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The ADAMTS9 rs4607103 C allele is one of the few gene
variants proposed to increase the risk of type 2 diabetes
through an impairment of insulin sensitivity. We show
that the variant is associated with increased expression
of the secreted ADAMTS9 and decreased insulin sensi-
tivity and signaling in human skeletal muscle. In line with
this, mice lacking Adamts9 selectively in skeletal mus-
cle have improved insulin sensitivity. The molecular
link between ADAMTS9 and insulin signaling was char-
acterized further in a model where ADAMTS9 was
overexpressed in skeletal muscle. This selective over-
expression resulted in decreased insulin signaling pre-
sumably mediated through alterations of the integrin b1
signaling pathway and disruption of the intracellular
cytoskeletal organization. Furthermore, this led to

impaired mitochondrial function in mouse muscle—an
observation found to be of translational character be-
cause humans carrying the ADAMTS9 risk allele have
decreased expression of mitochondrial markers. Finally,
we found that the link between ADAMTS9 overexpres-
sion and impaired insulin signaling could be due to
accumulation of harmful lipid intermediates. Our findings
contribute to the understanding of the molecular mech-
anisms underlying insulin resistance and type 2 diabetes
and point to inhibition of ADAMTS9 as a potential novel
mode of treating insulin resistance.

Type 2 diabetes is determined by a complex interplay
between environmental and genetic factors. Over the
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past decade, genome-wide association studies have discov-
ered more than 100 genetic variants that associate with
type 2 diabetes (1). The majority of type 2 diabetes pre-
disposition variants are related to pancreatic islet dysfunc-
tion (2). However, for most of these variants, the causal
genes and the underlying biological processes leading to
type 2 diabetes remain elusive (1). The rs4607103 C allele
(frequency 76.2% in Europeans), located 38 kilobases up-
stream of the ADAMTS9 (A disintegrin-like and metallo-
protease with thrombospondin type I motif 9) gene (3,4),
may be an exception, as the risk allele seems to associate
with decreased insulin sensitivity in peripheral tissues
rather than with b-cell dysfunction (4,5). However, whether
ADAMTS9 is the gene responsible for the association be-
tween the rs4607103 C allele and decreased insulin sensi-
tivity has not been convincingly examined. In addition, the
functional significance of ADAMTS9 for insulin action and
glucose homeostasis has not been addressed previously.

ADAMTS9 is a secreted metalloprotease that is active
against the large aggregating proteoglycans versican and
aggrecan in the extracellular matrix (ECM) and other
potential substrates that remain to be confirmed (6,7).
Of note, a causal relationship between ECM alteration and
insulin sensitivity in skeletal muscle has been suggested
(8). For example, increased levels of ECM components
have been observed in skeletal muscle of both obese
humans and humans with type 2 diabetes (9) and in
mice exposed to a high-fat diet (HFD) (10,11). Interven-
tions that decrease the content of specific ECM compo-
nents can prevent HFD-induced insulin resistance (10). In
accordance with this, long-term treatment with a long-
acting hyaluronidase increases insulin sensitivity in diet-
induced obese mice (11). ECM alterations also can modify
mitochondrial function, including respiration, which has
been suggested to influence the pathogenesis of insulin
resistance and type 2 diabetes (12,13). The heterodimeric
integrin receptors are essential for this communication
between the ECM and intracellular organization and func-
tion, which can act in a bidirectional manner. The integrins
rely on recruitment of intracellular kinases, pseudokinases,
and scaffolding proteins such as focal adhesion kinase
(FAK) and integrin-linked kinase (ILK) for their signaling.
Moreover, altered integrin receptor signaling and the
resulting modulation of FAK and ILK have been shown
to regulate insulin sensitivity in skeletal muscle, poten-
tially through altered capillary density (10,14–17).

The aims of the current study were to determine
whether ADAMTS9 expression levels in humans are asso-
ciated with the rs4607103 C allele and to characterize how
ADAMTS9 modulates insulin action in both human and
mouse models. We characterized the putative ADAMTS9-
dependent insulin signaling pathway as well as the expres-
sion level of ADAMTS9 in human skeletal muscle. A
muscle-specific Adamts9 knockout (KO) was developed
to investigate the importance of ADAMTS9 for insulin
sensitivity. In addition, ADAMTS9 was overexpressed in
mouse skeletal muscle to dissect the molecular mechanisms

responsible for the modulation of insulin sensitivity. Using
this method, we investigated the downstream insulin-
mediated signaling pathways, ECM-mediated intracellular
signaling, and skeletal muscle mitochondrial function.
By using a catalytically impaired ADAMTS9, we were able
to address the impact of proteolytic activity for the
ADAMTS9-mediated changes in insulin action.

