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Context:

Insulin resistance in skeletal muscle contributesliole body hyperglycaemia and the
secondary complications associated with type 2edesb Inositol hexakisphosphate kinase-1
(IP6K1) may inhibit insulin-stimulated glucose tsport in this tissue type.

Objective:

Muscle and plasma IP6K1 were correlated with twoysartment models of glucose control
in insulin-resistant hyperinsulimic individuals. Btle IP6K1 was also compared following
two different exercise trials.

Methods:

Nine pre-diabetic [HbAlc; 6.1 (0.2) %)] were retedi to take part in a resting control, a
continuous exercise (90% of lactate threshold)ahdjh-intensity exercise trial (6 x 30 sec
sprints). Muscle biopsies were drawn pre- and pash 60-minute trial. A labeled
([6,6°H,]glucose) intravenous glucose tolerance test (IVi3#as performed immediately
after the second muscle sample.

Results:

Fasting muscle IP6K1 content did not correlate \&th (P = 0.961). High-intensity exercise
reduced IP6K1 muscle protein and mRNA expresdion (.001). There was no effect on
protein IP6K1 content following continuous exercis&t®**® phosphorylation of was
significantly greater following high-intensity exise. Intermittent exercise reduced hepatic
glucose production (HGP) following the same tridie same intervention also improved S
and this was significantly greater compared tocithr@inuous exercise improvements. @ur
vitro experiment demonstrated that the chemical inloibiaf IP6K1 increased insulin
signaling in C2C12 myotubes.

Conclusions:

Thein vivo andin vitro approaches used in the current study suggest textraase in
muscle IP6K1 may be linked to whole body improvetaém S*". In addition, high-intensity
exercise reduces HPG in insulin-resistant indivislua
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This work investigated the role IP6K1 plays in causing insulin resistance (IR) and found that high-
intensity exercise reduces IP6K1, improves IR &amp; hepatic glucose production in hyperinsulinemic
humans.

Background

Type 2 diabetes (T2Ds) is a multifactorial metabdisease characterized by defects in
insulin sensitivity §), glucose effectivenes&), p-cell function and endogenous glucose
production (EGP) (1). Although not conclusive,uins resistance seems to occur due to a
decrease in the insulin receptor substrate’s (B8ity to activate downstream insulin
signaling kinases (2). A reduction in the serin@ltimine protein kinase Akt phosphorylation
is a known characteristic of insulin resistance type 2 diabetes (3) and is an important
protein in the insulin-signaling cascade.

Insulin-stimulated glucose uptake involves insuéneptor autophosphorylation, tyrosine
phosphorylation of insulin receptor substrate (IR the subsequent activation of
phosphatidylinositol (P1) 3-kinase. (PI3K). The dwiream target of PI3K, Akt is then
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activated via the phosphorylation of ¥#rand Set”® by phosphatidylinositol 3,4,5-
triphosphate-dependent protein kinase (PDK)-1 & PDKespectively (4). Akt contains an
N-terminal pleckstrin homology (PH) domain, allogifor the binding of
phosphatidylinositol-3,4,5-triphosphate (PIP3), &melsubsequent membrane translocation
& subsequent activation of Akt (5). Upon activatidkt is then responsible for the
subsequent phosphorylation of AS160, GLUT4 traration, glucose uptake (6)
phosphorylation and inhibition of GSR®& glycogen synthesis (7, 8); making Akt a
potential target in the treatment of type 2 diabete

Diphosphoinositol polyphosphates, also known asitabpyrophosphates, are a family
of water-soluble inositol phosphates (Bipe inositol hexakisphosphate (IP6) kinase 1
(IP6K1) produces a pyrophosphate group at thpdsition of IP6 to generate a further
inositol pyrophosphate, diphosphoinositol pentakigphate (5-PP-1(1,2,3,4,6)IP5 or IP7)
(10). Production of IP7 results in its binding e PH domain of Akt/PKB, preventing its
translocation to the cell membrane and reducingutsequent phosphorylation by PDK1.
The evidence for this comes from the finding tii&t fails to prevent PDK1 phosphorylation
of Akt™=%|acking a PH domain (11Jhe consequence of this is a potential reduction in
insulin (Akt)-stimulated glucose uptake in musahel @adipose tissue (12). (11) have shown
that IP6K1 KO mice demonstrate augmented Akt agtimnd increased glucose transport
rates in skeletal muscle. Key to the current wogkentin vivo data suggests a novel role of
IP6K1 in insulin resistance with IP6K1 KO mice despng normal glycaemic control despite
low circulating plasma insulin (13). In additiohgtpharmacological inhibition of IP6K1
increases Akt signaling in mouse embryonic fibretdgdMEF), while suppressing IP7
synthesis (14). The increased availability of IPGH its product IP7, are thought to be
stimulated by insulin. The competition of IP7 wRlP3 for binding at PH domain of Akt
may represent a negative feedback mechanism whasgigyinsulinaemia eventually
decreases Akt activity, indirectly shown througb giresence of decreased insulin action
despite augmented insulin secretion in pre-dialsttites (15) and an increase in IP6K1
activity and reduced p-Akt in rodents treated vintsulin (11).

