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Chronic inflammation may contribute to insulin (1,2). In humans, insulin resistance is typically associated
resistance (IR) via molecular cross-talk between with impairments in multiple metabolic processes:
pathways for pro-inflammatory and insulin signaling. insulin-stimulated glucose uptake in skeletal muscle and
Interleukin 1 receptor associated kinase 1 (IRAK1) fat cells, antilipolysis in adipose tissue, and suppression
mediates pro-inflammatory signaling via IL-1 of gluconeogenesis in liver (3-7). Studies have revealed
receptor/Toll-like receptors, which may contribute to many mechanisms that can induce insulin resistance.
insulin resistance, but this hypothesis is untested. These include pro-inflammatory signaling pathways in
Here, we used male Irakl null (k/o) mice to investigate cells (8-11), animals (12,13), and humans (14-16). Insulin
the metabolic role of IRAK1. C57BL/6 wild-type (WT) regulates energy metabolism through a well-defined
and k/o mice had comparable body weights on low-fat signaling pathway. As a consequence of binding to the
and high-fat diets (LFD and HFD, respectively). After insulin receptor (IR), insulin activates the receptor’s
12 weeks on LFD (but not HFD), k/o mice (vs. WT) had intrinsic tyrosine kinase, which in turn catalyzes
substantially improved glucose tolerance [assessed by phosphorylation of intracellular substrates including
the intraperitoneal glucose tolerance test (IPGTT)]. As insulin receptor substrate (IRS) proteins (17-19).
assessed with the hyperinsulinemic-euglycemic glucose Phosphotyrosine residues in IRS-proteins provide
clamp technique, insulin sensitivity was 30% higher in docking sites for SH2 domain-containing signaling
the Irakl k/o mice on chow diet, but the Irakl deletion molecules including PI3K (20-22) and Grb-2/mSOS, (20)
did not affect IPGTT outcomes in mice on HFD, leading to activation of PI3K and MAPK pathways. Lipid
suggesting that the deletion did not overcome the products of PI3K activate PDK-1, which triggers
impact of obesity on glucose tolerance. Moreover, phosphorylation and activation of downstream serine
insulin-stimulated glucose-disposal rates were higher kinases including Akt and PKC-{, enzymes with critical
in the k/o mice, but we detected no significant rolesin mediating the metabolic actions of insulin (19,23).
difference in hepatic glucose production rates (x Proinflammatory cytokines including IL-1, and free fatty
insulin  infusion).  Positron  emission/computed acids (FFA), activate innate immune signaling to NF-xB
tomography scans indicated higher insulin-stimulated via IL-1- and Toll-like receptors, which may impair
glucose uptake in muscle, but not liver, in Irakl k/o insulin action in metabolic target tissues (24-26). This is
mice in  vivo. Moreover, insulin-stimulated mediated, in part, through serine phosphorylation of
phosphorylation of Akt was higher in muscle, but not insulin receptor substrate-1 (IRS-1) by IKKp, JNK, and
in liver, from Irakl k/o mice ex vivo. In conclusion, IRAK-1, which impairs insulin signaling, thereby
Irakl deletion improved muscle insulin sensitivity, inducing insulin resistance (11,16,27-33). Understanding
with the effect being most apparent in LFD mice. the detailed mechanisms of this cross-talk between pro-

Insulin resistance is defined as decreased sensitivity or inflammatory signaling pathways and insulin signaling
impaired responsiveness to metabolic actions of insulin pathways may help to improve the diagnosis of

1

Copyright 2017 by The American Society for Biochemistry and Molecular Biology, Inc.

/T0Z ‘9T AInr uo 159nb Ag /610°2q ' mammy/:dny woly pspeojumod


http://www.jbc.org/cgi/doi/10.1074/jbc.M117.779108
http://www.jbc.org/

prediabetic states, and also suggest new strategies to treat
obesity and diabetes.

IRAK-1 is homologous to Pelle in Drosophila (34) and
a key signaling molecule in mediating the inflammatory
responses to IL-1-R and TLR. IL-1-R and Toll-like
receptors interact with MyD88 to activate IRAK-4 which
phosphorylates and activates IRAK-1 (26). Downstream
from IRAK-1, TRAF6 interacts with TAK1 to activate the
IKK complex leading to phosphorylation of IxBa that
then dissociates from NF-xB (35,36). NF-«xB enters the
nucleus to promote transcription of many pro-
inflammatory genes including interferons and cytokines,
such as IL-1 and TNF-a (37-39). IL-1, TLR-2/-4 receptor
ligands (e.g., FFA) and TNF-o may cause insulin
resistance in metabolic targets via IRS-1 serine
phosphorylation catalyzed by IKKp, IRAK-1, and other
innate immune kinases (28,40-44). Inhibiting KK
reduces serine phosphorylation of IRS-1, which in turn
ameliorates insulin resistance due to obesity or high fat
diet (16,32,45-47). High activity genetic variants in the
human IRAK1 gene are associated with higher circulating
C-reactive protein (a biomarker for heart disease risk and
possibly diabetes) (48). IRAK-1 phosphorylate IRS-1 at
Ser?*, which impairs binding of IRS-1 to PI3K, thereby
impairing metabolic actions of insulin including insulin-
stimulated translocation of GLUT4 (28). Interestingly,
IRS-2 does not have a corresponding IRAK-1
phosphorylation site (27). Thus, IRAK-1 is not predicted
to alter IRS-2 function. While IRAK-1 may impair
metabolic actions of insulin primarily in cells (e.g.,
muscle) where IRS-1 is the predominant insulin signaling
molecule downstream from the insulin receptor, the role
of IRAK-1 might be less important in cells such as
hepatocytes where IRS-2 plays the major role in
mediating insulin actions (49-52).

In this study, we investigated the role of IRAK-1 in
regulating glucose metabolism using Irakl null mice. We
showed that Irakl null mice on low fat diet (but not on
high fat diet that induces obesity, insulin resistance and
glucose intolerance) have improved glucose tolerance
likely mediated by increased insulin sensitivity in skeletal
muscle but not in liver. In the context of precision
medicine, these data suggest that low IRAK-1 activity in
skeletal muscle may have predictive value to identify a
subset of insulin resistant individuals most likely to obtain
metabolic benefit from other therapeutic and lifestyle
interventions that improve insulin sensitivity.