RESEARCH DESIGN AND METHODS

Human Studies

Study Populations
Study participants from six different study populations
were included: Uppsala Longitudinal Study of Adult Men
(ULSAM) (18), Danish young healthy individuals (19),
Danish nondiabetic twin cohort (20), EUGENE2 (European
Network on Functional Genomics of Type 2 Diabetes) (5),
Danish family study (21), and a German study (Tübingen
Family Study) (22). The study protocols were approved by
the local ethics committees of the participating institutions
and conducted in accordance with the principles of the
Declaration of Helsinki.

Genotyping of rs4607103 was done by the KASPar SNP
Genotyping System (KBiosciences, Hoddesdon, U.K.) or
the GoldenGate Assay (Illumina, San Diego, CA). Addi-
tional details are available in the Supplementary Data.

Statistical Analysis
The analysis of insulin sensitivity in relation to the
ADAMTS9 rs4607103 genotype was done by linear re-
gression or a linear mixed model adjusted for age and
sex applying an additive genetic model. The M value, Rd
value, and insulin sensitivity index were logarithmically
transformed (base 10) before analysis. All data were stan-
dardized by conversion to Z scores. Z score–standardized
effect size estimates and SEs were meta-analyzed by the
RGui version 3.1.1 meta package using the inverse variance
method. A mixed linear model that included family as
a random factor was used to analyze ADAMTS9 mRNA
levels in skeletal muscle. A similar model was used in the
twin population, with zygosity and pair number as random
factors, to analyze insulin signaling proteins or mRNA
levels of genes related to oxidative phosphorylation in
skeletal muscle. P , 0.05 was considered significant.
Additional details are available in the Supplementary Data.

Mouse Studies

Mouse Models
Male C57BL/6JBomTac mice (for in vivo gene electro-
transfer), Adamts9-targeted mice with intragenic LacZ in-
sertion (Adamts9lacZ/+) (23), and Adamts9fl/fl mice with
loxP sites inserted in introns 4 and 8 (24) crossed with
mice carrying a Cre recombinase–encoding gene under the
muscle-specific human a-skeletal actin (HSA) promoter
(Adamts9fl/flHSA-Cre) (25) were used. In vivo gene electro-
transfer on 9-week-old mice was used to transfect tibialis
anterior (TA) muscles as previously described (26). TA
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muscles were dissected 7 days after transfection for sub-
sequent ex vivo analyses. pCMV6-Entry plasmids contain-
ing Myc-DDK–tagged human ADAMTS9 (#RC217581;
Origene) and pCMV6-Entry control plasmids (#PS100001;
Origene) were used for studies that only compared
ADAMTS9 overexpression with control plasmid in a paired
setup. TA muscles expressing ADAMTS9 between 10-fold
and 35-fold were used for further analysis. pcDNA3.1/
Myc-His A plasmids (#V80020; Invitrogen) containing
active human ADAMTS9 (wild-type [WT]-ADAMTS9) or
catalytically mutated human ADAMTS9 (Glu435Ser) (mut-
ADAMTS9) and pcDNA3.1/Myc-His A control plasmid
were used for studies comparing WT-ADAMTS9 overex-
pression with mut-ADAMTS9 overexpression and control
plasmid. All mouse experiments were performed in accor-
dance with European directive 2010/63/EU of the Euro-
pean Parliament and the Council of the Protection of
Animals Used for Scientific Purposes (Animal Experiments
Inspectorate license nos. 2012-15-2934-307 and 2014-15-
0201-00181). Additional details are available in the Sup-
plementary Data.

Ex Vivo Studies
Western Blot Analysis. GAPDH was used as loading con-
trol. Control plasmid was set to 1, and all data were
normalized to the corresponding control plasmid. Repre-
sentative bands were chosen and are shown in the figures.

Quantitative PCR. Quantitative PCR was used to analyze
cDNA or DNA purified from TA muscles. Expression levels
were normalized to the average expression of the house-
keeping genes TATA-box binding protein (TBP) for cDNA
samples or average of nuclear DNA (nDNA) for DNA
samples using the DDCt method (27).

Energy Homeostasis. Analyses were performed as pre-
viously described and included glycogen quantification (26)
and citrate synthase activity (28) assessed in pulverized
TA muscles as well as mitochondrial respiration assessed
in situ in saponin-permeabilized muscle fibers (29).

b-Galactosidase Staining and Immunohistochemistry.
LacZ staining of Adamts9lacZ/+ quadriceps muscles was
followed by paraffin embedding (30). Muscle fibers were
individually prepared and stained for mitochondrial net-
works (31).

Lipid Quantification. Intramyocellular triacylglycerol (TAG)
was measured by a biochemical method in 1 mg of freeze-
dried and dissected TA muscle (32). Diacylglycerol (DAG)
isomers sn-1,2 and sn-1,3 content was analyzed in 1 mg
freeze-dried and dissected TA muscle by thin-layer chroma-
tography (33).

Metabolomics Analysis. Analysis was based on the prin-
ciples previously described (34). Additional details are
available in the Supplementary Data.