However, research suggesting a role of IP6K1 itibibas a future target of insulin
resistance has been limitedimovitro and animal work. The current study aimed to tattkie
by measuring IP6K1 muscle content in hyperinsulmagnsulin resistant humans.

Insulin-stimulated glucose uptake increases fraim 22 hours post exercise (16, 17, 18)
with the amount of muscle mass an important deteantito this response, thus exercise
involving a larger muscle mass is preferable. High&ensity exercise recruits a larger
proportion of muscle as well as a greater numbeéype 2 glycolytic muscle fibres compared
with moderate-intensity activity (19), which mayeafa greatesinkfor glucose disposal.
Recently a form of high-intensity interval traini@g!IT) has been shown to improve (&0,
21, 22). However, data on the other metabolic defassociated with type 2 diabetes,
including hepatic glucose productigiicell functionand glucose effectiveness, remains
sparse. Here we assessed the effects of high-itexgrcise on two-compartment models
of insulin sensitivity, glucose effectiveness amegdttic glucose production.

Therefore, the aims of this study were to firgthyaracterise this novel insulin
signalling pathway (Akt-IP6K1) in pre-diabetic hunsafor the first time. Secondly, using a
stimulus known to improve insulin sensitivity (miescontraction), we aimed to examine if
IP6K1 could be manipulated following muscle contiaTin glucose intolerant individuals
and to evaluate the effects of different typesxareise stimuli on IP6K1 muscle content.
The C2C12 skeletal muscle cell line was also usedvestigate the role t2-(m-
Trifluorobenzyl), N6-(p-nitrobenzypurine (TNP), treatment on Akt-AS160 signalling.
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I'n vivo study - nine sedentary glucose intolerant individuals (Tenda2 female) were
recruited for this investigation. Subjects’ clinicharacteristics were age, 47 (3) yr; BMI,
32.0 (2.4); Body Fat, 39.0 (4.4); Hh#6.1 (0.2); HOMAR 3.3 (0.8). Each participant was
informed of the study purpose, experimental prooesiiand all of its potential risks prior to
providing written consent to participateEthical approval was granted by the local
University Ethics Committee (Ref: 11_12 23 ) andfoomed to Declaration oHelsinki
for the use of human participants in research. isteh criteria included diabetic-related
complications (i.e. neuropathy, peripheral vascatad cardiovascular disease), current
smokers or treatment with insulin or any other phegeutical intervention. Glycated
haemoglobin (HbA) values of >5.7% and <6.4% were used to definwiddals in a pre-
diabetic state (23).

Experimental protocol

Participants were required to attend our laboratorjour occasions each separated by 7-14
days. During a preliminary visit percentage of béatywas estimated using Bodpod as
previously described (24). Venous blood samplegwleawn for the determination of HRA
(Axis-Shields, U.K.). Fasting blood glucose andspta insulin concentrations were
measured for the determination of homeostasis nafdekulin resistance [HOMA; fasting
insulin (LU/ml) x fasting glucose (mmol/l) / 22 &hd HOMA ofp-cell function [HOMA.
cel; 20 x fasting insulin (uU/ml) / fasting glucos&:5 (mmol/l)] (25). During this
preliminary visit, individual lactate threshold ()-Values were obtained as previously
described (26) using a cycle ergometer (Lode CbHriva