RESULTS

Irakl k/o mice display improved glucose tolerance
on low fat, but not on high fat diet - To investigate
whether IRAK-1 deficiency alters glucose metabolism,
we studied mice fed for 14 weeks with either low fat
(LFD, 10% kcal from fat) or high fat diet (HFD, 60% kcal
from fat). As expected, wild type mice fed with high fat
diet had higher caloric intake (Fig. S1B and S1D) and also
exhibited significantly higher body weight (Fig. S1A and
S1C). While k/o mice ate slightly less food than WT mice

on either diet (4.6% less on LFD and 8.9% less on HFD),
there were no significant differences in body weight
between Irakl k/o and WT littermates on either diet (Fig.
S1A and S1C). These observations suggest that Irakl k/o
mice may have lower energy expenditure than WT
littermates.

To investigate whether IRAK-1 deficiency altered
glucose metabolism, we performed IPGTTs at baseline
and also after 12 weeks of either HFD or LFD. There was
no significant difference in baseline IPGTTs on normal
chow diet between WT and k/o mice (data not shown). As
expected, HFD induced glucose intolerance in both WT
and k/o mice (Fig. 1C and 1D). Furthermore, there was no
significant difference between WT and k/o mice with
respect to IPGTTs on the HFD which induced obesity. By
contrast, k/o mice had significantly enhanced glucose
tolerance when fed a LFD (Fig. 1A and 1B). Therefore,
although IRAK-1 deficiency improved glucose tolerance
in mice fed with a LFD, it did not protect mice from HFD-
induced obesity and impairment in glucose tolerance.

To investigate whether IRAK-1 deficiency affected
insulin sensitivity, we performed insulin tolerance tests
(ITT). Based on studies with tissue selective insulin
receptor knockout mice, the ITT is primarily a reflection
of insulin sensitivity in the liver rather than muscle
(49,50). As expected, as judged by responses to ITT, both
k/o and WT mice were less insulin sensitive when studied
on HFD as compared to LFD (Figs. S2A — S2D).
However, there were no significant differences between
Irakl k/o mice and wild type littermates when compared
with each other on either the HFD or the LFD (Figs. S2A
- D). As demonstrated previously in studies with tissue-
specific knockouts, deletion of insulin receptors in the
liver (but not in muscle) impair the ability of insulin to
lower plasma glucose levels (49,50). Thus, the ITT
reflects primarily hepatic insulin sensitivity. Taken
together, these data suggest that deletion of Irakl did not
protect mice from HFD-induced hepatic insulin resistance
characteristic of obesity.

Irakl k/o mouse displayed improved insulin
sensitivity, and lowered markers of endothelial
dysfunction and insulin resistance - While ITTs reflect
primarily hepatic insulin sensitivity, hyperinsulinemic
euglycemic glucose clamp studies are the reference
standard for in vivo measurement of insulin sensitivity in
extrahepatic tissues including skeletal muscle and fat
(1,53,54). Since we did not detect effects of Irakl deletion
in mice fed a HFD, we conducted clamp studies in mice
fed a normal chow diet. Average glucose was clamped at
a steady-state level of 125 mg/dL by adjusting the glucose
infusion rate (GIR) appropriately. Irak1 k/o mice required
significantly higher glucose infusion rates when compared
with WT littermates to maintain steady-state blood
glucose levels (Fig. 2A - 2B). After normalization for
body weight (Fig. 2C) and steady-state blood glucose
levels, we calculated an Insulin Sensitivity Index (ISI =
GIR/steady-state glucose) (Fig. 2D). The ISI was higher
for Irakl k/o mice than for their WT littermates when fed
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with a normal chow diet. Thus, deletion of Irakl improved
insulin sensitivity in extrahepatic tissues under these
conditions (Fig. 2).

IRAK-1 is a key signaling molecule in TLR/IL1-
R/TNFo-R mediated inflammatory responses and may
contribute to the pathogenesis of chronic inflammation-
associated insulin resistance. To explore this issue, we
measured insulin resistance, cardiometabolic and
inflammation biomarkers in mice fed for 14 weeks with a
LFD and HFD. Fasting (5 h) plasma glucose was
significantly lowered in Irakl k/o mice as compared with
wild type mice fed with LFD (Fig. 3B). Although fasting
plasma insulin concentration tended to be lower in Irakl
k/o mice, this did not reach statistical significance (Fig
3A). Nevertheless, QUICKI, a fasting surrogate index for
insulin sensitivity (55,56), was significantly higher (Fig.
3C), suggesting an improvement of insulin sensitivity for
k/o mice when compared with wild type littermates. There
was no difference in adiponectin levels between k/o and
wild type littermates (Fig. 3D). ET-1 is a potent
vasoconstrictor and a biomarker for endothelial
dysfunction associated with insulin resistance (59-61).
Interestingly, deletion of Irakl led to lowered ET-1 levels
(Fig. 3E) suggesting an improvement in endothelial
function in Irakl k/o mice consistent with a role for
inflammation in endothelial dysfunction related to insulin
resistance. TNF-a is a biomarker for inflammation, and is
reported to be associated with insulin resistance (57,58).
Plasma levels of TNF-a in our experiments were too low
to obtain reliable data with our immunoassay although
there was a trend toward decreased levels of TNF-a in k/o
mice as compared to WT mice (data not shown),
consistent with attenuation of chronic inflammation.

As expected, when compared with low fat diet, high
fat diet mice showed higher insulin resistance markers
including fasting insulin (Fig. 3G), glucose (Fig. 3H), ET-
1 (Fig. 3K), and lower adiponectin (Fig. 3J) and QUICKI
(Fig. 3I). This confirmed that 14 weeks of high fat diet
induced obesity (Fig S1, C and D) and insulin resistance.
However, we did not observe a significant difference in
ET-1 (Fig. 3K) between WT and k/o as was seen in the
low fat diet study (Fig. 3E). Adiponectin (Fig. 3J) and
CRP (Fig. 3L) also showed no difference between WT and
k/o mice. Of note, we observed lower plasma insulin
levels in k/o mice (Fig. 3G), and, as a result, higher
QUICKI (Fig. 3l). These data are consistent with the
conclusion that the k/o were more insulin sensitive than
WT mice.

