontaneous
activity of MIGIRKO was decreased 30% in the dark cycle (19) and
MIGIRKO mice were unable to perform spontaneous wheel run-
ning (20); thus, mitochondrial defects in MIGIRKO may be partly
due to inactivity. Indeed, we cannot disassociate changes in mito-
chondrial function from changes in muscle size, and future work
with time-course studies will be needed to decipher mechanisms
that regulate these phenomena.

In conclusion, our results identify an important mechanism
through which insulin and IGF-1 inactivate FoxOs to regulate the
expression of complex I core subunits, mitochondrial respiration,
and supercomplex assembly in muscle. Future identification of
mechanisms by which FoxOs regulate complex I may hold prom-
ise for therapeutic interventions to prevent muscle weakness
induced by diabetes and its related complications.

Methods

Animal care and use. Male mice were used in all animal studies
unless stated otherwise. M-IR/, M-IGF1IR/, MIGIRKO, M-FoxO
TKO, M-QKO, and IND-IGIRKO mice were generated as previous-
ly described (19, 20). Briefly, M-IR7-, MIGIRKO, and M-QKO mice
were generated using Actal-Cre (stock 006149; Jackson Laboratory).
IND-IGIRKO mice were generated using muscle-specific tamoxi-
fen-inducible HSA-Cre-ER™ (59). Each mouse line was maintained in
a separate colony, and floxed littermates were used as controls in each
experiment. For full details of mouse generation and design to control
for mixed background strain, see Supplemental Methods.

Free access to food and water was available to all animals. For
inducible KO of IR/IGF1R, 100 mg/kg tamoxifen (T5648; Sigma-
Aldrich) dissolved in peanut oil was intraperitonially injected 5 times
over 6 days in 10-week-old mice for the inducible recombination of IR
and IGF1R in IND-IGIRKO. STZ was used to create a model of insu-
lin-deficient diabetes. T%" and M-FoxO TKO mice were fasted over-
night and then injected with a single high dose (150 mg/kg) of STZ
dissolved in 100 mmol/L citrate buffer (pH 4.5) or citrate buffer alone
as a control. Food was immediately provided after injections. Mice
were monitored for hyperglycemia 3,7,12, and 15 days after treatment,
and only those mice that displayed blood glucose of more than 300
mg/dL after 9 to 12 days after STZ were used for experiments.

Mitochondrial functional assays. Mitochondrial respiratory capac-
ity and ATP generation were measured in saponin-permeabilized
soleus fibers, EDL fibers, and mitochondrial-enriched fractions from
quad/gast muscle (See Supplemental Methods for isolation technique)
using a high-resolution Oroboros Oxygraph, as described previously
(60-62). Briefly, harvested soleus and/or EDL muscle was immedi-
ately placed in an ice-cold buffer X containing 7.23 mM K,EGTA, 2.77
mM CaK,EGTA, 20 mM imidazole, 0.5 mM DTT, 20 mM taurine, 5.7
mM ATP, 14.3 mM creatine monophosphate, 6.56 mM MgCl,-6H,0,
and 50 mM 2-[N-morpholino] ethane sulfonic acid (MES), with a pH
of 7.1. The fibers were manually dissociated, separated into 3 bundles
using needles under the dissecting microscope, and permeabilized in
buffer X supplemented with 50 pg/ml saponin for 40 minutes on ice.
Permeabilized fibers were incubated in buffer Z containing 105 mM
K-MES, 30 mM KCl, 10 mM KH,PO,, 5 mM MgCl-6H,0, 2.5 mg,/ml
BSA,1mM EGTA, 20 mM Blebbistatin, and 20 mM creatine monohy-
drate, pH 7.4, on ice until further use. For respiration measurements,
fibers were incubated in 2.5 ml of buffer Z at 30°C, and respiratory
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capacity was determined using Oroboros Oxygraph with the various
combination of substrates, including malate (2mM), pyruvate (5 mM),
PC (20 uM), glutamate (5 mM), ADP (as indicated), succinate (5 mM),
rotenone (10 puM), oligomycin (10 pg/ml), and FCCP (10 uM). ATP
production was measured by converting ATP into NADPH by addition
of glucose (4 mM), NADP (200 uM), 50 uM P1, P5-Di (adenosine-50)
pentaphosphate pentasodium salt (MilliporeSigma D4022), and 10
pL/mL of a hexokinase/glucose-6-phosphate dehydrogenase mixture
(MilliporeSigma, 10127825001) to modified buffer Z (105 mM K-MES,
30 mM KCl, 10 mM KH,PO,, 5 mM MgCl,-6H,0, 0.5 mg/ml BSA,
1 mM EGTA, pH 7.4). ATP production was monitored in a Horiba flu-
orometer Ex/Em (345 nm/460 nm). H,0, production in mitochondri-
al isolates from quad/gast muscle was determined using 75 pg/ml of
mitochondrial protein in a respiration buffer containing 120 mM KCl,
5 mM KH,PO,, 2 mM MgCL, 1 mM EGTA, 3 mM HEPES, 0.3% BSA
(fatty acid free), pH 7.2, as described previously (62). Respiration was
determined in mitochondrial isolates using 50-75 ug/ml of mitochon-
drial protein in either respiration buffer or in modified buffer Z. See
Supplemental Methods for full details.

Invivo and in vitro mitophagy assessment. In vitro mitophagy quan-
tification was performed using mito-Keima adenovirus (see Supple-
mental Methods for details) in primary muscle cells isolated from IR/
IGFIR floxed muscle. Recombination of IR and IGF1R was done using
Ad-Cre or Ad-Luc.