In Vivo Studies
An oral glucose tolerance test was carried out for in vivo
characterization of Adamts9fl/flHSA-Cre mice as previously

described (35), and hyperinsulinemic-euglycemic clamp
was based on principles previously described (36). Briefly,
basal and insulin-stimulated glucose metabolism was de-
termined in postabsorptive (overnight fasted 2200 h to
0900 h), body weight–matched anesthetized mice. Tissue-
specific glucose uptake was determined in hyperinsulinemic-
euglycemic state. In the basal period, the Adamts9fl/fl or
Adamts9fl/flHSA-Cre mice were infused with [3H]glucose for
60 min to attain steady-state levels of [3H]glucose in plasma
and to determine endogenous glucose production. In the
hyperinsulinemic-euglycemic clamp period, insulin was ad-
ministered intravenously by a primed dose and by continuous
(5 mU/kg/min) infusion to attain steady-state insulin levels
together with [3H]glucose for 90 min. A variable intravenous
infusion of a glucose solution was used to maintain eugly-
cemia as determined at 5-min intervals. For assessment of
insulin-mediated glucose uptake in individual tissues,
2-deoxy-D-[14C]glucose was administered as a bolus 30 min
before the end of the experiment. Additional details are
available in the Supplementary Data.

Statistical Analyses
Statistical significance was determined using GraphPad
Prism 6 and 7 software by two-sided paired or unpaired
one- or two-way ANOVA or Student t test as indicated.
P, 0.05 was considered significant. The Prism outlier test
was used to detect statistically significant outliers.

RESULTS

ADAMTS9 rs4607103 C Allele Is Associated With
Decreased Insulin Sensitivity and Increased ADAMTS9
Expression Levels in Skeletal Muscle of Humans
We combined previously published (5,18,19,22) and current
data estimating insulin sensitivity from a hyperinsulinemic-
euglycemic clamp with the insulin sensitivity index from
a frequently sampled intravenous glucose tolerance test
in a meta-analysis of 2,623 individuals of European origin.
We found a significant association between the rs4607103 C
allele and decreased insulin sensitivity (Fig. 1A).

ADAMTS9 is known to be highly expressed in human
skeletal muscle (6), and we therefore investigated and
found that the rs4607103 C risk allele is associated
with higher ADAMTS9 expression in human skeletal mus-
cle compared with the protective T allele in individuals
without diabetes (Fig. 1B and Supplementary Table 1). In
skeletal muscle from twins without diabetes (Supplemen-
tary Table 2 and Supplementary Fig. 3), the C risk allele was
associated with significantly lower Akt T308 phosphory-
lation (Fig. 1C and Supplementary Table 3) and a trend
toward lower glycogen synthase activity (Fig. 1D and
Supplementary Table 3).

Muscle-Specific Adamts9 KO Mice Have Increased
Insulin Sensitivity
To investigate the role of ADAMTS9 in glucose homeo-
stasis in vivo, we developed Adamts9fl/fl HSA-Cre (muscle-
specific Adamts9 KO mice) because whole-body Adamts9
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KOmice die at the onset of gastrulation (37). LacZ reporter
under the control of the Adamts9 promoter identified
expression in skeletal muscles and endothelial cells (23)
(Fig. 2A). Because of the high expression of Adamts9 in

endothelial cells, a complete deletion of Adamts9 in muscle
tissue was not possible (Fig. 2B). On chow diet (0 weeks of
high-fat, high sucrose [HFHS] diet), no significant differ-
ences were observed between muscle-specific Adamts9 KO
mice and their WT littermates with regard to body weight
and body composition (Fig. 2C–E) or glucose metabolism
and insulin secretion (Supplementary Fig. 1A and B).
Feeding with an HFHS diet for 22 weeks did not signif-
icantly change body weight or composition between the
two groups (Fig. 2C–E). The muscle-specific Adamts9 KO
mice, however, did have significantly lower fasting plasma
insulin levels than their littermate controls without af-
fecting plasma glucose (Fig. 2F and G), suggesting that
muscle-specific Adamts9 KO mice are more insulin sensi-
tive than their littermate controls. Insulin sensitivity,
therefore, was examined by a hyperinsulinemic-euglycemic
clamp. Muscle-specific Adamts9 KO mice had a higher
glucose infusion rate (GIR) (Fig. 2H and I), supporting
the hypothesis of improved insulin sensitivity in mice
lacking Adamts9 in skeletal muscle. The increased GIR
was due to an elevated whole-body Rd, whereas the en-
dogenous glucose production was unaltered between gen-
otypes, suggesting the effect to be independent of the liver
(Fig. 2J and K). We also observed an increased glucose
uptake in gastrocnemius skeletal muscle of muscle-specific
Adamts9 KO mice compared with littermate controls (Fig.
2L). Thus, the data from muscle-specific Adamts9 KO mice
are in line with data from humans showing that elevated
levels of ADAMTS9 may contribute to modulation of
insulin sensitivity in skeletal muscle.