Improved insulin sensitivity in Irakl k/o mice may
be caused specifically by increased glucose uptake in
skeletal muscle - To assess contributions of specific
tissues to improvement in glucose metabolism in vivo, we
conducted ¥F-FDG PET/CT scans to investigate insulin-
stimulated !8F-FDG bio-distribution in three insulin
sensitive target tissues: hind limb muscle, abdominal
subcutaneous white adipose tissue, and liver (Fig.S3). We
did not observe higher 8F-FDG uptake in the liver post
insulin injection in either Irakl k/o or wild type mice (Fig.
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4A - 4B). This suggests that altered liver glucose
metabolism did not account for improved insulin
sensitivity observed in Irakl k/o mice. By contrast, in
skeletal muscle, *®F-FDG uptake was significantly higher
in k/o mice when compared with wild type littermates.
This achieved statistical significance at 20-30 min (i.e.,
the delayed wash-out phase of ¥F-FDG), but not in the
vascular phase (i.e., the 0-10 min time frame) (Fig. 4A -
4B). These results demonstrated an important role of
IRAK-1 in skeletal muscle glucose uptake, and likely
underlies the increased insulin sensitivity observed in
Irakl k/o mice on LFD. White adipose tissue of the
abdomen also showed a trend toward delayed wash-out of
1BE-FDG after insulin injection in both types of animals,
but there was no difference between k/o and wild type
mice (Fig.4A - B). Thus, it is unlikely that adipose tissue
had an important direct role in mediating the beneficial
effect of IRAK-1 deficiency to improve insulin
sensitivity.

To further support these findings, we performed
hyperinsulinemic euglycemic glucose clamp studies with
[3-H°]-glucose tracer on Irakl k/o and WT littermates fed
with chow diets. The hyperinsulinemic euglycemic clamp
with [3-H®%]-glucose tracer is the reference standard
method for assessing insulin sensitivity in muscle, fat, and
liver (1,53,62). As expected, Irakl k/o mice required
significantly higher glucose infusion rate resulting in a
larger insulin sensitivity index (ISI) as compared to wild
type littermates (Fig. 5A and 5B). Glucose disposal rates
were comparable at the basal state, but significantly higher
in Irakl k/o mice during insulin infusion (Fig. 5C). When
hepatic glucose production was measured, there was no
significant difference between Irakl k/o mice and their
WT littermates in either the basal state or the insulin-
stimulated state (Fig. 5D). These data are consistent with
the PET/CT scan data showing improved insulin
sensitivity in skeletal muscle but not liver. This suggests
that improvement of insulin sensitivity in Irakl k/o mice
mainly occurs in muscle and/or adipose tissue when
compared with wild type mice.

IRAK-1 deficiency is associated with improved
intracellular insulin signaling in skeletal muscle and
adipose tissue, but not in liver - Cross-talk between the
pathways of inflammatory signaling and insulin signaling
is likely mediated, at least in part, by serine/threonine
phosphorylation of IRS-1, which attenuates insulin
signaling, thereby inducing insulin resistance (27). Based
on this hypothesis, IRAK-1 deficiency is predicted to
alleviate the negative impact of inflammation upon insulin
signaling and action. To evaluate this issue, we
investigated the effect of IRAK-1 deficiency on the
insulin signaling pathways in metabolic insulin target
tissues including skeletal muscle, adipose tissue, and liver.
First, we measured and compared IRAK-1 protein levels
in these tissues from wild type mice (Fig. S4A).
Quantified by total proteins of tissue lysates, muscle
expressed higher IRAK-1 protein (100%) than liver (31%)
or fat (42%). Second, we measured IRAK-1 expression in
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these tissues of WT and k/o mice. As expected, IRAK-1
was markedly lower in all the tissues tested from Irak1 k/o
mice (Fig. S4B). There was a weak band in the Irakl k/o
muscle sample (Fig. S4B, top panel), but not in fat tissue
or liver (Fig. S4B, middle and lower panels). Although the
observed weak band in muscle immunoblots are likely
non-specific, we cannot entirely rule out the possibility
that there is less than complete knockout of IRAK-1 in
skeletal muscle.

As expected, insulin stimulation showed higher
phosphorylation of Akt in all three tissues.
Phosphorylation is a proxy for activation of the enzyme
by insulin in skeletal muscle, liver, and adipose tissue
(Fig. 6). Interestingly, IRAK-1 deficient skeletal muscle
showed  significantly  higher  insulin-stimulated
phosphorylation of Akt when compared with that of wild
type littermates (Fig. 6A — 6B). Whereas fat tissue isolated
from Irakl k/o mice showed a trend toward higher insulin
stimulated Akt kinase activity, this did not reach statistical
significance (Fig. 6E — 6F). By contrast, liver from Irakl
k/o mice did not show any difference in insulin stimulated
Akt phosphorylation when compared with wild type
littermates (Fig. 6C — 6D). This is consistent with in vivo
data from both glucose clamp and PET/CT studies
showing comparable liver insulin sensitivity in Irakl k/o
and WT mice.

