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Abstract

Impaired insulin sensitivity (IS) is major risk factor for cardiovascular disease and
type 2 diabetedMetabolomicprofiling during an oral glucose tolerance test (OGTT)
can reveakarly pathogenic alterations in healthy individudlair aim wado identify

IS biomarkers andgain new pathophysiologic insights by applying untargeted
metabolomics to repeated OGTT plasnsmples in association witha
hyperinsulinemieeuglycemic clamp assessmen@e studied 192 metabolites
identified by nortargeted liquid chromatography/mass spectrometry in plasma
samplegaken at 0, 30, and 120 min during an OGTT in Ad6-diabetic71-yr-old
men Insulin sensitivitywas associated with 35 metabolis@®ne or mordime poins

in multivariableadjusted linear regressiofhe trajectories ofine metabolits during

the OGTT wererelatedto IS, six of which (oleic and palmitoleic acidecanoy and
dodecanoylcarnitine, deoxycholaggcine and hexoseshowed no associatiomath

IS in the baselinefasting stateThe strongest effects were detected for meettiain
acylcarnitines, which increased betweenl20 min ininsulin-resistantindividuals
compared tahose withnormal IS. In this large community sample, weentified
novel associations between clamgasured IS and metabolite profiles that became
apparentonly after an oral glucose challeng&ssociations of diferential medium
chain acylcarnitineand monounsaturated fatty adrdjectores with IS provide new

insightsinto the pathogenesis of insulin resistance.



Introduction

Impaired insulin sensitivity (IS) affects up to one third of the U.S. population and is a
major risk facta for cardiovascular diseas@, 2) In a significantnumber of
individuals, accompanyingancreatic !cell failure leads to type 2 diabetes mellitus
and associated adverseonsequences including blindness, renal failure, and foot
ulcers(3, 4) Measures of IS assess eitlpredominantlyhepatic or peripheral (i.e.
mainly skeletal muscle and adipogstie) insulin responsiveneasd include steady
state fastingndices (e.g., the hmeostasis model assessmehtinsulin resistance
HOMA-IR (5)) and dynamiestatestimulatedmodels (e.g., the minimal mods)).

The hyperinsulinemieeuglycemic clamp techniguis a steadystate stimulated
measureconsideredhe gold standard for assessipgedominantlyperipheral 1(7).
However ,its resourcentensivenessommonly precludess use in largeanples8).

Metabolomics descrilsethe holisticmeasurementf small molecularcompounds
(<1,500 Da)in a biological gstem. Targetedmetabolomicsmeasures only ar@
specified set of metabolites, whilst ntargetedmetabolite profilingaims to quantify
all known and unknown moleculaa an unbiased wayRecenthigh-throughput
methods including liquid chromatographgoupled tomass spectrometrft. C/MS),
canidentify novel biomarkersgenerate new hypothesasd refine disease modefs
increasingly large cohorts (9). Apart from improving risk prediction (10),
metabolomicsoffers unique insights intochronic disease pathologyincluding
metabolite signatures associated witipaired IS and progression to diabetékl).
Metabolic challenge like the oral glucose tolerance test (OGTT) used the
diagnosis of diabetesan uncoverearly pathophysiologicaberrations in otherwise
phenotypically similar persor{d?2).

Small volunteer trialanvolving repeated blod sampling during ra OGTT found
differential metabolite profile according to IS as assessed by proxy measiees
fasting insulin level othe OGTFderived Matsuda indefL3-15). Ho and colleagues
(16) comparedtargetedmetabolite leveldbefore and after an OGTT iB77 non

diabeticindividualsaccording to HOMAestimated 1%nd founda relativeincreaseof

I -hydroxybutyate, isoleucine, and pyridoxate, as wellaadecreasen lactate and
orotate levels insubjects with impaired compared to normal $sing targeted

metabolomics ani.v. glucose challengeand the insulinclamp methodin 17 risk



allele-carriersfor type 2 diabeteand 24 control persgnThenand colleague$l?)
demonstratedlterations inphospholipid metabolism related to diabetsk. Zhao
and colleagueg§l4) useduntargee¢d LC/MS in repeatedDGTT blood samplesn 16
healthy volunteersand found effects of glucose ingestionon fatty acid and
carbohydratenetabolism.