ADAMTS9 Overexpression in Mouse Skeletal Muscle
Attenuates Insulin Signaling
To understand the molecular determinant for the altered
glucose homeostasis and to imitate the human condition in
carriers of the rs4607103 C risk allele, we overexpressed
ADAMTS9 in mouse TA muscle by gene electrotransfer in
a paired setup with an empty vector control (Supplemen-
tary Fig. 2A). This model is more suitable than a regular
knock-in model because the specific single nucleotide poly-
morphism is not located in the coding region of the
ADAMTS9 gene. Activity of the overexpressed ADAMTS9
was assessed by the capacity to cleave the substrate
versican (Supplementary Fig. 2B), since no specific anti-
body is described for ADAMTS9. Seven days after electro-
poration, we challenged the mice with a high dose of
insulin and analyzed muscles 5 and 25 min after insulin
injection. We observed a general attenuation of the insulin
signaling pathway in muscles overexpressing ADAMTS9
under both basal and insulin-stimulated conditions. Both
the protein level of the insulin receptor (IR) and the
phosphorylation state of IR Y1150/1151 and IRS1 Y612
were decreased upon ADAMTS9 overexpression, indepen-
dent of insulin (Fig. 3A and Supplementary Fig. 2C). The
effect on IR seemed to be due to a decrease in the gene
expression (Supplementary Fig. 3D). In addition, we found
phosphorylation of Akt T308 and S473 relative to total

Figure 1—ADAMTS9 rs4607103 is associated with decreased in-
sulin sensitivity, differential ADAMTS9 expression, and insulin sig-
naling. A: Meta-analysis of estimates of insulin sensitivity (fixed-
effects model: b = 20.080 standard deviation [95% CI 20.14
to 20.020]; P = 0.0090). B: ADAMTS9 mRNA expression by quan-
titative PCR in the Danish Family Study (first-degree relatives of
patients with type 2 diabetes) divided by genotype (CC n = 45, CT n =
31, TT n = 4; P = 0.008). C and D: C allele = rs4607103 risk allele;
T allele = other allele. Danish nondiabetic twin cohort divided into
genotypes (CC n = 108, CT n = 67, TT n = 7) after insulin stimulation.
Akt Thr308 phosphorylation (P = 0.04) (C) and glycogen synthase
(GS) activity (P = 0.06) (D) are shown. A mixed linear model was used
assuming an additive genetic effect. P values are adjusted for sex,
age, BMI, and family relationship. See also Supplementary Tables
1–3. A.U., arbitrary units; IVGTT, intravenous glucose tolerance test.
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Figure 2—Muscle-specific Adamts9 KO mice have increased insulin sensitivity. A: b-Galactosidase staining (blue) of Adamts9lacZ/+ mouse
skeletal muscle with laminin immunostaining (red). The arrow indicates a blood vessel. B: PCR verification of Adamts9fl/fl HSA-Cre mouse
skeletal muscle cDNA (357-base pair [bp] band = floxed region is deleted; 704-bp band = full-length region). Dividing lines have been used in
representative blots. C–L: Metabolic measurements and hyperinsulinemic-euglycemic clamp on Adamts9fl/fl and Adamts9fl/fl HSA-Cre
(muscle-specific Adamts9 KO) mice on an HFHS diet. Body weight (C ), percent fat (fat %) (D), and percent lean (lean%) (E) are shown for the
22-week period of the HFHS diet from 15 weeks of age (n = 12 for Adamts9fl/fl until week 16 [thereafter, n = 11], n = 10 for Adamts9fl/fl HSA-
Cre). Four-hour fasting blood glucose (n = 11 forAdamts9fl/fl, n = 10 forAdamts9fl/flHSA-Cre) (F) and plasma insulin (n = 10 forAdamts9fl/fl, n =
8 forAdamts9fl/flHSA-Cre) (G) are shown after 22weeks on theHFHSdiet at 37weeks of age.H–L: Measures of hyperinsulinemic-euglycemic
clamp after 22 weeks on the HFHS diet at 37 weeks of age (n = 4 in each group) including blood glucose (H), GIR (I), endogenous glucose
production (EndoRa) (J), whole-body Rd during the clamp (K), and glucose uptake into gastrocnemius (Gast.) skeletal muscle (L). Data are
mean 6 SD. Statistical significance was determined using Student t test (F, G, I, and L) or two-way ANOVA with Sidak test for multiple
comparisons (J and K). *P , 0.05 for effect of Adamts9fl/fl vs. Adamts9fl/fl HSA-Cre.
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Figure 3—ADAMTS9 overexpression in mouse skeletal muscle decreases insulin (ins) signaling dependent on catalytic activity. A–C: Mice
overexpressing ADAMTS9 or control plasmid in TA muscles were stimulated with either saline (basal) or 0.5 units/kg insulin for 25 min at
10 weeks of age. TA muscles were isolated and used for Western blot analyses (A and C: n = 12 for each group; B: saline samples for both
groups n = 10; ins samples for both groups n = 12; results replicated twice and then pooled). Statistical significance was determined using
paired two-way ANOVAwith Sidak test for multiple comparisons. **P, 0.01 for effect of ADAMTS9 overexpression vs. control plasmid; #P,
0.05, ##P , 0.01 for main effect of ins vs. basal treatment. D: Schematic of ADAMTS9 and the location of the mutation to create mut-
ADAMTS9. Catalytic site at amino acids 434–444 (HELGHVFNMPHD in WT-ADAMTS9; HSLGHVFNMPHD in mut-ADAMTS9). E–G: TA
muscles overexpressing WT-ADAMTS9, mut-ADAMTS9, or control plasmid were used for Western blot analysis at 10 weeks of age (E: n =
14 for each group; F andG: n = 13 for WT-ADAMTS9 and control groups, n = 14 for mut-ADAMTS9; results replicated twice and then pooled).
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Akt levels to be decreased in muscles overexpressing
ADAMTS9 (Fig. 3B) as a result of upregulation of total
Akt levels (Supplementary Fig. 2E). To test how ADAMTS9
overexpression influenced the function of Akt, we deter-
mined the phosphorylation states of two downstream Akt
substrates, GSK-3b S9 and TBC1D4 T642, both of which
were decreased upon ADAMTS9 overexpression compared
with control at both basal and insulin-stimulated condi-
tions (Fig. 3C and Supplementary Fig. 2F). These data
suggest that the activity of Akt and other key enzymes in
the insulin signaling pathway is diminished in muscles
overexpressing ADAMTS9.