DISCUSSION

Protein phosphorylation plays multiple roles related to
insulin action and insulin resistance. The insulin receptor
possesses intrinsic tyrosine kinase activity, which
catalyzes tyrosine phosphorylation of IRS-1, IRS-2, and
other endogenous substrates. This in turn triggers
signaling pathways that activate downstream serine-
specific protein kinases that mediate insulin action (e.g.,
PDK-1 and Akt). On the other hand, some serine-specific
protein kinases participate in multiple biological pathways
and are able to serine phosphorylate IRS-1 and IRS-2. For
example, some inflammatory signaling pathway kinases
(e.g., IKK, JNK, MAPK, and IRAK-1) have been reported
to attenuate insulin signaling and induce insulin resistance
(27) by promoting serine-specific phosphorylation of
components of the insulin signaling pathway (e.g., IRS-1
and/or IRS-2). This has led to the hypothesis that chronic
inflammation represents a key mechanism contributing to

the pathogenesis of insulin resistance in obesity (63,64).
Our current studies suggest that suppression of chronic
inflammation may be beneficial by ameliorating insulin
resistance. IRAK-1 is a critical enzyme in signaling
pathways downstream of the IL-1 receptor TNF-a
receptor, and TLRs. In the present study, we demonstrated
that deletion of Irakl improved insulin sensitivity in mice
fed a LFD (but not with HFD-induced obesity). Our
observations suggest that the improvement in whole body
insulin sensitivity is most likely mediated by improved
insulin signaling and enhanced insulin sensitivity in
skeletal muscle. The significance of this study is that
although IRAK-1 is missing in all tissues, it appears that

muscle may be the tissue in which IRAK-1 exerts the most
important metabolic effects. There may also be secondary
metabolic benefits mediated by IRAK-1 absence in white
fat, and vascular endothelium (28,65).

Role of IRAK-1 in inflammation-associated insulin
resistance - IRAK-1 deficient mice, which have been
studied for over a decade, are characterized by a partial
impairment in inflammatory response to LPS at low dose
but normal response to high dose of LPS (66,67). Despite
complete absence of IRAK-1, complete functional
impairment has only been observed for a limited number
of responses — e.g., interferon-o production (68).
Although adverse metabolic effect of LPS in IRAK-1 k/o
mice have been studied (69), the metabolic phenotype of
Irakl k/o mice in response to insulin has not been reported
previously. Thus, inspired by our previous observation
that IRAK-1 mediated phosphorylation exerts a negative
impact on IRS1-mediated insulin signaling (28), the
present set of experiments was designed to investigate the
role of IRAK-1 in metabolic physiology. Specifically,
what is the role of IRAK-1 in the pathogenesis of the
insulin  resistant state associated with  chronic
inflammation? Importantly, deletion of Irakl did not
affect body weight — regardless of the fat content of the
diet (i.e., LFD vs. HFD). Because body weight was not
affected by deletion of Irakl, this eliminated the
confounding influence of obesity. Interestingly, deletion
of Irakl was associated with a “healthy phenotype” (i.e.,
supra-normal insulin sensitivity) in mice fed with LFD.
This was an unexpected finding as it suggests that IRAK-
1 appears to be important under conditions associated with
a minimal level of inflammation. By contrast, both
genotypes exhibited comparable degrees of insulin
resistance when fed a HFD. Taken together, these data
suggest that diet-induced obesity essentially eliminated
the supra-healthy phenotype associated with lrakl k/o
genotype. This is most likely because there are multiple
mechanisms for obesity to cause insulin resistance.
Therefore, in the presence of obesity-induced insulin
resistance the contribution of IRAK-1 alone is masked.

High fat diets have been widely used to induce obesity
in animal models as well as to study mechanisms of
insulin resistance (70). Multiple factors have been
reported to contribute to the molecular pathogenesis of
obesity-induced insulin resistance. In addition to chronic
inflammation (11,71), other pathogenic factors including
hyperlipidemia (72,73), ectopic lipid accumulation (74),
gut hormones (75), oxidative stress (76), ER stress (9,77),
sympathetic nervous system dysfunction (78), and gut
microbiota (79) also contribute to insulin resistance in
obesity. In this context, it is not surprising that Irakl
deficiency did not protect mice from obesity-induced
insulin resistance inasmuch as IRAK-1 is only one of
many mechanisms contributing to induction of insulin
resistance. Low fat and normal chow diets are likely
associated with minimal “low grade” inflammation.
Nevertheless, when this low grade inflammation was
suppressed by deleting Irakl, this enhanced insulin
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sensitivity and glucose tolerance significantly. Our
observations in metabolic physiology mirror what has
been reported in the context of the physiology of
inflammation. Specifically, macrophages from Irakl k/o
mice have impaired production of TNF-a in response to
low concentrations of LPS (a ligand for TLR4 and the
TNF-o receptor upstream of IRAK-1). However, this
defect can be overcome by high concentrations of LPS,
which induce the same quantities of TNF-o in
macrophages regardless of Irakl genotype. Thus, Irakl
deletion only partially impairs the inflammation pathway
induced by IL-1/TLR signaling (66,67). Both IL-1 and
TNF-o stimulate increased phosphorylation of IRS-1
(Ser?) in isolated rat adipose cells (28). These previously
published data provide a precedent to explain why Irakl
k/o mice exhibit improved insulin sensitivity when fed
either a LFD or normal chow diet (i.e., low level
inflammation) while the protective effect is overwhelmed
on a HFD (i.e., high level of inflammation). Interestingly,
although k/o mice have slightly lower food intake (4.5%
on LFD and 8.9% on HFD) than that of WT mice, they
maintained the same body weight as WT mice. This
suggests lower metabolic rate in k/o mice counterbalances
the lower food intake. Further study will clarify whether
the apparent decrease in energy utilization is mediated by
the central nervous system or peripheral tissues.

IRAK-1 is not the only kinase that phosphorylates IRS-
1 (Ser?®). We and others reported that a number of PKC
isoforms also phosphorylate IRS-1 (Ser?) to impair
metabolic insulin signaling (80,81). Therefore, it is
possible that IRS-1 Ser®* may be phosphorylated by other
kinases in mice where IRAK-1 is missing. However, the
fact that we observed a significant and substantial
metabolic phenotype in Irakl k/o mice consistent with
abrogation of cross-talk between innate immune signaling
and insulin signaling suggests that the contribution of
IRAK-1 to regulate whole body glucose homeostasis is
important relative to other kinases that also phosphorylate
IRS-1 (Ser?).