On experimental days, volunteers reported to therktory at ~08:30 having fasted for
12 hr, abstained from caffeine and alcohol for 24ahd exhaustive exercise for 72 hr. An
18-gauge cannula was positioned into a dorsal keaimdto allow for frequent sampling of
arterialised blood, using a thermoregulated hot p&0°C) (27). A second 18-gauge cannula
was placed into a prominent contralateral antealfaéin for administration of labelled
glucose. In a randomised fashion, subjects complBta resting control trial (Rest) of 60
minutes of passive sittin@) continuous exercise at an intensity equal to 90%ak 60
minutes (Continuous) (cycle ergometer, Lode Cojigat3) high-intensity intermittent
exercise (6 x 30 sec Wingate’s) (Intermittent) (Mdn894 E, Weight Ergometeihe 30
sec sprints were interspersed with 9.5 minutesas§ipe recovery in the intermittent trial.
Each trial lasted 60 minutes in duration. Musclepkies were drawn under local anesthesia
from vastus lateralis using the conchotome metR8)l &t baseline (0 min) and immediately
post (60 min) trials with volunteers in a supinaition. Immediately after the post-treatment
muscle biopsy, a 4 hour labelled intravenous gledokerance test (IVGTT) was
administered28.4 mg/kg of [6,8H,]glucose &~250 mg/kg of unlabeled glucose), prepared
under sterile conditions. Thereatfter, frequentraieed (~5 mL) blood samples were drawn
over the ensuing 240 min, as previously descri@éj. The concentration of circulating
glucose was measured in whole blood using a YSO0ZSUAT; Yellow Springs, USA),
whilst spun separated ¢€, 10 minutes, 5 000 rpm) plasma was frozen ard &atalyzed for
plasma insulin, endogenous glucose and isotopehesti[6,6H-]glucose concentrations.
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Blood Analysis

Glucose enriched plasma samples were deproteimzettianol (99%) with the resulting
supernatants centrifuged to dryness. Hydroxylariydrochloride (10Ql, 0.18 M

pyridine) was then added before a 60 minutes inoubat 70 °C. After which,
Bis(trimethyl)trifluoroacetamide: 1% trimethyl- closilane (TMCS; 99%) (Sigma-Aldrich,
Exeter, UK) before a further incubation (45 mirvat°C). Samples were then analysed for

=NDOGIN=
SOCIETY

ed from https://acadeni c. oup. conmlj cenl advance-articl e-abstract/doi/10. 12:130/j c.2017- 02019/ 4781494
uary 2018




The Journal of Clinical Endocrinology & Metabolis@opyright 2017 DOI: 10.1210/jc.2017-02019

glucose derivatives of 319 (unlabele glucose; Jraod 321 ([6,8H,]glucose; tracer) by
GC/MS. Endogenous glucose concentration was medsumhole blood (YSI 2300;
STAT,; Yellow Springs, USA) and plasma insulin usamgommercially available ELISA
(DRG diagnostics, UK).

Plasma insulin, endogenous glucose concentratinh§taéH,]glucose-enriched values
were used to model the metabolic indices; insidimsivity (§°), glucose effectiveness
(S?), hepatic glucose production (HGP), acute insidBponse to glucose (Adfrand
disposition index (DI = 8 x AIRg), as described previously (29, 30) (SAAMtstitute,
Seattle, WA). § explains the effects of insulin on glucose dispos@s while $*
guantifies the effects of glucose to cause its tramsport via mass action at basal insulin
concentrations.

Muscle Analysis

Immediately post collection, muscle samples wershad in ice-cold saline, with visible fat
removed before being frozen in liquid nitrogen énaghsferred to -80 °C until analysis.
Muscle tissue homogenates were used for WestetrPBtdein analysis. Protein content of
the homogenates was quantified using Lowry’s me(BiotRad DC protein assay) with 20
ug of total protein separated using% precast polyacrylamide gélefore being transferred
using a semi-dry method to nitrocellulose membrgBés-Rad).

Immunoblotting

Membranes were blocked in 5 % BSA (1 hour), anggohal antibodies pAkt308,
pAkt473, total Akt, AS160, pAS160 on Thr642 (Celfygalling) and IP6K1 (Abcam)
incubated overnight at 1:1,000 in 5 % BSA at 4°@nibranes were then washed and
incubated with anti-rabbit secondary antibody (Gagjnalling; 1:10,000) in 0.5 — 5 % BSA.
Membranes were quantified usi@glysse§ Fc Imaging SystenL(-COR). Blots were
normalized to total protein (31) as this methodveh greater sensitivity than ‘house-
keeping’ proteins.