Non-targeted metabolomic profilingin 3-point OGTT blood samples hasot

previouslybeen applied ta large sampleof individuals who also underwentamp

assessment of ISNVe usedthese techniques a community sample of 470on

diabetic men witlthe aimof identifying postchallenge metabolitprofiles that are
associated withS andto characterizehese metabolites regarditigeir role in early
diabetes pathology



Results

Associatios between metaboliteevelsand insulin sensitivityAfter exclusion of78
prevalent cases of diabetes, 470 men (nagpn70.64t 0.61 y) were included. The
workflow of the study andhe main results are summarized Figure 1. @mple
characteristics arehewn in Table 1.Thirty-five out of 192 annotatedmetabolites
were associateavith IS in age and sample qualiadjusted linear models at the
Bonferrontcorrected significance thresho{@able J: seven glycerophospholipids,
six glycerolipids four dycerophosphoethanolaminesx unsaturated fatigcids(FA),

four acylcarnitinegAC), two bile acids, and one each of monosaccharides, peptides,
saturated~A, steroidsjmidazopyrimidineand propanolol. The strongest associations
were observed famonoacyldycerol (MAG) 18:2 (P-value of thdikelihood ratio test
comparisonto the base mode| P = 3.5x10"), MAG 18:1 (P = 7.7x10'),
lysophosphatidylethanolamirfe PE) 18:2 (P = 7.7x10"), oleic acid(P = 2.6x10"),

and hexose(P = 3.2x10™). Additional adjustment for BMI weakenedssociations
with IS, with the strongest reductionfor glycerophospolipids and
glycerophosphethanolamineg¢Table 3. Among nonunsaturated lipidghe strongest
associations persisted for MAGvhich showed an inverse relationship with at
individual time points an observationthat contraséd with exclusively positive
associatioa amongglycerophospholipids aneethanolaminesHigher fasting levels
correlated with lowetS for glycerolipids unsaturatedrA, and bile acidswhilst the
reversaelationshipiwasobservedor mostglycerophospholipids an@éthanolamines

Association between metabolite trajectories araailin sensitivity Figure 2illustrates
changes in metabolite levetmparingindividuals in the highest and the lowest
quartile of IS, showinglittle changebetween @0 min with the exception obile
acids which increased withigherlS between these timaoints All other metabolites
tendedto decreasevith higher IS between 36120 min.We found nine metabolites
whose rate of change between the three assessment poirsignvisantly related to
IS (Table 3) the unsaturate&As oleic and palmitoleic acidhe AGs decanoy} and
dodecanoylcarnitindC10- and C12-carniting, the bile aciddeoxycholateglycine
hexose, as well akPE 18:1, LPE 18:2, and LPE 20:4Apart from deoxycholate
glycing, all showeddeclining levels withincreasinglS. Figure 3 illustrates four
trajectoriesaccording to quartiles @8 (plots for all 35 metabolites are included in the



Supplementary appendix)n the baselinefasting state only the three LPE were
associated withS, whilst associations fothe othersix metabolitedbecameapparent
following the glucose challenge (Table Z)he strongestssociations among them
were detected fododecanoylcarnitingP = 3.4x10") anddecanoyiL-carnitine (P =
2.0x10°).



Discussion

In a community ample of 470 nowliabeticelderly men we identified ninegglucose
stimulated metabolitprofilesthatwere associated with the gold standarelasure of
peripheral ISAmong the six metabolites that were not related to IS at bas#ime,
trajectories ofdecanoyL-carnitine Cl0and dodecanoylcarnitine C12uring an
OGTT showed the strongest associatiarnt IS.

To our knowledge, this iby far the largest studyto datecombining metabolomics
analysis of multipleOGTT blood samp@swith a hyperinsulinemiesuglycemic clamp
measurement d. The relative increase in mediurhain AClevelsbetweer30-120
min after aglucose load in individualwith impaired compared to normal IS has not
beenpreviouslyreported In our study,we quantified AC of all chain lengthsand
found severalshort and mediumchain AC associatewith IS atsometime point
Yet, only the mediumchain AC decanoyL-carnitineand dodecanoylcarnitingvere

related to IS in their profilever time

Fatty acidmetabolism involveshe esterificationof cytosoliclong-chainFA to acyt
CoA and the subsequent conversiol® AC by carnitine palmitoytransferase 1
(CPT1)to allow transport intothe mitochondriafor ! -oxidation (18, 19) Liver and
muscle are presumed to cohtrie to the bulk of AC turnoveget little is known
about the relationship between plasma and tisswels of AC or their effecs on
adipocyte (20, 21) Raisedfasting levels of mediurchain AC have been associated
with impaired 1S(22, 23)as well asprevalenttype 2 diabete$24), and caninduce
cellular inflammation linked to impaired insulin signalimgvitro (25). In a study of
1,019 individualshigherplasma levels o€10-carnitineand C12-carnitinecorrelated
with impairedfasting glucose, impaireglucose toleranc&nd type 2 diabetg6). In
our sample of normoglyceic men who were older than participantscmmparative
studies, v did not detectan associationbetween AC levels and IS at baselire.
possible explanation maye the agerelated decline in skeletal muscle m&sthe

maincontributor to ACmetabolism.