Interestingly, fasting levels of plasma ET-1, a potent
vasoconstrictor, were also significantly lower in k/o mice
vs. WT (p = 0.016) after 14 weeks of LFD (20 week old
mice). Reduction of plasma ET-1 may be secondary to the
reduction of TNF-a which is a positive regulator of ET-1
expression.  ET-1 plays an important role in the
pathogenesis of insulin resistance-associated endothelial
dysfunction (24,60,82). However, there is also likely a
direct effect of IRAK-1 absence in endothelial cells to
reduce ET-1 synthesis and secretion. In a previous study,
we found that siRNA knockdown of TLR2 (closely
upstream of IRAK-1) in primary vascular endothelial cells
completely abrogates the effect of FFA (TLR2 ligand
elevated in insulin  resistance) to  stimulate
phosphorylation of IRS-1 (Ser?*) (65). Moreover, under
conditions of metabolic insulin resistance (i.e., pathway-
selective impairment of Pl 3-kinase-dependent insulin
signaling with intact MAPK signaling), the effect of
insulin to stimulate increased synthesis and secretion of
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ET-1 from vascular endothelial cells is greatly enhanced

(83-85). Taken together, these data suggest that the ability

of IRAK-1 to phosphorylate IRS-1 (Ser?*) in endothelium

may promote vascular insulin resistance leading to
endothelial dysfunction characterized by increased
insulin- and FFA-stimulated ET-1 synthesis and secretion.

This is relevant because whole body metabolic insulin

resistance is characterized by elevated fasting and post-

prandial insulin and FFA levels as well as pathway-
selective impairment in Pl 3-kinase-dependent insulin
signaling and action. We hypothesize that decreased
levels of ET-1 mediated directly and indirectly by absence
of IRAK-1 may improve endothelial function and increase
blood flow to skeletal muscle. This will increase access
of insulin and glucose to metabolic tissues and secondarily
promote insulin-stimulated glucose uptake and improved

glucose tolerance (61).

Role of skeletal muscle in mediating physiological
effects of IRAK-1 deficiency - Several lines of evidence
suggest that deletion of IRAK-1 increased insulin
sensitivity and improved glucose metabolism in skeletal
muscle, but not in liver.

1. Hyperinsulinemic euglycemic glucose clamp studies
demonstrated that IRAK-1 deficiency was associated
with higher insulin-stimulated glucose disposal rate, but
did not alter insulin’s ability to suppress the rate of
hepatic glucose production. Insulin-stimulated glucose
disposal as assessed by clamp studies has been
demonstrated to reflect primarily glucose uptake by
skeletal muscle. Observations in both mice and humans
suggest that insulin tolerance tests (ITT) primarily
reflect hepatic insulin sensitivity. Whereas muscle-
specific insulin receptor knockout mouse exhibit
normal ITT (49), insulin tolerance was impaired in mice
with liver-specific insulin receptor knockout mouse
(50). Similarly, in patients with insulinoma, insulin-
driven fasting hypoglycemia is mediated primarily by
suppression of hepatic glucose production (86). Thus,
the normal ITT observed in Irakl k/o mice support the
conclusion that the liver responds normally to insulin.

2.In PET/CT studies, muscle and adipose tissue were the
principal tissues into which insulin promoted
distribution of F-FDG. Further, deletion of IRAK-1
selectively increased muscle ®F-FDG uptake. There
was no difference in liver 8F-FDG uptake.

3. Deletion of Irakl enhanced insulin signaling in muscle,
but not liver, as assessed by analysis of insulin-
stimulated phosphorylation of Akt (Fig. 6) and MAP
kinase (Data not shown). There was also a trend toward
improved insulin signaling in adipose tissue of k/o mice
(although data did not achieve statistical significance).
The PET/CT scan does not provides a direct assessment

of glucose uptake, but rather relies on of radioactively-

labeled 2-deoxy-2-fluoro-D-glucose molecule (FDG)

uptake as tracer. Because fasting glucose was lower in k/o

mice than controls, this could differentially affect 2-

deoxy-2-fluoro-D-glucose molecule (FDG) tracer uptake

in different tissues. As compared to glucose, the 2-
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hydroxyl group in FDG is replaced by a fluorine atom.
While FDG does undergo phosphorylation on the 6-
hydroxyl, it is not a substrate for downstream steps in the
glycolytic pathway. Accordingly, the rate of accumulation
of FDG is determined by the rate of glucose transport,
which is mediated primarily by GLUT-family
transporters. FDG uptake by the liver is mediated
primarily by GLUT2, which has a Kn, for glucose of ~17
mM (101). As shown in Fig. 3B, fasting glucose levels
(~10 mM) are below the Ky of GLUT2 to transport
glucose, and the majority of GLUT2 molecules would be
available to transport FDG with relatively little
competition from unlabeled glucose. Accordingly, FDG
uptake by the liver would be predicted to be relatively
insensitive to ambient glucose levels (for glucose levels
substantially below the K, of GLUT2 for glucose). In this
context, it is noteworthy that both WT and k/o mice
exhibit similar rates of FDG uptake in liver (Fig. 4).

By contrast, the Ky, for GLUT1 is ~26 mM and for
GLUT4 is ~4-5 mM (87). Thus, for ambient glucose levels
of ~10 mM, approximately two thirds of GLUT4
molecules would be engaged in transporting glucose while
the majority of GLUT1 molecules would not be bound to
glucose molecules. While GLUT4 is believed to be the
principal glucose transporter in both adipose tissue and
skeletal muscle in the presence of insulin, both GLUT1
and GLUT4 are believed to be significant in the absence
of insulin. While GLUT1-mediated FDG transport would
be predicted to be relatively insensitive to inhibition by
glucose levels substantially below the Km=26 mM,
GLUT4-mediated FDG transport would likely be
significantly inhibited by glucose levels of ~10 mM. Thus,
it is possible that GLUT1 would be the principal
transporter mediating FDG uptake when plasma glucose
levels are ~10 mM in the absence of insulin. In any case,
ambient glucose levels would be predicted to exert similar
effects on FDG uptake in both adipose tissue and skeletal
muscle. In this context, it is noteworthy that rates of FDG
uptake in adipose tissue are not significantly different in
WT vs. IRAK-1 knockout mice (Fig. 4). In contrast, FDG
uptake by skeletal muscle is selective increased in
knockout mice. If the difference observed for skeletal
muscle were caused primarily by competitive inhibition at
the level of GLUT4, one might have expected to observe
a similar difference for adipose tissue, which is not the
case.

