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Context:Primary dysregulation of adipose tissue lipolyhig to genetic variation and
independent of insulin resistance could explaineafthy body fat distribution and its
metabolic consequences.

Objective:To analyze common single nucleotide polymorphié&i$Ps) in 48 lipolysis-, but
not insulin-signaling-related genes, to form polyigeisk scores of lipolysis-associated
SNPs and to investigate their effects on body i&tidution, glycemia, insulin sensitivity,
insulin secretion and proinsulin conversion.

Study Design, Participants and Metho&\P array, anthropometric and metabolic data were
available from up to 2789 non-diabetic participasftthe Tiibingen Family (TUF) study of
type-2 diabetes characterized by oral glucosednts tests (OGTTSs). In a subgroup
(N=942), magnetic resonance measurements of bodydiees were available.

Results:We identified insulin-sensitivity-independent nawali associations (p<0.05) of SNPs
in ten genes with plasma FFAs, in seven genesplattma glycerol and in six genes with
both, plasma FFAs and glycerol. A score formecheflatter SNPs (iADCY4 CIDEA,

GNAS PDE8B PRKAA1 PRKAG2 was associated with plasma FFA and glycerol
measurements (1.4*8p<1.2*10°), visceral adipose tissue mass (p=0.0326) anchgubi
conversion (g0.0272). The more lipolysis-increasing alleles ljestt had, the lower was his
visceral fat mass and the lower his proinsulin evaion.

ConclusionsWe found evidence for a genetic basis of adipissee lipolysis due to
common SNPs i€IDEA, AMP-activated protein kinase subunits and cAM#haling
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components. A genetic score of lipolysis-increasiligles determined lower visceral fat
mass and lower proinsulin conversion.

A score of seven common lipolysis-increasing alleles in ADCY4, CIDEA, GNAS, PDE8B, PRKAA1
and PRKAG2 associates with lower visceral fat mass and lower proinsulin conversion.

I ntroduction

Chronically elevated plasma free fatty acids (FF&syrt multiple detrimental effects of
metabolic relevance summarized under the termdipoity: FFAs provoke tissue
inflammation and insulin resistance [1] as welpascreati@-cell dysfunction [2];
furthermore, FFAs induce vascular inflammation,@hdlial dysfunction and promote
atherosclerotic events [3]. Therefore, high FFAa=irations are thought to contribute to the
metabolic syndrome and type-2 diabetes.

A major reason of elevated plasma FFA concentratignapart from chronically high fat
intake, increased adipose tissue lipolysis [4].pdde tissue lipolysis is determined, e.g., by
the type of adipocyte with visceral adipocytes hgwunigher lipolytic activity than
subcutaneous adipocytes [5], by the adipocyte dangth large adipocytes having higher
lipolytic activity than small adipocytes [6], angt birculating hormones. Insulin and
catecholamines are the most important hormonalaé&ws of lipolysis: catecholamines
stimulate, whereas insulin suppresses adiposeetigmlysis. Since insulin resistance is very
closely associated with elevated lipolytic rated sice versa [7,8], data on primary causes of
increased lipolysis independent of insulin resistaare hitherto not well described.

In the last decade, the era of genome-wide asgutisiudies (GWAS) has provided
valuable insights into the genetic architecturenahy diseases (NHGRI-EBI GWAS Catalog
[https://www.ebi.ac.uk/gwas/]). With respect toayp diabetes, GWAS did not only reveal
common genetic variants in more than 100 gene<eted with the disease but also
collected first evidence for their involvement iisehse-related pathophysiological events,
such as disproportionate body fat distributionuiimsresistance and insulin secretion failure
[9]. Due to a lack of larger studies wititvivo-measures of lipolysis, however, GWAS
addressing primary defects in lipolysis, i.e., iimstesistance-independent dysregulation of
lipolysis, were not performed yet.

Having now available in the Tiibingen Family (TUR)dy for type-2 diabetes genome-
wide genotyping data, FFA and glycerol measuremanisell as estimates of insulin
sensitivity derived from a 5-point oral glucoseetaince test (OGTT), we asked whether an
insulin-sensitivity-independent genetic basis apasde tissue lipolysis exists. To this end, we
analyzed 316 common single nucleotide polymorphi€hNPs) in 48 lipolysis-, but not
insulin-signaling-related genes for insulin-sengirindependent association with plasma
FFA and glycerol concentrations, formed polygeisk scores of FFA- and/or glycerol-
associated SNPs and investigated their effectodw fat distribution, glycemia, insulin
sensitivity, insulin secretion and proinsulin corsien.

Materials and Methods

Ethics statement.