In vivo mitophagy was assessed using MitoTimer as previous-
ly described (40, 41). MitoTimer is a mitochondria-targeted green
fluorescent protein that shifts to red fluorescent when oxidized.
MitoTimer (Addgene, catalog 52659), LAMP1-YFP (Addgene, cat-
alog 1816), and mitoBFP (Addgene, catalog 49151) constructs were
electroporated into TA muscle by somatic gene transfer. Briefly,
electroporation was performed 14 days after tamoxifen treatment in
IND-IGIRKO. Muscle was extracted and fixed 1 week after electro-
poration, which was 21 days after tamoxifen treatment in these mice,
and longitudinal sections were prepared and imaged on a confocal
microscope (see Supplemental Methods).

Acquired images were deconvolved, background-subtracted, and
thresholded using Image] software (NIH) with default algorithms to
segment mitochondria. The sum of 488 nm and 543 nm images was
used as a mask to encompass the total mitochondrial signal. MitoTim-
er ratiometric analysis was carried out by dividing red by green imag-
es. Ratiometric data are expressed as the pixelwise relative frequency
of the ratio (histogram, Supplemental Figure 6F). For MitoTimer and
LAMP-YFP colocalization analysis, only pixels with ratios equal to or
over 2 were considered. MitoTimer and YFP signal colocalization were
measured using Mander’s algorithm, as previously described (63).

Western blot analysis. Muscle was homogenized in RIPA buffer
supplemented with protease and phosphatase A and B (Bimake) inhib-
itors. Muscle protein carbonyl groups were quantified in quadriceps
using the Oxyblot Protein Carbonyl Assay Kit (ab 178020, Abcam)
according to the instructions provided by the manufacturer (details
are in Supplemental Methods). For all Western blots, protein con-
centration was measured using the BCA Protein Assay Kit (Thermo
Scientific, catalog 23227). Protein lysate was subjected to SDS-PAGE,
transferred on nitrocellulose membrane, and blotted using antibodies
listed in Supplemental Table 1. Densitometry was performed using
Li-COR Image Studio software (Li-COR Biosciences). Full uncut
Western blot images are provided in the supplemental material
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RNA-Seq and qRT-PCR. For transcriptomic profiling, RNA was
extracted from quad/gast muscle using TRIzol reagent (Invitrogen),
submitted for RNA-Seq, and analyzed informatically as previously
described (28). For generating PCA plot, a variance stabilizing trans-
formation function from the DESeq2 (1.30.1) package was applied to
the count data. PCA plots were generated using the plotPCA function
from the DESeq2 and ggplot2 package in the R (4.0.3) environment
(64). Since no differences were observed between transcript levels of
M-IR/IGFIRY" (n = 3) and M-Q%f (n = 2) mice, the results in these con-
trols were pooled and compared with those of MIGIRKO and M-QKO
mice. All original RNA-Seq data were deposited in the NCBI's Gene
Expression Omnibus database (GEO GSE178356). Pairwise ¢ tests were
performed on all genes, and FDRs were calculated prior to filtering for
OXPHOS genes presented in Figure 7 and Supplemental Table 3. For
T and M-FoxO TKO mice, OXPHOS genes were extracted from a
publicly available data set (GEO GSE136948). Transcript levels of STZ
diabetic T mice were compared with those of T citrate-treated
controls, whereas transcripts in M-FoxO TKO and STZ-FoxO TKO
were compared with each other and with those of T% controls.

For qRT-PCR, total mRNA was reverse transcribed to cDNA
(Applied Biosystems, catalog 4368814) according to the manufactur-
er’s protocol. RT-PCR was performed using SYBR Green qPCR Master
Mix (Bimake or Agilent) with primers for the target genes listed in Sup-
plemental Table 2. Levels of mRNA for genes were normalized either
with TATA-box binding protein (TBP) or GAPDH, which were mea-
sured on each plate to ensure proper normalization.

BN-PAGE. BN-PAGE and in-gel complex I activity were per-
formed as described previously (65), with minor modifications. Brief-
ly, muscle was homogenized in 5% digitonin, and protein lysate pre-
mixed with Coomassie G250 (detergent/Coomassie ratio of 8/8g) was
separated on 3% to 12% native gradient gels. Electrophoresis was ini-
tially conducted at 15 mA for 15 minutes on ice using anode buffer (1x
NativePAGE, Thermo Fisher Scientific) and cathode buffer (1x Native-
PAGE buffer mixed with 0.02% Coomassie blue dye). For BN-PAGE,
cathode buffer was replaced with 0.002% Coomassie blue containing
cathode buffer and gels ran overnight at 2 mA on ice. After electropho-
resis, gels were fixed, destained, and scanned for densitometry. For
in-gel activity assays, gels were incubated in complex I assay buffer
(25 mg of NTB and 100 pl of NADH [10 mg/ml] added to 10 ml of 5
mM Tris/HCl, pH 7.4) for 5 to 10 minutes. Reaction was stopped with
solution containing 50% methanol and 10% acetic acid, and gels were
scanned for densitometric quantification.

Statistics. All data are presented as mean + SEM. Student’s 2-tailed
t test was performed for comparisons of 2 groups. Two-way ANOVA
or 3-way ANOVA was applied for the comparison of 3 or more groups
using GraphPad Prism software to determine significance. A P value
of less than 0.05 was considered significant for all studies other than
RNA-Seq, for which FDR values of less than 0.01 were considered
significant for the MIGIRKO and M-QKO experiments. For the STZ
FoxO TKO experiments, FDR of less than 0.05 was used to compare
STZ to controls. In order to determine whether the transcript levels
returned to normal after FoxOl, -3, and -4 deletion, Student’s ¢ test
was applied between ratios of STZ-FoxO TKO/M-FoxO TKO and STZ
diabetic T /control.

Supplemental Methods include full details of experiments.

Study approval. Animal studies were performed according to pro-
tocols approved by the IACUC at the University of Iowa.
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