In view of the role of ADAMTS9 as an ECM-degrading
enzyme, we examined whether the observed effects on
insulin signaling are mediated through the catalytic activ-
ity of ADAMTS9. ADAMTS9 with a defective enzymatic
activity (mut-ADAMTS9) (Fig. 3D) was overexpressed in
mouse TA muscle in parallel with WT-ADAMTS9 and
control plasmid. Of note, the mut-ADAMTS9 reached
a higher protein level than the WT-ADAMTS9 potentially
because of autocatalytic loss of WT-ADAMTS9, a known
phenomenon in ADAMTS proteases (38) (Fig. 3E). The
catalytic activity of the mut-ADAMTS9 was not completely
abolished, as cleavage of the known ADAMTS9 substrate
versican (DPEAAE-neoepitope) was only partly reduced
compared with WT-ADAMTS9 (Fig. 3F), which also may
result from coincident expression of other versican-
degrading ADAMTS proteases (39). Despite higher levels
of mut-ADAMTS9, the impairment of the insulin signaling
pathway was not as pronounced as for WT-ADAMTS9 (Fig.
3G and Supplementary Fig. 2G and H). These results
suggest, therefore, that the catalytic activity and, conse-
quently, the cleavage of substrates in the ECM are at least
partly responsible for the observed effects of ADAMTS9 on
insulin signaling.

ADAMTS9 Overexpression in Mouse Skeletal Muscle
Alters Integrin Signaling and Modulates the
Cytoskeleton and Capillary Density
Because ECM is communicating with the cell through
integrin receptors, we investigated whether integrin sig-
naling was altered by ADAMTS9 overexpression. The
integrin b1 receptor was strongly upregulated when over-
expressing WT-ADAMTS9 (Fig. 4A), possibly to compen-
sate for the decreased ECM attachment upon cleavage by
ADAMTS9 (40). This effect was completely abolished when
the catalytically defective mut-ADAMTS9 was expressed.
The overall levels of the downstream pseudokinase ILK
and the adaptor protein PINCH were increased, whereas
the activity of the downstream integrin signaling kinase

FAK was decreased when measured by Y397 FAK phos-
phorylation (Fig. 4B). Both ILK and FAK have been shown
previously to modulate vascularization; therefore, we mea-
sured the endothelial marker caveolin (41). Indeed, over-
expression of ADAMTS9 in mouse TA muscle was found to
decrease the level of caveolin (Fig. 4C), indicating a de-
creased capillary density.

Integrin receptor signaling modulates the cytoskeleton,
which is the network supporting and organizing vesicles
and organelles inside the cell. The mRNA expression level
of desmin and myosin heavy chain 2 (MYH2), two con-
stituents of the cytoskeleton in skeletal muscle, were
downregulated when overexpressing WT-ADAMTS9 (Fig.
4D). Overall, overexpression of mut-ADAMTS9 induced
a less pronounced phenotype than overexpression of the
WT-ADAMTS9 in accordance with our previously obtained
results. Desmin is an intermediate filament that plays an
important role in the maintenance of cellular integrity of
muscles, including organization of mitochondria. In both
human diseases and mouse models, desmin deficiency
negatively affects mitochondrial function (42). Therefore,
we investigated whether mitochondrial function was al-
tered after ADAMTS9 overexpression.