Competing theories about thele of AC inimpairedlS haverecently been revieed
(20, 27) and it has been suggested thegduced FA oxidation and increased

suppression o€EPT1may lead tahe upstreamaccumulation of cytotoxitipids (28,



29). Alternatively, overactive FA oxidationmay produce exceskpid intermediaries
(including AC) that interfere wit insulin signaling(30). Despite theirestablished
adverse effects omnsulin signaling, inflammatory activation and cellular stress
responsein skeletal, cardiac, anthiepatic cells, there is a paucity of evidence
regardng the effect of raised AC on adipocyté0), notwithstandingthe role of
adipose tissuén peripheral 1S(31). Adipocyte activity is crucial for postpradial
glucose uptakeas demonstrated in mice by -fgiecific overexpressio32) and
knockdown (33) of the GLUT4 transporter AdipocytesmodulatelS by secreting
adipokines(34) and by pro-inflammatory effects through macrophadas) andfree
FA (36). Our finding of a relativencreasan plasmaC10-carnitineandC12-carnitine

in impaired IS leads us to speculateout apossibleshortterm insulin-sensitizing
effect after a carbohydrate challenge that contrasts witlkesgtablishecdverse long
term consequenceButurein vitro studiesto address théunctionalunderpinningsare
planned

The association between a relative incraagetal hexose levels in individuals with
impaired insulin responsiveness is unsurprisamgl confirms previous findings on
fasting levels and diabetes rigk0). The metabolomicglatform we used did not
allow for further subclassificationof hexose apart from glucose, other sparbon

sugars like fructose have been associated with reduq@d)&nd diabetes ris{38).

The glyche conjugate of deoxycholateas the only metabolitavhose levels
increasedn individuals with highedS during an OGTTIn a previous study of 377
non-diabetic persons, dAse in conjugated antill in unconjugated bile acid levels
during an OGTTwas observedalthoughno relationshipwith HOMA-estimated IS
was found(16). Increasedfasting conjugated and unconjugatektoxycholic acid
concentrationsvere previouslyeportedasassociated with impaired clanmeasured
IS (39) andthe unconjugated form correldtavith worseHOMA index (40). In our
study, we didnot observe an association between fasting levels anth$8lin and
glucose arestrong postprandial regulatorsf bile synthesis(41) and bile acids
themselvesaffect carbohydrateand lipid metabolism(42). Thus, acomplicated
signaling interplay between posthallenge FA and glucose energy utilization

involving bile acids is likelyand the relativelevel increase in insulin sensitive



compared to the fall in insulin resistant persons reqtinestional followup studies

for explanation

The shortterm increaseluringthe OGTT of the unsaturated FA oleic and palmitoleic
acid in impaired relative tdigh IS hasto our knowledgenot been observed before.
Several smalODGTT studiesfound declining oleate and palmitoleatevels inboth
obese and leaindividuals(14, 15)andone eport from 198%43) observedieclining
trajectoriesin nine diabetic and twelveondiabetic persondnconsistent results on
increased fasg levels of oleic acidndicatecorrelationswith improvedlS (44, 45)
impairedlS (46), or a lack ofassociatior(47). The differentialpostglucoseincrease
in reduced 19n our studysuggests a potentiablvatory effect of adipocytgecreted
monounsaturated FA on peripheraltfatmay bemediated byglycolytic stimulation
of the synthesisegulating enzymestearoydiCoA desaturasé. Mechanistic studies
areneeded to teshis assumption

The strength®f our studyincludethe combination othe gold standard measure of
peripheral ISan OGTT, and noftargeted plasmanetabolomics in a uniquely large
sample which, however, precluded replication in an independent coAarta
compromise, w used theconservative Bonferrorgorrectionfor multiple testing and
may thereforehave missedometrue positive associations. Exhaustive examination
of over 8,000 spectral features from rlangeted testing identified 192 metaboljtes
but this approachwas limited by the availability of Hhouse and publiclatabase
reference compounds as well asthe analysis platformOs proclivity foipid
metabolites Our cohort of 71-yr-old Northern Europearmen provides for the
investigationof pahogenic insights in a homogeneous santiphéing confounding
effects of age, sex and ethnicibytleads to unknowigeneralizability to women and
other ageand ethnic groups.

In conclusion, we discovered differential metabolite trajectories during an oral
glucose challenge that were associated with clamepsured IS angrovide novel
insights into the effect of mediwghain AC on skeletal myocytes aratlipocytesas

the main degrminants of clamymeasured ISthat will be testedin future in vitro
studies



Methods
Sample characteristicsaand baseline examinations

In 197073, 2,322 0f2,841invited male residents of Uppsala county, Swedsrn
between 19224 agreed toparticipate inthe Uppsala Longitudinal Study of Adult
Men (ULSAM (48)). The present study is based thesubsequendassessment age
70 yr (August 1991 tavlay 1995. All men who completed th©GTT and insulin
clamp studyand didnot meet the exclusion criteria of established diabeliabetes
medicationfasting plasma glucose "7.0 mmol/l, HbAlc "6.5948 mmol/mol), and
2-h plasma glucose (OGTT) "11.0 mmoWere includedReasons for exclusion are
shownin Figure 1 The 75g glucose OGTT in overnight fasted individuals included
blood samplingfor immediate storageta80; C at baseline, 30 min, and 120 min.
Plasma glucose was measureyl the glucose dehydrogenase meth@luc-DH,
Merck, Darmstadt, Germahyand plasma inslin was analyzed by ELISA
(Enzymmun,performedin the ES300analyzer,Boehringer, Mannheim, Germany).
Details are available in the Supplemental Methodand online
(http://www2.pubcare.uu.se/ULSAM/invest/70yrs/meth70.htm#06).