THE JOURNAL OF CLINICAL
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Real-time quantitative PCR

Total RNA from muscle biopsy samples (20 mg) wasaeted using the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany) following the standa&nanufacturers protocol. Cell lysates
were homogenized using Qiashredder spin columregédi, Hilden, Germany). The
concentration and purity of extracted RNA were mead at 260 nm by spectrophotometry
using a NanoDrop 1000 Spectrophotometer (Thermen8iic, Wilmington, DE, USA).
Extracted RNA samples were stored at -80 °C. Hative quantification of mRNAs, total
RNA was reverse transcribed to cDNA using the Qiiact Reverse Transcription Kit
(Qiagen, Hilden, Germany) according to the manufaets instructions. In brief, up to 1 ug
RNA was reverse transcribed to cDNA in a final voiof 20 pl using Oligo (dTg primers
(0.5 pgl/reaction). Each quantitative real-time R€&ttion mixture (20 ul) contained 1 pl of
RT product (cDNA transcribed from 1 pg of total RNAas performed using Rotor-Gene
SYBR Green PCR Kit (Qiagen, Hilden, Germany) acowdo the manufacturer's
instructions. The mixture was initially incubatetd& °C for 5 min, followed by 40 cycles of
95 °C for 15 s, 52 °C for 15 s and 72 °C for 3BPGR reactions were carried out on a Rotor-
Gene Q (Qiagen, Hilden, Germany) in triplicate. $bas were normalized relative to the
MRNA level of GAPDH. For each individual, all sareplwere simultaneously analyzed in
one assay run. Measurements of the relative digioib of each target gene were performed
for each individual; a cycle threshold{Gzalue was obtained by subtracting GAPDH C
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values from respective target Galues. The expression of each target was then@esl by
the Rotor-Gene Q Software 2.3 (Qiagen, Hilden, Geyh

In vitro experiment

Myoblasts from the muscle-derived mouse C2C12liced|(ATCC # CRL - 1772) were
grown in growth media (GM) of Dulbecco’s modifieddte’s Media (DMEM; Gibco #
22320), supplemented with 10 % FBS, penicillin (5énL™?) and streptomycin (50 U.nt)

in a standard manner (37 °C, 5 % £/ 000 % humidity) untik 80% confluent. Cells were
trypsinized and seeded for experimental conditiorsgandard 6-well. To induce
differentiation into myotubes confluents cells wem@shed in Dulbecco’s PBS (DPBS) and
incubated in differentiation media (DM) of DMEM Wi % equine serum, penicillin (50
U.mL™) and streptomycin (50 U.nmi) for 96 hours with DM changed every 24 hr before
experimental conditions were applied.

After 96 hr for myotube formation, cultures wereubated under control,
hyperglycaemic and hyperinsulinaemic conditionsN&-(m-Trifluorobenzyl), N6-(p-
nitrobenzylpurine(TNP), a pan-IP6K inhibitorFor hyperinsulinaemic treatment, myotubes
were incubated in 100 nM insulin (Sigma, UK) fort&din serum-free DMEM containing
5mM glucose (32) with control cells incubated in EM containing 5mM glucose for the
same time period. For hyperglycaemia, C2C12 eedi® treated in serum-free DMEM
containing 30mM D-glucose for 24hr (33). Each tneeit was performed +/- TNP at i
(34). At the 24 hr point, total protein was extettCells were aspirated and washed on ice
with ice cold PBS before 400 pL lysis buffer wittofease inhibitor (1:100) (Cell Signalling)
was added. After 20 minutes incubation, cells veerapped into 1.5ml Eppendorf tubes,
spun (6 min, 6000 rpm) and supernatant removedibmaoted for protein quantification
(Lowry, Bio-Rad DC protein assay) and later analydiproteins of interest by Western blot
(described above).
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Statistics

The area under the curve for both glucose (Al)@nd insulin (AUG,9 were calculated

using the trapezoidal rule. Differences over timd between conditions were evaluated by
two-way repeated measures analysis of varianceeyfsigost hodests were used when
statistical significance was found. Linear regressinalyses were carried out to test for
significance where appropriate. All statisticatsesere carried out using the statistical
software package SPSS (version 15). Data are esqutes mean (SE). Statistical
significance was set at the levek 0.05.