Overexpression of ADAMTS9 Decreases Mitochondrial
Function and Content
Mitochondrial respiration analyses showed that muscle
overexpressing ADAMTS9 had a generally lower respira-
tion than controls after adding substrates, which activates
complex I (CI), CII, and CIV (Fig. 5A and Supplementary
Fig. 3A), independent of normalization to citrate synthase
activity (Fig. 5). Reduced mitochondrial respiration may be
explained by lower mitochondrial content. Indeed, we
found that muscle overexpressing WT-ADAMTS9 had
lower levels of the four mitochondrial complexes (CI–
CIV) and the ATP synthase at both mRNA and protein
levels (Fig. 5B and Supplementary Fig 3B and C) and
diminished mitochondrial density as measured by citrate
synthase activity and the ratio between mitochondrial
DNA and nDNA (Fig. 5C and Supplementary Fig. 3D).
Furthermore, expression levels of genes involved in mito-
chondrial biogenesis, including PGC-1a, PGC-1b, and
TFAM, and genes involved in fission/fusion events, in-
cludingMfn2 and Dnm1l, were decreased after ADAMTS9
overexpression (Fig. 5D and Supplementary Fig. 3E). In
addition, the mitochondrial network was more fragmented
in muscle overexpressing ADAMTS9 compared with con-
trol muscle (Supplementary Fig. 3F). This effect was partly
reverted by use of the catalytically impaired mut-
ADAMTS9 (Fig. 5E). The catalytic activity of ADAMTS9

E: The expression level of ADAMTS9 was estimated on the basis of a c-Myc tag on the WT-ADAMTS9 construct and the mut-ADAMTS9,
whereas empty vector–transfectedmuscles reflect the background level. Statistical significancewas determined using one-way ANOVAwith
Tukey test for multiple comparisons. *P, 0.05, **P, 0.01 for genotype effect (WT-ADAMTS9 vs. mut-ADAMTS9 vs. control). A.U., arbitrary
units.
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seemed to be responsible for the decreased mitochondrial
density because the level of PGC-1a and the protein levels
of the mitochondrial complexes were partly rescued by the
catalytically defective mut-ADAMTS9 (Fig. 5F and G and
Supplementary Fig. 3A and C–E). The impaired mitochon-
drial biogenesis and dynamics may explain the lower
density and the more-fragmented mitochondria observed
when overexpressing ADAMTS9. Taken together, these
results suggest that ADAMTS9 overexpression in skeletal
muscle impairs mitochondrial function by disturbing mi-
tochondrial respiration, biogenesis, and dynamics.

In human skeletal muscle from the Danish nondia-
betic twin cohort, the C risk allele also was associated
with decreased expression of mitochondrial electron
transport complex subunits (Supplementary Table 3).
Both CI and CIII subunits were significantly decreased
(Fig. 5H and I and Supplementary Table 3). Further-
more, individuals carrying the C risk allele displayed
decreased expression of the mitochondrial biogenesis
enzyme PGC-1a (Fig. 5J and Supplementary Table 3).
Altogether, the human data indicate that the rs4607103
C risk allele is associated with impaired insulin sensitiv-
ity and decreased expression of mitochondrial oxida-
tive phosphorylation genes and PGC-1a in skeletal
muscle.

ADAMTS9 Overexpression in Skeletal Muscle Alters
the Metabolic Status
Untargeted metabolic characterization was performed on
mouse skeletal muscle overexpressing ADAMTS9 or con-
trol plasmid to understand the impact of decreased mito-
chondrial function on metabolic alterations in glucose and
lipid metabolism (Supplementary Fig. 4A and B). ATP
levels were lower, whereas AMP levels were significantly
higher, in skeletal muscle overexpressing ADAMTS9 com-
pared with control plasmid (Fig. 6A), suggesting an energy-
deficient state. In accordance with the high AMP/ATP
ratio, phosphorylation level of Thr172 AMPK was in-
creased (Fig. 6B and Supplementary Fig. 4C), and the
internal stores of muscle glycogen were reduced (Fig. 6C).