The study adhered to the ethical guidelines laidrdm the Declaration of Helsinki, and the
study protocol was approved by the Ethics Commifeee Eberhard Karls University
Tubingen. All study participants gave their infogngritten consent to the study.

Subjects.

An overall study population of 2789 genotyped naabdtic German subjects with
anthropometric and metabolic phenotype data wasited from the ongoing TUF study
[10]. TUF currently comprises more than 3,500 nelated individuals at increased risk for
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type-2 diabetes characterized by a family histdrtype-2 diabetes, a BMi27 kg/nf,
impaired fasting glycemia, and/or previous gestatialiabetes. TUF participants undergo
assessment of medical history, smoking status moth@ consumption habits, physical
examination, routine blood tests and OGTTs. Ingieotyped study population,
anthropometric data (gender, age, BMI) and glucosasurements were available from all
2789 participants, magnetic-resonance-imaging-ddriisceral and total adipose tissue
(VAT, TAT) and -spectroscopy-derived intrahepaipd data, insulin sensitivity and insulin
secretion measurements, proinsulin conversion@dsFA and plasma glycerol data were
available from differently sized subgroups (TabjeThe study population did not include
participants on any medication known to influenkiecgse tolerance, insulin sensitivity or
insulin secretion.

OGTT.

A standardized 75-g OGTT with venous blood sampdihtime-points 0, 30, 60, 90 and 120
min was performed following a 10-h overnight fastdescribed earlier [10]. Blood was
sampled to determine blood glucose, plasma corat@nis of FFAs and glycerol and serum
concentrations of insulin, proinsulin and C-peptide

Quantification of body fat and body fat compartments.

Body mass index (BMI; in kg/m2) was calculated asghit divided by squared height. Body
fat content (in %) was determined by bioelectriogpedance (BIA-101, RJL systems,
Detroit, MI, USA). To exactly quantify TAT and VA@ontents (in % body weight, both),
whole-body magnetic resonance imaging was perforomea 1.5-T whole-body imager
(Magnetom Sonata, Siemens Healthineers, Erlangerm&y) as described [11]. Localized
stimulated echo acquisition motié-magnetic resonance spectroscopy was used taviaeer
the content of intrahepatic lipids as previouslgaied [12].

Clinical chemistry.

Plasma glucose concentrations (in mmol/L) were nreaswith a bedside glucose analyzer
(glucose oxidase method, Yellow Springs Instrumengtiow Springs, OH, USA). Plasma
FFA and glycerol concentrations (in pmol/L, bothgres quantified using enzymatic assays
from WAKO Chemicals (Neuss, Germany) and Sigma-&ld¢Munich, Germany),
respectively. Serum insulin, proinsulin and C-pépitoncentrations (in pmol/L, all) were
determined by commercial chemiluminescence assaysDVIA Centaur (Siemens Medical
Solutions, Fernwald, Germany).

Calculations.

Homeostasis model assessment of insulin resis@@MA-IR; in 10° mol*U*L ) was
calculated as c(glucogé&c(insuling)/22.5 with c=concentration and insulin concentnasi
converted from pmol/L to pU/mL [13]. The OGTT-dext/insulin sensitivity index (I1SI; in
10" L*mol™) was estimated as proposed by Matsuda and DeFftako
10,000/[c(glucosg*c(insuling)*c(glucosgea)*c(insulinmea)] . Insulin secretion was
estimated from the OGTT using two recently repontelices [15]: area under the curve
(AUC) of insulin from 0 to 30 min divided by AUC gilucose from 0 to 30 min (insulivco-
30/glucos@uco-30) and AUC of C-peptide divided by AUC of glucosdtbm the same time
interval (C-peptidguco-3d/glucos@uco-ag, in 10°, both indices). Both indices were calculated
as [c(insulig or C-peptidg)+c(insulingy or C-peptidey)]/[c(glucose)+c(glucosey)]. AUCs
from 0 to 120 min of analytes with increasing cancations during the OGTT (glucose in
mmol/L*h, insulin and proinsulin in pmol/L*h) werealculated with the trapezoid method:
0.5*(0.5*qy+C30tCaotCoot0.5*C120). For the decline of FFA and glycerol concentnasialuring
the entire 120 min, inverse AUCs (IAUCs; in umolii,both) were calculated according to
the formula previously reported [16]: 0.5*[0.5%(€30|)]+0.5*[0.5*(|c30—Cs0|) +Co—
Ca0]+0.5*[0.5*(|Cs0—Cool) +CQ—Cs0]+0.5*[0.5*(|Cog—Ci2d) +C—Cag]. Proinsulin conversion
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(dimensionless) was estimated at 0 min, 30 mindamohg the entire 120 min as
c(proinsulirk)/c(insulink) with X=0 min, 30 min or AUC from 0 to 120 min.