Results

Correlation analysis

IP6K1 has been shown in cell culture and animalet®tb be implicated in reduced glucose
control. One of the key aims of his research wassgess if muscle and plasma IP6K1
correlated with whole body measures of glucoserobnFigure 1A &B show correlation
analysis between plasma IP6K1 concentration anectwapartment measures of peripheral
glucose control. This data has been combined Wwahdf previously published work to
include a range of insulin resistant individualelimling type 2 diabetics (26). Neithaf r

= 0.402;P = 0.055) or 8 (r = 0.151;P = 0.281) showed significant relationship with
plasma IP6K1. Baseline measures HbAlc (r = 0.8570.080), fasting blood glucose (r =
0.232;P = 0.185), fasting insulin (r = 0.368;= 0.075), % body fat (r = 0.028;= 0.457)
andHOMA . (r = 0.006;P = 0.491) were also correlated with plasma IP6Kthwily
HOMA r demonstrating a significant relationship (r = @4R = 0.043) with this measure. A
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full set of correlation a data is disp!ayed in T@bINo relationship was noted between
muscle IP6K1 protein content and §r = 0.019;P = 0.961). This comparison was for the
current data set (Figure 1C) as muscle tissuenwisollect in our earlier work (26).

Exercise Intervention

Immediately following théabeledintravenous glucose load, AW was significant lower

post intermittent® = 0.008) and continuou® & 0.016) exercise treatments when compared
to the resting control trial. No difference waseawfor AUGs), between exercise treatments
(P =0.084) (Figure 2D). Despite a trend for beingdo post treatment, neither exercise
condition affected AUgs (Figure 2E;P = 0.421). Endogenous glucose, labeled glucose and
insulin concentrations were modeled to determimexi¢compartment measures qf S

and HGP. Both exercise conditions demonstratedrdfisiant increase in;$ over the

control trial @ < 0.001). § was also significantly higher following high-intétys

intermittent when compared to traditional moderatensity exercise (Figure 24, < 0.01).
Despite being higher following both exercise coiodis, & was not found to be statistically
different from resting control (Figure 2B;= 0.561)

Skeletal muscle Signaling

Comparisons between treatments in human skelets¢lmmsamples were made as fold
change from fasting control. IP6K1 was significgritiwer immediately post intermittent
exercise compared to fasted sampkes 0.001) with no difference noted for the same
comparisons for continuous exerci®e=0.337; Figure 3A). Phosphorylation of Akt atiser
308 was elevated for intermittent exerciBe=(0.003) above fasted values, with no difference
for the same comparison with the continuous treatrfie= 0.175; Figure 3B). There was no
difference between treatments for pAR{P = 0.200; Figure 3C). The downstream target for
Akt, AS160 was significantly increased followingtbontermittent P = 0.012) and

continuous exercisd>(= 0.041; Figure 3D). Intramuscular IP6K1 mRNA exgsion

decreased significantly after both exercise treats@ < 0.01) with continuous exercise
lower than the intermittent protocol (P < 0.05).tAkd GLUT4 expression was significantly
higher following intermittent and continuous exsecivhen compared to fasting samples (P <
0.01). PDK1 mRNA expression was significantly geedbr the intermittent exercise
treatment only (P < 0.01).

THE JOURNAL OF CLINICAL
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Insulin signaling in C2C12 cell

C2C12 skeletal muscle cell were treated with boslulin and glucose +/- TNP (10M) to
assess the effects of the stated treatment on IF6KWlin treatment increased IP6K1 protein
content over the control treatmeRt£ 0.010). Insulin + TNP treatment was not diffeéren
control P = 0.647) but was significantly lower comparedhe insulin condition® = 0.008).
Glucose treatment increased IP6K1=0.007) which was lowered with the addition of N
(Glu + TNP;P = 0.008). Phosphorylation of Akt at 308 was sigiaiftly reduced with

insulin when compared to the control conditi®n=0.041) and elevated in the insulin + TNP
over the insulin only treatmer® & 0.030). Twenty-four hours of insulin treatmenthaand
without TNP increased p/t AKE in the C2C12 skeletal muscle cels< 0.05). In addition,

p/t Akt*"*was significantly higher in the insulin only triahen compared with insulin + TNP
(P < 0.05). The 160 kDa Akt substrate (AS160), ontheflast proximal steps in glucose
transport in skeletal muscle was elevated in boghrisulin and insulin + TNP treatmeni (

< 0.05). The same target was significantly redugid the addition of glucose + TNP to the
treatment media (Figure 5B;= 0.039).