Taken together, these in vivo and ex vivo analyses
suggest that IRAK-1 plays a particularly important role in
the metabolic physiology of skeletal muscle, but little, if
any, effect in liver. What are the mechanisms whereby
deletion of Irakl selectively promotes insulin action in
muscle rather than liver? Several possibilities deserve
consideration. At least in theory, this might be explained
by tissue selective expression of IRAK-1. Although our
western blot analyses for muscle, fat and liver tissues
demonstrate that all three tissues express IRAK-1, relative
expression of IRAK-1 is higher in muscle than fat and
liver. A second possible explanation is based on tissue-

6

specific roles of insulin receptor substrate molecules.
Whereas muscle and adipocytes rely primarily on IRS-1,
IRS-2 is more important in liver. As reported previously,
IRAK-1 phosphorylates Ser?* on IRS-1. Phosphorylation
of Ser?* impairs the signaling function of IRS-1 (28). By
contrast, the Ser?* phosphorylation site is not conserved in
the IRS-2 molecule (27). Thus, deletion of Irakl has
potential to improve insulin sensitivity in tissues where
IRS-1 is important (e.g., skeletal muscle), but is less likely
to affect insulin signaling in tissues such as liver where
IRS-2 has the dominant role in insulin signaling. Indeed,
consistent with this possibility, our observations from
clamp studies demonstrated that insulin-stimulated
inhibition of hepatic glucose production was comparable
among lrakl k/o and WT mice on LFD while insulin
sensitivity in skeletal muscle was improved in the Irakl
k/o mice when compared with WT mice. Furthermore,
there is a precedent for other kinases regulating insulin
signaling to phosphorylate IRS proteins in an isoform
specific manner due to the presence of a phosphorylation
site in one isoform but not another. For example, PKC-{
phosphorylates IRS-1 but not IRS-2 (88). This IRS
isoform-specific phosphorylation may represent a
mechanism for determining insulin signaling specificity in
different tissues. In immunoblotting studies, we did not
detect the presence of phospho-IRS-1 (Ser®) in skeletal
muscle in either the absence or presence of insulin
stimulation under conditions of our ex vivo insulin
signaling studies (in either in wild type or k/o mice) (data
not shown). Although we cannot entirely eliminate the
possibility of technical problems, we used a phospho-
specific antibody that we previously developed and
characterized that detected phospho-IRS-1 (Ser?*) in rat
fat cells (28) and bovine aortic endothelial cells (65) in
vitro. Taken at face value, these data suggest that Ser*
phosphorylation of IRS-1 may not be important in mouse
skeletal muscle. Nevertheless, it is also possible that
phosphorylation of Ser?* might accelerate degradation of
IRS-1, thereby decreasing the level of phospho-IRS-1
(Ser®) to the point where it is not detectable by
immunoblotting. On the other hand, our immunoblotting
experiments did not detect an alteration in the levels of
IRS1 in IRAK1-knockout mice (data not shown). Another
possibility is that rapid dephosphorylation of phospho-
IRS-1 (Ser?) is occurring in our ex vivo experimental
setting such that we were unable to detect a transient but
physiologically relevant higher phospho-IRS-1 (Ser?*) in
skeletal muscle by immunoblotting.

A third possibility to explain why deletion of Irakl
selectively promotes insulin action in muscle rather than
liver relates to the cell biology of insulin action in different
tissues. In muscle cells, insulin-stimulated glucose uptake
is mediated by insulin-stimulated translocation of
GLUT4-containing vesicles from an intracellular location
to the plasma membrane (89,90). By contrast, GLUT2-
mediated transport of glucose into hepatocytes is not
directly regulated by insulin. Moreover, deletion of Irak-
1 did not alter levels of GLUT4 protein in muscle (Fig.
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S4C). Thus, we hypothesize that Irakl deletion leads to
diminished serine phosphorylation of IRS-1, which in turn
promotes the activity of the GLUT4 translocation
machinery, thereby increasing insulin sensitivity (28,89).
However, as noted above, insulin-stimulated hepatic
glucose production was comparable between Irakl k/o
mice and WT mice making it more likely that it is the
predominance of IRS-2 in liver and the lack of an IRAK
phosphorylation site on IRS-2 that explains why liver
insulin sensitivity did not change in Irakl k/o mice. Thus,
the improvement in glucose tolerance observed in lrakl
k/o mice on LFD is likely mediated primarily by improved
metabolic insulin signaling and action in muscle.

Conclusion: possible translational implications of role
of IRAK-1 in metabolic physiology. Our studies in a
rodent animal model suggest that IRAK-1 deficiency is
associated with a healthy phenotype (i.e., supranormal
insulin sensitivity) — at least in mice fed with either LFD
or normal chow diet. Inasmuch as the Irakl genotype does
not affect the degree of insulin resistance in mice fed a
HFD, we hypothesize that Irakl k/o mice will experience
a quantitatively greater deterioration of insulin sensitivity
when switched from normal chow to a HFD. Conversely,
Irak1 k/o mice might experience greater metabolic benefit
(i.e., a quantitatively greater improvement in insulin
sensitivity) if weight loss were induced by shifting the
mice from a HFD to a LFD. If our data in this animal
model are predictive of human pathophysiology, this
prompts the hypothesis that IRAK-1 activity in skeletal
muscle may provide a biomarker to predict a beneficial
metabolic response to weight loss. If correct, this
hypothesis may have significant implications for a
precision medicine approach to weight loss. In other
words, low levels of skeletal muscle IRAK-1 activity
might identify a subset insulin resistant patients who are
most likely to experience the greatest improvement in
insulin sensitivity in response to weight loss.