Measurement of nsulin sensitivity

Within one week of theOGTT, participants underwent dyperinsulinemie
euglycemicclampassessmer{?) slightly modifiedwith a higher insulin infusion rate
of 56 mU x min* x m? to completelysuppress hepatic glucoseoguction (49). In
brief, after a10 minbolus dosesemisynthetic human insulin was. infusedat 56

mU x min™ x m? body surface aréafor 110 min A plasma glucose concentratiof

5.1 mmol/lwas maintainedvith a 20% glucose infusion titrated to plasma values
measured at 5 min intervalBhe IS index (M ratio in mg x kg™ x kg BW™* x min™*

per mU/l x 100) quantifiesthe amount of glucosmetabolizedper unit of plasma

insulin.
Non-targeted metabolomicprofiling and feature detection

Details of laboratory procedures and data processing bes describegreviously
(50, 51)andare detailed irthe Supplemental Method8riefly, blood sample taken
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at 0, 30, and 120 miduring the OGTTand stored at80j C until analysiswere
analyzedby untargetedultra performance liquid chromatography/mass spectrometry
(UPLC/MS) onan Acquity UPLC systemcoupled with a Xevo G2 QOF MS
(Wates Corporation, Milford, MA, USA) featuring an atmospheric electrospray
interface operatd in positive ion mode An Acquity UPLC BEH C8 aalytical
column was injected withonconsecutiveduplicates of 1 ul samplesFull scan mode

MS analysis {n/z 50B1,200at 5 scangers) was performed alternatively at collisions
energies of 6 V and 150 V. Raw data were processadth XMCS (52) in R and
adjusted for retention time correction, analysis date, sample collection, and plate
effectas detailed in the Supplemental Metho@satures characterizdty m/z ratio
andretention timewere annotatedising irhouse reference compounds and public
databasesccording toMetalolomics Standalinitiative guidelines(53). We could
identify 192 metabolitesy ULSAM.

Statistics

Association testingn alinear regressioframework,we usedikelihood ratio test to
find metabolites whosedditively combinedlevels acrossall three time points
explained significantly more variance alamp M/l than a baseline model adjusting
for age and sample quality indicators (storage time, previous thasample type
and possible hemolysjsdescribed in detaiin the SupplementaMethodg. The
conservative Bonferronicorrected significance threshold was applied to all
comparisongo limit the number ofalse posive findings aswe are not aware of any
replication samples available to study the research question atAwmmditlined in
Figure 1,significantmetabolites were then tested in aged sample qualitadjusted
linear models combining the rates of change betwe&@ @nin and 320 min for
trajectoryassociationsvith I1S. For plos, raw metaboliteresiduallevels adjusted for
age and quality covariates were usedodel assumptions of normality and
homoscedasticityvere ascertained in residualy-fitted value and normal @ plots.
Outlier inspection was donen histograms and plots of studentized residsaand
CookOs distanc&tatistical analyses were performed usthg Im() and anovay()

functions in R

11
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Figure 2. Change in metabolite levels over time in individuals from the highest

and lowest quartiles of insulin sensitivity. Mean differences between three time
points during the oral glucose tolerance tast showrfor 35 metabolites associated

with insulin sensitivity Metabolite levels are adjusted for age and sample quality
parametersand scaledto SD-unit. Change over time in the lowest £ 117) and
highest ( = 118) quartils of insulin sensivity is plotted on the x and yaxis,
respectively. Shapes and colors represent chemical classes. Symbol size is
proportional to theP-value €logic-transformed) of the regression coefficient
representing the association between concentration change and insulin sensitivity
(larger sizendicates more significant association). Annotated metabdiitgs@ories
aresignificantly related to insulin sensitivity age and sample quakgdjusted linear
regressionafter correction for multiple testindg-or example, the unsaturated fatty
acids oleic and palmitoleic acid decrease on average over time in the most insulin
resistant persongelative to the most insuih sensitive individuals. DOCA,
deoxycholic acid; FA, fatty acid; IS, insulin  sensitivity; LPE,
lysophosphatidylethanolamine
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Figure 3. Selected metabolites with insulin sensitivitassociated trajectories.
Bars represent mean agend sample quality parametadjusted metabolite levels
(SD-unit) at three time points during the oral glucose tolerance test grouped
according to quartiles afhe insulin sensitivity index (M/Iratio; in the order of
increasing insulin sensitivity). Error bars indicate 95%@lquartile.
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Table 1. Sample charateristics of 470 nondiabetic men

Traits

Clamp insulin sensitivity indéx
Fasting glucose (mmol/l)

Fasting insulin (mU/I)

OGTT glucose (area undtrecurve)
OGTT insulin (area under the curve)
Current smoker

At least moderate physical activity
BMI (kg/nm)

Waist circumference (cm)
SystolicBP (mmHg)

DiastolicBP (mmHg)
Antihypertensive medication
Serum triglyceridegmmol/l)

Total serum cholesterol (mmol/l)
HDL (mmol/l)

Lipid medicatior?