=
L
W
-
L
-
S
—
oC
<
LL
O
Z
<
>
Q
<

Discussion

SOCIETY

Previous work has shown that IP6K1 KO mice disjiath normal glycaemic control and
low circulating plasma insulin (13). In additio,dK1 gene deleted mouse embryonic
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fibroblasts (MEFs) demonstrate increased Akt phoggation and glucose transport rates
(13, 11). While important, these basic and redungsts approaches lack complete
translational relevance. Here we show that IP6Kitgin content in insulin resistant skeletal
muscle does not correlate with whole body measairghicose control. Conversely, exercise
decreased IP6K1 protein content in human skeletisicte and that the exercise treatment
that caused the greatest improvementsina®so caused the greatest decrease in muscle
IP6K1 content. A supplementary aim of this work w@svesigate IP6K1 roles in insulin
signalling in skeletal muscle. Our work showed tihatchemical inhibition of IP6Kih vitro
increased phosphorylation of Akt at both“S&and Thi%®in the skeletal muscle C2C12 cell
line. While insulin increased AS18%*? IP6K1 inhibition had no additive effect on this
important target in insulin-stimulated glucose kptauggesting that IP6K1 may not interfere
with AS160 activity despite increasing its upstreactivator pAkt.

The production of IP7, stimulated in part by insuls known to compete with PIP3 at the
PH domain of Akt, inhibiting subsequent translogatand phosphorylation of Akt by PDK1.
This process may represent a negative feedbackanisch whereby hyperinsulinaemia
eventually decreases Akt activity (11). Given thagion, it was hypothesied that muscle
IP6K1 protein content would correlate with two-camment modules of (5), yet despite a
negative relationship, this was not found to baigignt (r = 0.019P = 0.961). Interestingly,
plasma IP6K1 demonstrated the stongest relationgitipS?’, although not significant
(r=0.389;P = 0.110). This would suggest that muscle and pdalit6K1 are not key
mediators in the development of whole body instdsistance, despite being seemingly
important in anin vitro model of insulin resistance. It's worth noting tiedatively small
sample size in the current work and that this sfodysed on skeletal muscle in isolation.
Thus future work should examin the role of IP6KHdipose tissue as well as other insulin
sensitive tissue. In addition to this, a major tion of this data is the assumption that muscle
protein signalling in the vastus lateralis is reffee of insulin signalling in other musle
groups and insulin sensitive tissue. Data elsewtegrerts that glucose uptake is different for
different muscle types (35Qur data did however show a significant relatiopsietween
HOMAr and plasma IP6K1 with the fomer known to correlaits one compartment
modules of insulin sensitivity (36) and validateghinst the euglycaemic-hyperinsulinemic
clamp technique (37), considered the gold standssdssment of insulin sensitivity and
secretion (38, 39). Taken together, this suggbstsHOMAR is a useful measure in the
assessment of glucose control and that circuldB6é&1 may be implicated as one of the
available predictor of insulin resistance.

In skeletal muscle, insulin-mediated IRS activatianses the downstream
phosphorylation of Akt and AS160 to facilitate tséotation of GLUT4 proteins to the
plasma membrane, where they fuse, leading to isetkglucose uptake into the cell (40).
Phosphorylation of AS160°**was also elevated post both exercise conditiongesiing
that exercise can increasg @nd pAS160"*?while also decreasing muscle IP6K1. Our
data does not allow us to speculate on a possibtdamism linking IP6K1 and AS160. Yet it
is likely that any relief on the inhibitory effeat$é IP6K1 on Akt (11) would likley result in
an increase in pAS188°*2 particually in a post-exercise muscle cellulavimmment.
Chemical inhibition of IP6K1 with TNFn vitro elevated AK”® and Akf’® phosphorylation
yet had no additive effect over insulin on pAST6U? suggesting that IP6K1 may play a
part in Akt activity but this may not be sufficietat change downstream releated targets.