Increased activity of pyruvate dehydrogenase, as in-
dicated by decreased S293 phosphorylation (Fig. 6D), as
well as decreased levels of phosphorylated hexose (Fig. 6E),
suggest an increased rate of glycolysis. However, the
pyruvate produced through glycolysis did not cause accu-
mulation of lactate in ADAMTS9-overexpressing muscle
(Supplementary Fig. 4D), potentially as a result of en-
hanced transport of lactate out of the cell, as MCT1 and

Figure 4—ADAMTS9 overexpression modulates integrin signaling,
cytoskeletal proteins, and capillary density. A, B, and D: Mouse TA
muscles overexpressing WT-ADAMTS9, mut-ADAMTS9, or control
plasmid were isolated at 10 weeks of age and used for Western blot
analyses (n = 13 for WT-ADAMTS9 and control groups [n = 11 for
control group for PINCH], n = 14 for mut-ADAMTS9; results repli-
cated twice and then pooled) (A and B) and mRNA expression levels
of desmin2 and MYH2 normalized to TBP (desmin2: n = 8 for all
groups; MYH2: n = 8 for control, n = 7 for WT-ADAMTS9 and

mut-ADAMTS9) (D). C: Mouse TA muscles overexpressing
ADAMTS9 or control plasmid were isolated at 10 weeks of age and
used for Western blot analysis (n = 12 for each group). Statistical
significance was determined using one-way ANOVA with Tukey test
for multiple comparisons (A, B, and D) or paired Student t test (C).
*P , 0.05, **P , 0.01 for genotype effect. A.U., arbitrary units.
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Figure 5—High ADAMTS9 expression induces mitochondrial changes in mouse and human skeletal muscles. A–D: Mouse TA muscles
overexpressing ADAMTS9 or control plasmid were isolated at 10 weeks of age and used for the following. A: Mitochondrial respiration (four
replicates for each muscle, n = 9 for each group) normalized to citrate synthase (CS) activity. B: Western blot analysis (CI–CIV: n = 12 for each
group; ATP synthase: n = 11 for each group; results replicated twice and pooled). C: Mitochondrial density determined by CS activity
measurements and mitochondrial DNA (mtDNA) normalized to nDNA (n = 8 for each group). D: mRNA expression levels normalized to TBP
(n = 8 for each group). E–G: Mouse TAmuscles overexpressingWT-ADAMTS9,mut-ADAMTS9, or control plasmid. E: Immunohistochemistry
(representative pictures [n = 2] double stained for myc-tag [ADAMTS9] [red] and mitochondrial CIV [green]; nuclei visualized using Hoechst
stain [blue]). F and G: Western blot analysis (n = 13 for WT-ADAMTS9 and control, n = 14 for mut-ADAMTS9; results replicated twice and
pooled). Statistical significance was determined using paired two-way ANOVA with Sidak test for multiple comparisons with repeated
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MCT4mRNA expression levels were increased (Fig. 6F). Of
note, mRNA expression levels of the fatty acid oxidation
proteins Acadm, Acadl, and Acadvlwere reduced, suggesting
that the capacity for fatty acid oxidation was downregu-
lated in muscles overexpressing ADAMTS9 (Fig. 6G). Lipid
accumulation in muscle as TAG was not affected by the
presence of ADAMTS9 overexpression (Fig. 6H). The
untargeted metabolomics analysis revealed that DAGs
generally were increased. Because it has been shown in
both mouse and human skeletal muscle that not all the
various isomers of DAG influence insulin signaling (33,43),
we studied these isomeric forms. We found the sn-1,2
isomer of DAG, which is known to inhibit insulin signaling
through activation of protein kinase C (44), to be increased
(Fig. 6I). In addition, it has been suggested that the
accumulation of glycerophospholipids is important for
the development of insulin resistance in skeletal muscle
(45). We observed an increased level of phosphatidylcho-
line after ADAMTS9 overexpression (Fig. 6J). These data
suggest that the defects in mitochondrial respiration may
lead to reduced free fatty acid oxidation and thus accu-
mulation of lipid intermediates.

DISCUSSION

In the current study, we substantiate that the rs4607103 C
risk allele located 38 kilobases upstream of ADAMTS9 is
associated with insulin resistance and demonstrate that
carriers of the C risk allele have elevated ADAMTS9 ex-
pression in human skeletal muscle. Furthermore, we show
that the C risk allele is associated with decreased insulin
signaling and mitochondrial gene expression in human
skeletal muscle tissue, which may explain the observed
impairment in insulin sensitivity. These findings suggest
that ADAMTS9 is the gene responsible for the observed
effect of the rs4607103 C risk allele in humans.

To evaluate the impact of ADAMTS9 on glucose ho-
meostasis, we developed skeletal muscle–specific Adamts9
KO mice. These mice were able to maintain similar plasma
glucose levels as littermate controls with a significantly
lower plasma insulin level, indicating improved insulin
sensitivity. Furthermore, the enhanced insulin sensitivity
in the muscle-specific Adamts9 KO mice was substantiated
by increased GIR and whole-body Rd as measured by
hyperinsulinemic-euglycemic clamp in these mice. Collec-
tively, these results indicate that KO of Adamts9 specifi-
cally in skeletal muscle increases insulin sensitivity.