EXPERIMENTAL PROCEDURES

Animal studies: All animal protocols were approved by
the Institutional Animal Care and Use Committee of the
University of Maryland School of Medicine. To generate
Irakl null mice and their wild type control, female
homozygotes were first backcrossed to C57BL/6 males
for 10 generations. Since the Irakl null allele was
introduced on a genetic background of C57BL/6 mice
(Harlan Laboratories), we genotyped for a previously
reported  mutation in  nicotinamide  nucleotide
transhydrogenase (Nnt), and confirmed that our mice did
not carry a mutation in Nnt (91,92). The Irakl gene is on
the X-chromosome (93). Thus, males that are hemizygous
for the null allele of Irakl will be deficient in Irakl
function (k/0) whereas male’s hemizygous for the
functional allele of Irakl will be wild type (WT). To
simplify breeding and selection of affected mice, we
limited our studies to male mice (either Irakl k/o or Irakl
WT). For studies on different diets, Irakl k/o vs. WT
littermate mice were fed with LFD (10% kcal from fat,

70% kcal from Carbohydrate, #D12450B, Research Diets)
or HFD (60% kcal from fat, 20% kcal from Carbohydrate,
#D12492, Research Diets) for indicated weeks or chow
diet (18% kcal from fat and 58% kcal from carbohydrate,
#2018SX, Teklad Global). Body weight and food intake
were monitored 3 times per week.

IPGTT and ITT: After 5 h fasting, either glucose (1
g/kg for IPGTT) or human insulin (0.75 1U/kg for ITT, Eli
Lilly, Indianapolis, IN) was injected intraperitoneally
(50). Blood glucose was monitored at indicated time
points with an Accu-Chek Aviva Blood glucometer. Area
under the curve (AUC) for IPGTT or area above the curve
(AAC) for ITT were calculated based on the trapezoidal
rule.

Hyperinsulinemic euglycemic glucose clamp studies:
(53,94) Jugular veins were cannulated 4-5 day before the
clamp experiments. Mice were acclimated to restrainers
three times (3 h each time) before clamp. After 5 h fasting,
[3-®H]-glucose was infused intravenously (2.5 uCi bolus
followed by constant infusion at 0.05 pCi/min). Blood
samples (20 pL) were collected at 90, 100, and 110 min
after the initiation of 3H-glucose infusion for the
measurement of 3H-glucose specific activity, blood
glucose concentration, and calculation of basal hepatic
glucose production. Then, regular human insulin was
infused (60 mU/kg loading bolus followed by constant
infusion at 2.5 mU/kg/min), and glucose levels were
measured every 10 min. An infusion of 25% dextrose was
adjusted to maintain the blood glucose at 120-130 mg/dL.
Blood samples were again collected at 100, 110 and 120
min during insulin infusion for calculation of insulin
stimulated glucose disposal rate and hepatic glucose
production rate. Glucose infusion rate (GIR) was
calculated as the average glucose infusion rate during the
last 30 min of the clamp steady-state period and
normalized for body weight. An insulin sensitivity index
(1S1) was defined as GIR divided by the level at which
glucose was clamped (GIR/clamp glucose). The rates of
glucose disposal and hepatic glucose production were
calculated as previously described (94).

Portal vein insulin injection and collection of liver,
muscle, and fat tissues: Mice were fasted for 5 h and
anesthetized with isoflurane vapor. After making a ventral
incision to expose the liver and portal vein, we injected
either human insulin (10 U/kg body weight, Eli Lilly,
Indianapolis, IN) or saline into the portal vein (95-97).
After 5 min, samples of epididymal fat tissue, liver, and
hind limb skeletal muscle were collected and flash frozen
for future immunoblotting analysis (95-97).

Tissue and cell sample preparation and
immunoblotting: Muscle (200 mg) and liver (100 mg),
frozen tissues were homogenized at 4 °C in 400 pL lysis
buffer (50 mM HEPES, pH 7.4, 2 mM EDTA, 50 mM
NaF, 100 mM NaCl, 5 mM DTT, 0.1% NP40, 2 mM
Benzamindine, 0.1 mM NazVO,, and 5 puL of Roche
protein inhibitor cocktail set) with a tissue grinder. Tissue
lysates were centrifuged at 21,000 x g for Lhat4 °Cina
table top centrifuge. The supernatants were used for
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immunoblotting analysis. For fat tissue, 400 mg of frozen
tissue was homogenized in 400 pL of fat tissue lysis buffer
(10 mM Tris, pH 7.4, 1 mM EDTA, 100 mM NaF, 0.2
mM NasVOs, and 4 uL of Roche protease inhibitor
cocktail set). Homogenates were mixed with 900 L of
cold acetone at -80 °C overnight, and then centrifuged at
21,000 x g for 1 h at 4 °C. Supernatants were discarded
and the pellets were dried on ice for 5-10 min prior to
resuspension in 400 pl of Laemmli sample buffer for
immunoblotting analysis.  Aliquots (20 pg of total
protein) from each tissue sample were separated on a 10%
SDS PAGE gel, transferred to PVDF membranes, and
incubated with indicated antibodies as previously
described (95-97). Antibodies against IRAK-1, pAkt
(S473), Akt, GLUT4, GAPDH and pB-actin were
purchased from Cell Signaling Technology Inc.
Quantification of images was performed using an imaging
device with Image Lab software. Relative pAkt was
calculated by dividing pAkt density with that of total Akt.
Relative IRAK-1 in muscle, liver and fat tissues were
calculated by dividing all three tissues by muscle IRAK-1
density.

PET/CT scan: 3 Irakl k/o and 3 WT male mice were
fasted overnight, and [*®F]-fluorodeoxyglucose (FDG)
positron emission tomography-computed tomography
(PET/CT) was performed with animals maintained under
2% isoflurane anesthesia on a Siemens Inveon Small
Animal PET/CT Imaging System (Siemens Medical
Solutions USA, Inc.) in the Core for Translational
Research in Imaging (CTRIM). [*®F]-FDG (11.1 MBq;
300 pCi) and insulin (1.125 U/kg body weight) in 200 pL
of saline were injected via tail vein of anesthetized mice.
Dynamic imaging was acquired for 30 min. Data
acquisition, image reconstruction, and region of interest
(ROI) analysis were carried out according to previously
reported methods (98,99). The data were obtained by ROI
analysis focused on several target organs: hind limb
muscle, subcutaneous white adipose tissue (abdominal
region), liver, and brain. The Quantitative [*®F]-FDG PET
data in the target regions were expressed as percentages of
injected dose per gram (%ID / g) at three time points of 0-
10, 10-20 and 20-30 min.