Selection of lipolysis-related genesand of common SNPstherein.

Based on (i) information provided by articles thatre identified via a stringent PubMed
[https://www.ncbi.nim.nih.gov/pubmed] search usihg combination of search terms
“regulation”, “adipocyte” and “lipolysis[Title]” ad (ii) subsequent validation of the
identified candidate genes by interrogation of OMtps://www.omim.org/] and UniProt [
https://www.uniprot.org/], we established a lists@f genes with strong evidence for
involvement in the regulation of lipolysis and ea$t moderate expression in adipose tissue
according to GTEx RNA-Seq datal transcripts per kilobase million in subcutaneous
and/or visceral adipose tissue) [https://www.gtetgdaorg/]. The list comprised genes
encoding lipases and lipase cofactors, lipid vestdmponents (perilipins, cell death-
inducing DFFA-like effectors), fatty-acid-bindinggieins, cCAMP signaling components
(adrenergic receptors, calcitonin receptor-likeepgor and RAMP coreceptors, neuropeptide
Y receptor Y1, prostaglandin E receptors, heterwric G-proteins, adenylate cyclases,
subunits of protein kinase A (PKA), cCAMP phosphatieeases), cGMP signaling
components (NO synthases, atrial natriuretic peptdeptors, guanylate cyclases, cGMP
phosphodiesterases), subunits of AMP-activatedskifAMPK), tumor necrosis factor
receptors and mitogen-activated protein kinasagp@&mental Table 1 in [17]). As it was
our intention to identify primary genetic defeatdipolysis independent of insulin
sensitivity, genes constituting the proximal insudignaling pathway, such as the insulin
receptor, insulin receptor substrates, phosphatiolyitol 3-kinase, protein kinase B, wexre
priori excluded. In the genomic loci (gene regions plib &'-flanking regions) of these 58
genes, we looked for common [minor allele frequefMpF) >0.05], bi-allelic and non-
linked (r2<0.8) SNPs with genotyping success rai®s% and genotypes in Hardy-Weinberg
equilibrium (1»0.05) available from our recently collected genomiée genotyping data
using the 700-K Infinium Global Screening Arrayrfrdllumina (SanDiego, CA, USA) [18].
Based on these criteria, we selected 311 SNPs ged8s. In addition, information provided
by the GTEX portal revealed the existence of 378aledcis-eSNPs, i.e., SNPs actingdrs
on the expression of the selected lipolysis-relgees in subcutaneous and/or omental
adipose tissue. Because many of these SNPs whighitinkage disequilibrium (¥0.8),

only twenty-five SNPs were depicted on the Globak8ning Array and subjected to the
above mentioned selection and quality criteriaelerg-eSNPs neither identical nor linked to
any of the 311 SNPs selected before survived tioisgulure and were included in the
association analysis. Thus, a total of 316 SNPsfinally selected (Supplemental Table 2 in
[17]).

Statistical analysis and generation of polygenic scores.

Hardy-Weinberg equilibrium of genotype distributimas tested by?-test with one degree
of freedom. Prior to association analysis, all sardus variables were inverse-normal
transformed to ensure normal distribution of daiaear regression analysis was performed
with the standard least squares method choosingahef interest (FFA concentration,
glycerol concentration, other metabolic traitspagcome variable, the SNP genotype or the
genetic score (in the additive inheritance modethpas independent variable and gender,
age, BMI and ISI (or insulin concentration) as @anfding variables as indicated. When
testing 316 SNPs in parallel, a Bonferroni-corrdgievalue <0.000163 was considered
statistically significant. Unweighted polygenic se® were generated by summing up all
nominally (p<0.05) lipolysis-increasing alleles.the analysis testing associations of the
polygenic scores, the significance threshold wasise<0.05. We did not correct for the
metabolic traits tested in parallel since theseewt independent. In the multiple linear
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regression models, the study was sufficiently peddi $>0.8, two-sided p<0.05) to detect
SNP effects on fasting FFA concentratiois5 % in the overall population (N=2725) and on
fasting glycerol concentratior$.5 % in the subgroup with glycerol measurements/@3)
taking into account the chosen MAF threshed05. For all analysis, the statistical software
JMP 13.0.0 (SAS Institute, Cary, NC, USA) was used.

Results

The study population’s phenotypes assessed istiny and their sample sizes are presented
in Table 1.

Single SNP analysis.