C-reative protein (mg/l)

53+24
5.4+0.6
13.6 + 6.6
56.0 + 30.0
1225.9 £749.5
20.1%
88.3%
26.0+ 3.3
93.2+9.5
144.0 + 18.8
82.0+9.5
30.2%
1.4+0.7
59+1.0
1.3+04
10.2%
3.3+4.7

Mean £ SD are given for continuous, proportions for binary
variables*Clamp M/I ratio in mg x kg x kg BW™* x min™

per mU/l x 100 B Missing responses (3.3% for smoking,
1.7% for lipid medication) are counted as O@EI T, oral

glucose tolerance test.
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Table 2. Metabolites assoated with insulin sensitivity

Overall linear regression LRT P-value compared to the - X i
Anno . i Associationat time points (P-valuesf
. ) HMDB modef baseline model adjusted fdt
Metabolite tation Class
N reference - age, sample age, sample X . .
F statistic P-value 0 min 30 min 120 min
quality quality, BMI
Monoacylglycerol 18:2 1 HMDB11568 10.281 2.9x10% 3.5x 10" 4.3x10° 1.4x10%  2.1x10%* 3.9 x 10"
Monoacylglycerol 18:1 1 HMDB11536 9.361 5.3x10? 7.7 x10° 2.2x10 1.2x10*  9.3x10* 1.5 x 10%*
Monoacylglycerol 16:1 1 HMDB11534 ol oid 8.555 6.9 x 10" 12x10° 2.3x10 1.2 x 10°* 5.8x10° 1.8 x 10%*
‘cerolipl
Monoacylglycerol 16:0 1 HMDB11533 Y P 7.804 7.6 x 10 1.5x 10 9.6 x 10° 1.9 x 10%* 2.4x10° 1.7 x 10™*
Monoacylglycerol 14:0 1 HMDB11530 6.893 1.4x10° 3.5x10° 1.8x10° 5.4 x 10™ 0.080 1.1 x 107
1-Vaccenoyd2-palmitoy+Sn-
WD Y HMDB07185 5.820 4.3x10 15x 10 0.013 0.016 5.2x10° 1.4 x 10™
glycerol
1-Arachidoy}2-hydroxy-Sn
B y 1 [NA] 8.924 2.1x10" 3.4x10° 3.9x10' 7.4x10%  2.4x10% 2.0 x 10°%*
glycero3-phosphocholine
1-Oleoy}2-hydroxy-Sn-
yreyero _ 1 [NA] 7.887 5.8 x 10° 1.2x10° 8.7 x 10" 6.8x10°*  4.4x10* 1.7 x 10°*
glycero3-phosphocholine
Lysophosphatidylcholine 18:1z 2 [NA] . 6.870 1.5x10° 3.8x10° 7.6 x 10° 2.3x10*  5.5x10* 8.6 x 10°*
cero
Lysophosphatidylcholine 18:2 1 HMDB10386 hy néoid 6.716 25x10° 6.5x 10° 0.024 57x10*  1.3x10% 2.0 x 10™
0S| If
Lysophosphatidylcholine 18:3 2 HMDB103g8 PP 6.594 3.6x10° 1.0x10° 6.2 x 10 6.0x10°*  3.0x10% 5.0 x 107+
1,2-Dilinoleoyl-Snglycero-3-
¥ i 1 [NA] 6.195 1.3x 10 4.0x10° 5.1x 10 2.7 x 10°* 0.043 6.7 x 10™
phosphocholine
Lysophosphatidylcholine
DB 1 [NA] 5.926 3.1x10 1.0x10 0.104 25x10% 4.7 x10% 15x10°
0:0/18:2
LPE18:2 2 HMDB11507 10.044 6.1x 10 7.7 x 10" 2.5x 10 23x10*  1.3x10% 0.379
LPE18:1 2 HMDB11505  Glycero 8.655 5.0 x 10" 8.4 x 10° 11x10 21x10*  2.9x10 0.344
1-Oleoy}2-hydroxy-Sn- phosphe
glycero3- 1 [NA] ethanolamine 7.702 1.0x 10° 2.2x10° 1.5x 10 3.3x10%  1.4x10* 3.7x10™
phosphoethanolamine
LPE20:4 2 HMDB11517 6.827 1.7 x10° 4.4x10° 3.7x10° 1.2 x 10°% 1.6x10° 0.848
Oleic acid 1 HMDB00207 9.685 1.9 x 10" 2.6 x 10" 2.3x10° 0.153 1.2 x 10% 2.7 x 10"*
Palmitoleic acid 2 HMDB03229 7.915 5.3x 10" 1.0x 10" 1.2x10° 0.261 9.5 x 10°* 4.7 x 10
Eicosatrienoic acid 3 [NA] Unsaturated fatty 7.771 8.4 x10° 1.7 x10° 2.0 x 10° 15x10° 1.3x10% 9.3 x 10*
Linoleic acid 1 HMDBO00673  acid 6.600 3.6x10° 9.7 x 1¢° 9.9x10° 0.135 2.6 x 10°* 4.9 x 10°*
Alpha-linolenic acid 1 HMDB01388 6.265 1.0x 10 3.1x10° 41x10° 0.102 6.6 x 10% 4.8 x10%
Arachidonic acid ethyl ester 2 [NA] 6.258 1.1x10° 3.2x10° 9.4 x10* 15x10° 1.5 x 10™* 7.8 x 10°*
Dodecanoylcarnitine 1 HMDB02250 7.933 5.0 x 10° 9.8 x 10° 8.8x 10 0.458 0.967 1.5x 10™
DecanoyiL-carnitine 2 HMDB00651 Acylcamit 7.526 1.8x10° 4.0x10 15x 10 0.047 0.426 1.2x10™
cylcarnitine
L-Acetylcarnitine 1 HMDB00201 4 6.331 8.4 x 10° 25x10° 2.3x10° 0.085 0.049 1.1x 107
L-Octanoylcarnitine 2 HMDB00791 5.936 3.0x 10 9.7 x 10° 1.9x10° 0.315 1.7x10° 6.4 x 10°*
Deoxycholic acid tycine
) Y v 1 HMDBO00631 5.862 3.8x10 1.3x10 21x10° 1.7 x 10% 8.7 x 10° 0.108
conjugate ’ .
B Rl TG Bile acid
eoxycholic acl cine
) Y ey ) 3 [NA] 5.741 5.5x 10 1.9x10 4.9x10° 0.436 0.196 0.012
conjugate related metabolite
Hexose 3 [NA] Monosaccharide 10.307 2.7x 10" 3.2x 10™ 1.8x10° 0.026 6.9x 10** 5.9x 10
Propranolol 1 HMDB01849  Naphthalene 7.853 6.5x 10%° 1.3x 107 1.3x 10* 1.9x 10° 1.2x 10% 2.0x 10%
. . Imidazopyrimidi
Uric acid 1 HMDB00289 6.383 7.1x 10° 2.1x 10° 0.161 0.017 4.9% 10% 0.010
ne
- . Saturated fatty
Myristic acid 1 HMDB00806 " 5.744 5.5x 107 1.9x 10* 3.1x10° 0.015 0.159 1.5x 10*
acili
Gammaglutamytleucine 2 HMDB29153  Peptide 5.727 5.8x 10" 2.0x 10* 0.289 3.1x 10° 5.7x 10°* 8.2x 10**
Corticosterone 1 HMDBO01547  Steroid 5.677 6.8x 107 2.4x 10* 0.016 3.2x 10%* 1.9x 10° 2.0x 10°