ELISA: Adiponectin (Millipore), Endothelin-1 (Enzo

Life Science), insulin (Concodian), TNF-o (Invitrogen)
and CRP (ThermoFisher Scientific) were measured by
ELISA according to the manufacturers’ instructions.

Statistical analyses: T-tests were performed with
Excel software, and ANOVA for repeated measures was
conducted with Axum 7 software.
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FIGURE LEGNDS

Figure 1. Intraperitoneal glucose tolerance tests (IPGTT): 6-week old wild type and Irakl k/o mice
were fed with either low fat (panels A and B, n = 8) or high fat diets (panel C and D, n = 8). After 12 weeks
on the designated diets, mice were fasted for 5 h. Glucose (1 g/kg) was injected intraperitoneally and blood
glucose was measured at 0, 10, 20, 30, 60 and 120 min after injection. Areas under the curve (AUC) were
calculated (panels B and D) based on the trapezoidal rule. Panel A: ANOVA for repeated measures, p =
0.004. Panel B: AUCgiucose = 10890 + 840 vs. 6850 + 1100 (mg/dl)*min), p = 0.035. Panel C: ANOVA for
repeated measures, p = 0.56; Panel D: AUCgiucose = 14370 + 1800 vs. 15180 £ 1040 (mg/dl)*min), p = 0.59.
Data are expressed as mean + SEM.

Figure 2. Hyperinsulinemic euglycemic glucose clamp studies in mice fed normal chow diet. At 28
weeks of age, glucose clamp studies were performed as described in Experimental Procedures, and
previously (94). Mean glucose infusion rates over the 30 min steady-state period at the end of the study
were used to estimate the steady-state glucose infusion rate (GIR). Data shown are mean £ SEM. Panel A:
For the WT mice (n = 8), blood glucose is indicated with solid circles (@) and GIR with closed triangles
(A). Panel B: For Irakl k/o mice (n = 10), blood glucose is indicated with open circles (o) and GIR with
open triangles (A). Panel C: GIR normalized for body weight. Panel D: Insulin Sensitivity Index (I1SI) was
defined as the GIR (glucose mg/kg/min) divided by the mean glucose level (mg/dl) calculated from the last
30 min of the clamp study when steady-state had been achieved.

Figure 3. Cardiometabolic biomarkers in mice fed with low fat diet (A — F) and high fat diet (G - L).
Fasting plasma was obtained after 14 weeks on low fat diet or high fat diet. Glucose (Panel B and H) was
measured by YSI 2700 Select Biochemistry Analyzer; insulin (Panel A and G), adiponectin (Panel D and
J), ET-1 (Panel E and K) and CRP (Panel F and L) were measured by ELISA. Quantitative Insulin
Sensitivity Check Index (QUICKI) (Panel C and I) was calculated as: QUICKI = 1/ [log (insulin) + log
(glucose)] (55,56,100). Data are expressed as mean £ SEM.

Figure 4. In vivo insulin-stimulated [*®F]fluorodeoxyglucose (*®F-FDG) distribution in mice fed with
normal chow diet. After mice were fasted overnight, F-FDG 11.1 MBq (300 Ci) and insulin (1.125U/kg)
in 200 L of saline were injected via tail vein under anesthesia. Dynamic imaging was acquired for 30 min
by Siemens Inveon Small Animal PET-CT Imaging System. The data were obtained by drawing Regions
of Interest (ROI) over target organs of muscle, abdominal subcutaneous white adipose tissue, liver, and
brain (98,99). The F-FDG bio-distribution in the target organs/tissues were analyzed at three time points:
10, 20 and 30 minutes. Panel A: Time-dependent distribution [% of injected dose (ID) per gram] of *8F-
FDG in the hind limb, liver, and abdominal white fat in Irakl k/o mice and in wild-type mice. Panel B:
Relative time-dependent distribution of *®F-FDG in the hind limb, liver, and abdominal white fat (ratio of
18F-FDG: specific tissue/brain) in Irakl k/o mice and in wild-type mice. WT n=3; k/lon =3, * p <0.04,
**p < 0.03. Data shown are mean + SEM.

Figure 5. Hyperinsulinemic euglycemic glucose clamp studies with [3-*H]glucose tracer in mice fed
with a normal chow diet. 6 WT and 6 k/o mice underwent glucose clamps with *H-glucose tracer as
described in Experimental Procedures, and previously (94). At the beginning and the end of each clamp
study, blood was collected for calculating insulin-stimulated glucose disposal rates and hepatic glucose
production rate. Panel A: GIR normalized for body weight. Panel B: ISI was defined as GIR (mg/kg/min)
divided by steady-state glucose level (mg/dl) during the last 30 min of the clamp. Panel C: Glucose
disposal rate. Panel D: Hepatic glucose production rate. Data are expressed as mean + SEM.

Figure 6. Immunoblotting analysis of insulin signaling pathways in muscle (panels A-B), liver (panels
C-D), and abdominal white adipose tissue (panels E-F). 20 weeks old mice fed with chow diet were
fasted for 5 h and then given saline (None) or insulin (10 U/kg body weight) via portal vein injection under
anesthesia. 5 min after injection, skeletal muscle from hind limb, abdominal fat, and liver were immediately
flash frozen and homogenized. These samples were centrifuged and supernatants of tissue lysates were
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analyzed by immunoblotting with indicated antibodies. Immunoblots with samples from 6 WT and 7 Irakl
k/o mice are shown in panels A, C and E. Immunoblots for phospho-Akt (panels B, D, and F) were
guantified by scanning densitometry and normalized for Akt total protein. Data are expressed as mean +
SEM.
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Figure 6
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