Contrary to our hypothesis, IP6K1 protein conteaswot correlated with whole body
measures of S or &° . At least from the current data set, it appeaas éhercise can
decrease muscle IP6K1 content in the acute pefibd (r) (41) following muscle
contraction and that the same stimulus improvéd e note two novel finding within our
exercise datd) high-intensity exercise had a greater effect amte@mpartment models of
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insulin sensitivity when compared to the lower imgsity exercise at 90% of lactate threshold
and?2) high-intensity exercise decreased hepatic gluposd@uction (HGP) in the 4 hours
following exercise. Continuous moderate-intensitgreise offered clear improvments if S
but showed no change in HGP. This data suggedtgithater improvements in glucose
control can be obtained with high-intesnity exez@ser more traditional forms in pre-
diabetic individuals. The cellular mechanisms eixphg improvments in insulin sensivity in
response to exercise have been well documentettaimived elsewhere (42, 43). The
mechanisms by which muscle contraction influend¢keeransulin sensitive tissue remains a
key question. Elevated HGP is a major contributargor to hyperglycemia in type 2
diabetes (44) owing to hepatic insulin resistamwereased glucose Ra is a normal and well
documented response to exercise and that highesrasity exercise is met with a greater
glucose Ra over moderate intensity exercise (45446 The increase in glucose Ra during
exercise is a product of increased heaptic AMRjatésl AMPK levels (48), increased
hepatic glucagon delivery (49) and sensitivity (363leed, increased glucagamd reduced
insulin (51, 52, 53) are key contributory factofdH6P during exercise. The rise in glucagon
causes a decrease in hepatic glycogenolysis asdriggogenesis, while a reduction in insulin
secretion also causes hepatic glycogenolysis (Bf)s post exercise hepatic Ra is likely to
be down-regulated following higher-intensity exeecdue to a reduction in hepatic insulin
requirements (54), resynthesis of liver glycoges) @nd an exercise induced increase in
hepatic AMPK (56) and IRS-2 (57). AMPK inhibits gphenolpyruvate carboxykinase and
glucose-6-phosphatase (58), both of which are keyraes responsible for reducing
gluconeogenesis while upregulation of IRS-2 is eisged with improved hepatic sensitivity
to insulin (59). Data shows that post exercisestiga of**C-glucose increased hepatic
glycogen resynthesis by 0.7 nigy-min over a 4 hr period in humans (60, 61).

High-intensity exercise also decreased muscle IR@ifitent while increasing pAKf%
Historical exercise data consistently shows inadaiskt expression post exercise due to its
key role in both protein synthesis (62) and inssimulated glucose uptake (12). Short-term
TNP treatment increases pAKE®® pGSka>*?'and pGSIB>®~in mice (63), suggesting that
inhibition of IP6K1 has the potential to increake activity of key proteins in the insulin
signal cascade. This notion supported by the custedy (FigurésF). The mechanism by
which high-intensity exercise decreases IP6K1 rsetiily unexplained. Previous research
has suggested that increased intercelluldf Baels (64) may interfere with IP6K1-1P7
signalling (65). Muscle contraction requires thealarisation of the sarcolemma resulting in
Cd" releases from the muscle sarcoplasmic reticulumsThe increase in intracellularCa
concentration maybe the link between exercise addaed IP6K1 levels. Yet dfhas been
shown to suppress excitatory neurotransmissidrppocampal neuroby inhibiting the
presynaptic Syt1-C2B domain (66). The synaptotagh(Sytl) is a key Gasensor
essential for synaptic membrane fusion. The intemaof IP6K1 and its products on €a
actions in skeletal muscle requires further ingzdton.

Ghoshal et al. (63) suggested that IP6K1 inhibitrorodents may reduce the inhibitory
effects of IP7 on both pAkt and energy expenditthre latter caused in an AMPK dependent
mechansium. IP6K/5-IP7 inhibits Akt and LKB1-AMPkthways (67, 68, 69, 70) with both
pathways known to enhance UCP1 mediated thermoge(d®s 71, 72, 73, 74). Exercise
also stimulates AMPK during muscle contraction vatbvated pAkt-GSK3 a current picture
in a post exercise muscle environment. Thus, IP@i€tliated regulation of AMPK- and Akt-
dependant mechanisms has the potential to up-tegyllacose transport and offer the
appearance of improved whole body insulin sengytivih support of this former point, data
from our laboratory shows that pAMPK!"2is increased in C2C12 muscle cells in response
to insulin and insulin-like growth factor treatmewiien supplemented with TNP (FiguiE€).
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AMPK protein content was not determined in humarscleihomogenate from the current
study.

In conclusion, muscle IP6K1 did not correlate witbulin sensitivity, as measured by the
labelled IVGTT. However, plasma IP6K1 was relai@tHOMAR in hyperinsulimaic pre-
diabetic humans suggesting that global IP6K1 andmuscle bound IP6K1 maybe
implicated in insulin resistance. High-intensityeesise did however reduce muscle IP6K1
content and this is met with a significant incressmsulin sensitivity. Here we have shown
that TNP inhibits IP6K1 in C2C12 myotubes, but ikisiot accompanied with changes in
AS160 phosphorylation. Taken together, these dajgest that muscle IP6K1 may play a
part in insulin resistance but do not provide a plate and whole picture with other
signalling intermediates likely to be involved.
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Figure 1. Correlation analysis between plasma IPK61, gluedfeetiveness (§ ; r = 0.151;
P = 0.281), insulin sensitivity (5; r = 0.402;P = 0.055) and homeostasis model of insulin
resistance (HOM#; r = 0.429;P = 0.043). Figure 1A, 1B, 1C include additionalad&bm a
previously published paper (Mackeneteal.,2011) and the current data set (n = 17).
Correlation analysis includes both pre-diabetias tgpe 2 diabetics. Figure 1D shows
correlation analysis for muscle IP6K1 protein cani@ = 9) with § from the current data
only.
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Figure 2. Insulin Sensitivity (§ ) (A), glucose effectiveness %) (B) and Hepatic Glucose
Production (HGP) (C) in response to a control, kmtus and intermittent exercise trials.