Metabolites that explained more variance in insulin sensititvign the baseline modelcombiningage and sample quality parame}eas the Bonferroni
corrected significance threshol® «2.6 x 10%) are shown*Accuracyaccording to the Metaboinics Standard Initiative®Linear regessioncombining
metabolite levels at 0, 30, 120 min, age, storage time, previous thawing, sample type sine pemolysis acovariates{ RT compare the full to theeduced
model excluding metaboliteSP-valuesfor the association ofnetabolite levelsvith IS at individual time pointsdjusted for age and sample quality paramete
derived from linear regression modeimdicates significant associations at the Bonferr@oirrected thresholdJnderlinedvalues indicate positive associations
with insulin sensitivity HMDB, the Human Metabolome Databat®E, lysophosphatidylethanolamineRT, likelihood ratio test.
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Table 3. Insulin sensitivity-associated metabolite profiles follaing the oral

glucose challenge

. F-statistic P- Change 630 min Change 30120 min
Metabolite
value 1+ SEM P-value 1+ SEM P-value
LPE18:1 1.2 x10° -1.06+0.25 25x10° -087+024 26x10*
LPE18:2 7.3x10° -1.14+ 028 5.0x10° -1.48+0.28 1.7x10
LPE 20:4 3.0x10* -055+0.21 83x10® -078+021 15x10*

Dodecanoylcarnitine 3.4 x 10’ -0.24+0.07 89x10° -0.36+0.07 6.2x10°
DecanoyiL-carnitine 2.0x 10° -0.09+0.13  0.466 -0.58+0.10 7.0x10’
Oleic Acid 3.3x10° -0.31+0.11 6.9x10° -042+0.10 15x10C
Palmitoleic acid 1.7 x 10° -0.41+0.13 1.7x10° -0.33+0.12 7.8x10°
Deoxycholic acid 1.2 x 10* 054+0.13 4.7x10° 041+0.12 1.1x10°
glycine

Hexose 3.8x105 -0.61+0.29  0.037 -1.16+0.26 8.8x 10°

Based on linear regression models of clamp M/l 36{Mg) + (M120-M30); where M,
M3, and Mo represent metabolite levels @t30, and 120 miadjusted for age and
sample quality parameters. Only metabolites assocsitede Bonferrontcorrected
significance threshold (P <143 x 103 are shown. LPE,
lysophoghatidylethanolamine
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Metabolite profiles during an oral glucose tolerance test are associated with

clamp-measured insulin sensitivity

Nowak et al.