Overexpression of ADAMTS9 in TA muscle showed that
ADAMTS9 negatively regulated the insulin signaling cas-
cade, capillary density, cytoskeletal organization, and mi-
tochondrial function in mouse skeletal muscle and resulted

in accumulation of lipid intermediates, potentially caused
by the defective mitochondrial function (46). Results from
mice overexpressing ADAMTS9 further suggested that
regulation of insulin sensitivity and insulin signaling
was achieved through cleavage of ECM molecules and
subsequent modulation of integrin receptor signaling.

The demonstration that ADAMTS9-mediated proteol-
ysis of ECM components induce changes in muscle-specific
insulin sensitivity is in line with other observations
(8,10,11,14,16,17,47). However, the mechanistic link be-
tween altered integrin receptor signaling and insulin sig-
naling remains to be established. Increased levels of ILK in
ADAMTS9-overexpressing muscles may partially explain
the observed attenuation of the insulin response, as it has
recently been demonstrated that HFD-treated muscle-
specific ILK KO mice have improved insulin sensitivity
compared with control mice together with an increased
capillary density (16). Similarly, FAK has been shown both
in vitro and in vivo to regulate insulin sensitivity and the
levels of mitochondria complexes in skeletal muscles
(14,15,48). Furthermore, depletion of FAK has been shown
to decrease angiogenesis (49).

The link between altered integrin receptor activity and
impaired insulin sensitivity as well as mitochondrial func-
tion could potentially be explained by modulation of the
cytoskeleton. Integrin receptor activity regulates the cy-
toskeleton, and cytoskeleton proteins, such as desmin,
have been shown to be important for mitochondrial in-
tegrity and function (15,50). We found that in mice,
ADAMTS9 overexpression decreases expression levels of
desmin, which may suggest that ADAMTS9 regulates in-
sulin signaling and mitochondrial function through cyto-
skeleton modulations.

In conclusion, the current study provides evidence that
ADAMTS9 is the responsible gene for the association
between the rs4607103 C allele and insulin resistance in
humans. Human skeletal muscle from individuals carrying
the C risk allele displays both decreased insulin signaling
and increased expression levels of ADAMTS9. Importantly,
results from KO and overexpression of Adamts9 in mouse
skeletal muscle indicate that ADAMTS9 can regulate skel-
etal muscle insulin sensitivity. We identified possible
molecular pathways that link ADAMTS9 to insulin signal-
ing and propose a potential working mechanism (Fig. 6K).
The data suggest a model in which a higher expression level
of ADAMTS9 in skeletal muscle alters integrin signaling
through proteolysis of the ECM, leading to decreased
capillary density and insulin signaling as well as disturbed
cytoskeleton organization. The disturbed cytoskeleton
affects the mitochondria negatively, leading to decreased

measures (A), paired Student t test (B–D), or one-way ANOVA with Tukey test for multiple comparisons (F and G). Scatter plot data are
mean 6 SD. *P , 0.05, **P , 0.01 for genotype effect. H–J: C allele = rs4607103 risk allele; T allele = other allele. Danish nondiabetic twin
cohort divided into genotypes (CC n = 92, CT n = 58, or TT n = 6). CI subunit NDUFB6 (basal level; P = 0.03) (H), CIII subunit UQCRB (insulin
stimulation; P = 0.01) (I), and PGC-1a (insulin stimulation; P = 0.02) (J). A mixed linear model was used, assuming an additive genetic effect.
P values adjusted for sex, age, BMI, and family relationship. A.U., arbitrary units.
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Figure 6—ADAMTS9 overexpression alters the metabolic status of muscles. A, E, and J: Mouse TA muscles overexpressing ADAMTS9 or
control plasmid were isolated at 10 weeks of age and used for metabolomic analysis (n = 8 for each group) as follows: AMP and ATP (A),
phosphorylated hexoses (E), and phosphatidylcholine (0:0/0:2 or 0:2/0:0) (J). B and D: Western blot analyses (n = 12 for each group; results
replicated twice and then pooled). C: Glycogen measurements (n = 16 for each group). F and G: mRNA expression normalized to TBP (n =
8 for each group). H: Intramuscular TAG analysis (n = 12 for each group). I: DAG isomers sn-1,2 and sn-1,3 (n = 12 for each group, except for
n = 11 for control sn-1,2 DAG). Statistical significance was determined using paired Student t test. Scatter plot data are mean 6 SD. *P ,
0.05, **P , 0.01 for effect of ADAMTS9 overexpression vs. control plasmid. Dividing lines have been used in some representative plots. K:
Proposed mechanism for how high ADAMTS9 expression induces insulin resistance. See DISCUSSION for details. A.U., arbitrary units.
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oxidation of substrates and accumulation of lipids. Accu-
mulation of lipid, disturbance of insulin signaling, and
decreased capillary density together promote insulin
resistance (Fig. 6K). Finally, we suggest that ADAMTS9
blockers may provide a novel therapeutic approach to
treat type 2 diabetes–associated insulin resistance.
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