=NDOGIN=
SOCIETY

ed from https://acadeni c. oup. conmlj cenl advance-articl e-abstract/doi/10. 1%]}%/] c.2017- 02019/ 4781494
uary 2018




THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
O
“

ADVANCE ARTICLE:

ENDOCRINE
SOCIETY

The Journal of Clinical Endocrinology & Metabolis@opyright 2017 DOI: 10.1210/jc.2017-02019

The integrated area under the curve for arteridlideod glucose (D) and plasma insulin (E)
following iv labeled glucose loads 4 hr post tridBenotes significant difference between
resting control® < 0.01).T Denotes difference between continuous and integntiexercise
(P <0.001)

Figure 3. Muscle protein content of IP6KAJ, phosphorylation of Akt at Thr308], Akt at
Ser473 (C), AS160 at Thr64P) and representative blotg)((n=9). * P<0.05vs. Fasting
(pre-exercise).

Figure 4. IntramusculamRNA expression of IP6K1 (A); Akt (B); GLUT 4 (CR,DK1 (D).
Values are expressed as fold change from fastiegypercise and post each trial as mean
(SE) (n=9). *Different from Fast, P<0.01; I different to Rest, P<0.05; fdifferent to
continuous exercise, P<0.05.

Figure 5. Muscle protein content of IP6K1 (A), phosphorigatof Akt at Thr308 (B), Akt at
Ser473 (C), AS160 at Thr642 (D) and representdtiots (E) for C2C12 treatments. *
P<0.05vs.control.a. P<0.05vs.Ins+TNP and P<0.05vs.Ins. Data are mean = SE (n=4).
Figure 5F shows PathS¢aAkt Signaling Antibody Fluorescent read (700<0.05vs.
control, TP<0.05vs.IGF, a P<0.05vs.Ins andy P<0.05vs.Ins+TNP. Data are mean = SE
(n=4).

Table 1.

Correlation analysis between plasm&1P&nd measures of glycemic control

Pre-Diabetics

Type 2 Diabetics

Combined

r = 0.033 (0.932)

r =0.733 (0.025)

r = 0.402 (0.055)

I = 0.247 (0.521)

r = 0.472 (0.200)

r =0.151 (0.281)

r = 0.194 (0.595)

r = 0.310 (0.493)

r = 0.357 (0.080)

Fasting blood glucose

r = 0.119 (0.760)

r = 0.043 (0.913)

r = 0.232 (0.185)

Plasma Fasting insulin

r =0.179 (0.645)

r = 0.340 (0.370)

r = 0.365 (0.075)

% body fat

r = 0.086 (0.825)

r = 0.061 (0.870)

r = 0.028 (0.457)

HOMAg.cell

r=0.171 (0.661)

r = 0.261 (0.498)

r = 0.006 (0.491)

HOMAR

r =0.194 (0.617)

r = 0.311 (0.415)

r = 0.429 (0.043)*

uary 2018

Values are means (SEM). Insulin sensitivity” (Sglucose effectiveness(@);_Body Mass Index (BMI);

Glycosylated Haemoglobin

(HbA;), Homeostasis Model Assessment of Insulin Resist§HOMAR); -Cell function (HOMA,.cen).
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Plasma IP6K1 (pg/ml)

Plasma IP6K1 (pg/ml)

OPre.diabeti
o) Pre-diabetics
OType 2 Diabetics

12 4

10

0.005 0.01 0.015 0.02 0.025 0.03

Sg? - min!

® Pre-diabetics
O Type 2 Diabetics

Plasama IP6K1 (pg/ml)

Muscle IP6K1 (A.U.)

®Pre-diabetics
OType 2 Diabetics

i

$2°104- min ' (pU/mL}

S;210*- min™! (nU/mL)
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