Supplementary appendix

1. Supplementalmethods
1.1. Examinations in ULSAM

Cohort description.The Uppsala Longitudinal Study of Adult Men (ULSAN48))

was started in 197 2,322 0r81.7 % of eligible residents enroll@éénd involves
comprehensive assessngr@peated every five to tensyiThepresent study is based
on the assessment at age 70(yr= 1,221 or72.6 % of 1,681 men still aliveand
residing in Uppsala countyecruited) Only individuals that underwent aoral
glucose tolerance tesDGTT), hyperinsulinemiesuglycemicclamp assessmenand

had metabolomic profilindor the three timgointswere eligble for inclusion in the
present studyn = 567). We excluded individuals witlexisting diabetes, defined as
fasting plasma glucose "7 mmol/l, glycated hemoglobin HbAlc "6.5 9% (4
mmol/mol), use of antiliabetic medication according to the Swedish Prescribed Drug
Register ATC code Al10, and/or diagnosis of diabetes according to the Swedish
Hospital Discharge Register.

Baseline examinatian Participants underwent detailed assesgnrecluding medical
guestionnaires, anthropometric measurements, and blood sanipim@QGTT was
performed in overnightasted individuals who ingested 75 g of glucose in 300 ml of
water accompanied by blood samgliimmediately before (O min), 30 mima 120
min thereafter. Insulin sensitivity waseasured on a separate adathin one week of
the OGTT by he hyperinsulinemiesuglycemic clamp technique according t
deFronzo and colleagu€g), modified with a higher insulin infush rate to suppress
hepatic gluconeogenesitn brief, either the left or right forearm was placed on
warmed blankets and used far. cannulation in the antecubital fossa (infusions) and
dorsum of the hand (blood sampling). Foliog baseline sampling 4fin after
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cannulation, semisynthetic human insulin was giasna bolus dose ovéi0 min
followed by continuous infusion at a rate5# mUx min™® x m? body surface area

for 110 minto achieve a steady state of hyperinsulinemia. A plasma glucose
concettration of 5.1 mmol/l was maintained by repeated glucosasurements every
five min and corresponding adjustments tbke infusion rate of a 20 % glucose
solution. Glucose levels were analyzed in duplicates using a Glucose Analyzer
following immediate cemifugation. Steadistate plasma glucose and plasma insulin
concentrations were calculated as the mean of all valuamnebtbetween 6020

min. ThelS index (M/I ratio in mgx kg™ x kg body weight x min™ per mU / | x 100)
representshe amount of glucose metabolized per unit of plasma insulin. It was
calculated by dividing the glucose disposal index M &hmunt of glucose taken up
between 60120 min in mgx kg* x kg body weight) by the mean insulin
concentration during the coggonding period. Details of other investigations can be
found online(http://www2.pubcare.uu.se/ULSAM/invest/70yrs/meth70.htm#06

1.2. Metabolomic profiling and feature detection

Metabolomic profiling by LC/MS was performed in venous plasnad serum
samples obtained at 0, 30, and 120 min during the OG£BIg the equipment and
procedures described in the main text and elsewbére4, 55)

Laboratory methods and dat@gusition. For protein precipitationl00 plof thawed

blood sampleshat had been stored 880 jC were diluted witr400 pl of methanol,
stored overnight aER0 iC, and centrifuged for 30 mimat 3,800 g and 4 |C. The
supernatant was distributedrosshree 96well plates, sealed witheatseal foil, and
stored a0 jC until analysis. Plates were analyzed in randomly ordered batches of
two accordingto autosampler capacity. Injections were randomized by plate order.
All samples were analyzed in dugdies, with the second set of injecgdallowing

the completion of the first seh all samplesBefore each batch divo plates was
analyzed, instrument maintenance (cone cleaning, mass calibration, and detector gain
calibration) was performed followelly injection of a quality control standard. To
ascertain acquisition of high quality data, two conditioning and three quality control
injections were performeds 1 plinjections of ® % methanol solutions containing 2
png/ml each of terfenadine, caffeirgylfadimethoxime, and reserpine. Standavdre

assessed faetention time (x0.05 m)nmass accuracy (<3 ppm) and signal intensity
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(<25 % of the relativeSD). Proteinprecipitated samples were analyzed in 11
injections on a Waters Acquity UPLC systetWaters Acqity UPLC C8 column
(2.8 uM, 1 mm by100 mm) was used for separation, which involaggadient from
solvent A (95 % water, 5 % methanol, 0.1 % formic acid) to solvent B (95 %
methanol, 5 % water, 0.1 % formic acid). Injeciavere made in 1006 A, which

was held for 0.1 minramped to 40 % B in 0/in, to 70 % B over 2 min, and to 100
% B over 8 min The mobile phase was hedtl 100 % B for 6 minreset to stding
conditions over 0.1 mjnand allowed to equilibrateor 5.9 min Throughout tk run,

the flow rate was hdl constant at 140 piiin. The separation column and sample
were maintained at 50 jC and 10 {C, respectivAlyWaters Xevo G2 TOF MS fitted
with an electrospray source was infused with the efflUu2ata were collecteth the
positive ion mode with a scanningassto-charge ratio (m/z) range of 50200 at a
rate of 5 per sAlternate scans were performed in MS moddligton energy 6 V)

and in idMSMS mode (1930 V). Beforesampletesting calibration was performed

by infusing sodium formate solutiofmass accurac{t ppn). The capillary voltage
was held at 200 V, the source temperature at 150 jC, and the desolvation
temperature at 350 iC at an 800 I/h nitrogen desolvation gas flae. The
guadrupole was maintad d a collision energy of 6 V anthe Waters DataBridge

software was used to convert raw data to .cdf files.

Data analysis.Metabolic featurewere detected, aligned, grouped, and imputed using
the XCMS software package implemented i(3). The folowing functions and
parameters were used in deviation from the default seRegk detectiorxcmsSet( )

- method = OcentWaveO, ppm = 25, peakwidth = ¢(2:15), snthresh = 8, mzCenterFun
= OwMeanO, integrate = 2, mzdiff = 0.05, prefilter = c(1f®ak alignmentiector( )

P method = OobiwarpO, plottype = Odeviatipp&ak grouping® group( )Dbw = 2,
minfrac = 0.05, max = 100, mzwid = 0.0fteak filling, fillPeakschrom( ). Parameter
selection was badeon a random selection of -20 samples withduplicate or
triplicate injectionsused to evaluatea variety of parameter settings within a
reasonable interval around the values suggebBtedhe software developeriVe
selected parameters that maximized ungplicate correlations fahe final analyss.
Chosen configurations were additidgadssessed by inspecting the plots generated by
the peak detection and grouping algorithitve detected 10,162 features in ULSAM.
Feature intensities were lgansformed and normalized by fitting ordinary least
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squares linear regression models for associations between feature intensity and
covariates of unwanted variability (retention time correction, analyses sample
collection, and plate effects). The resultant residuals were carried forward for
subsequent ralyses. Samples with abnormal total feature intensdiedbr low
Spearman correlation coefficients between duplicates were manually scanned for and

removed.

Metabolite anotation Each netabolite iscommonly represented by a cluster of
metabolic featwsthat share a similar retention time but differ in mass according to
the inherent fragmentation patterntbé parent compoundighly correlated features
with similar retention times were combined to reconstruct representative
fragmentation spectravhich were used for annotatioiMetabolites wre identified
according to the fodlevel hierarchical approach suggested by the Metabolomics
Standard Initiative (53), where Level 1 indicates the highest confidence (based on
matching by mass, fragmentation pattern, and retention time iteleouse standard
compound) and Level 4 designatsnknown metabolitesvhich could not be matched

to public compound libras according to spectral and/or mass andétention time
similarities with named metabolites (Level 2) or chemical classes (L8kel
Exhaustive ondy-one feature evaluation yielded 192 annotated metabolites in
ULSAM.

1.3. Adjustment for sample quality

Adjustment for sample quality parametefFbe time lag between sample collection in

the early 1990ies and metabolomic profiling of déegen blood samples in the
early 2010s when the new technology became available required adjustment for
various sample quality indicators based on continuously updated logbooks maintained
by laboratory staff and cohort administrators. As samples weranebttdrom
consecutive participants over several years, assessment time was controlled for to
avoid confounding with systematic drifts in laboratory practice. It was included as a
continuous variable specifying the time in days between the firstashésessment

date (mean 380+205 d, maximum 749 d= 470). We coded blood sample
characteristics in three indicator variablgwevious thawing, sample type, and
possible hemolysishbased on laboratory logbook informatidn. 26 % of samples

(122470), logbook information implied previous thawing and subsequdentegzing
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(unknown number of times). All specimens, except for two serum samples (0.4 %),
were ethylenediaminetretraacetic acid (EDTA) plasma samples. |27 cases
(8/470) logbook emtes pointed to possible hemolysis.
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Supplemental Figures Metabolite profiles according to insulin sensitivity.Bars
represent mean agand sample quality parameiadjusted metabolite levelSD-

unit) at three time points during the oral glucose tolerance test grouped according to

guartiles ofthe insulin sensitivity index (M/Iratio; in the order of increasing insulin
sensitivity).All 35 insulin sensitivityassociated metabolites are préedrError bars
indicate 95% CIQ, quartile.
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