To find insulin-sensitivity-independent associaiaf SNPs with lipolysis, we analyzed 316
Global-Screening-Array-derived SNPs (including fareeSNPSs) in 48 hypothesis-driven
candidate genes for association with fasting FFF&#\s at time-point 120 min of the OGTT,
IAUC of FFAs during the entire OGTT, fasting glyokrglycerol at time-point 120 min and
IAUC of glycerol during the OGTT. Gender, age, Bafid 1S (or, instead of ISI, the insulin
concentration at the respective time-point/-int@rwaere included in the multiple linear
regression models as confounding variables. Apglfonferroni correction for multiple
testing, we identified 62 SNPs with nominal assiarnes (0.000168p<0.05), but no SNP
with significant association (p<0.000163; Tablen®d Supplemental Table 2 in [17]).
Twenty-eight SNPs in ten genégSNAIL GNAI3 GUCY1B3MAPKG MGLL, NOS3

PDE5A PRKAR2BPTGER3PTGERJ were nominally associated with plasma FFAs, 27
SNPs in seven geneAHCY3 ADCY5 PDE3B PDESA PLIN4, PRKAR1APRKAR2A with
plasma glycerol, and seven SNPs in six geAE8JY4 CIDEA, GNAS PDE8B PRKAA1
PRKAG2J with both, plasma FFAs and glycerol (Table 2,uregs 1a and b). Screening the
GWAS collection of the Type-2 Diabetes Knowledget&of the Accelerating Medicines
Partnership[http://www.type2diabetesgenetics.omgd found suggestive genome-wide
evidence (p<10) for association with anthropometric/metabolidgtsréor six of these SNPs:
five SNPs (rs1541984, rs11676272, rs12891732, isBIX, rs6026584) were associated
with body height, two with BMI and childhood obegs{ts1541984, rs11676272), one with
hip and waist circumference (rs11676272) and orle wwial cholesterol and low-density-
lipoprotein cholesterol (rs518076; Table 2).
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Polygenic scoresand their associationswith FFAsand glycerol.

Based on the single SNP analysis, we generatediffiarent polygenic scores by summing
up the nominally lipolysis-increasing alleles. THeA-Only Score contained all alleles
exclusively associated with increased FFA, butwith glycerol concentrations.
Analogously, the Glycerol-Only Score comprised aallgles associated with increased
glycerol, but not with FFA concentrations. The FFAKcerol Score contained only alleles
associated with both, increased FFA and increalsyeemgl concentrations, and the Overall
Score comprised all FFA- and/or glycerol-increasafigles. Supplemental Figures 1a-d in
[17] provide the allele distributions of these ssorRefraining from correction for multiple
testing, all scores were significantly associatéti at least four of six FFA and glycerol
measurements (FRAFFA; 20, FFAAuco-120. glycerob, glyceroloo, glycerolauco-120; 9.3*10
11<p<0.0324) (Supplemental Table 2 and Supplementalr&ig® and 3 in [17]). The increase
in fasting FFAs ranged from +3.3 umol/L (Glycerai Score) to +12.5 umol/L
(FFA&Glycerol Score) per risk allele, the incre@séasting glycerol ranged from +1.3
pmol/L (FFA-Only Score) to +5.5 pumol/L (FFA&Glycdr8core) per risk allele
(Supplemental Figures 2 and 3 in [17]).

ADVANCE ARTICLE

Associations of polygenic scoreswith body fat distribution, glycemia, insulin sensitivity, insulin
secretion and proinsulin conversion.

ENDOCRINE
SOCIETY
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After appropriate adjustment, neither the Overatir® nor the FFA-Only Score nor the
Glycerol-Only Score were associated with body fatrdbution (BMI, bioelectrical
impedance-derived body fat content, TAT, VAT, ihepatic lipids), glycemia (glucose
glucosey, glucosguco-129), insulin sensitivity (HOMA-IR, ISI), insulin seetion
(insulinauco-3dglucos@uco-so, C-peptidauco-30/glucosauco-3g) Or proinsulin conversion
(proinsulin/insuling, proinsulingy/insulingg, proinsulinucoe-12dinsulinauco-12¢ Table 3). By
contrast, the FFA&GIlycerol Score was significarasociated with VAT content (p=0.0326;
Figure 2) and proinsulin conversion (proinsggiimsulingg p=0.0272, proinsuliyco-
120insulinayco-120p=0.0174; Table 3). The more lipolysis-increasatigles a subject had, the
lower was his visceral fat mass and the lower feggulin conversion. The effect size of the
score on VAT content was -0.06 % body weight pek allele (Figure 2).

Discussion

The primary aim of this study was to investigatesthier common SNPs exist in humans that
determine, independently of the individual's inewensitivity, variation in lipolysis rates
and, if so, whether they affect body fat distribatiglycemia, insulin sensitivity, insulin
secretion or proinsulin conversion. To avoid inflaes of insulin sensitivity, we excluded
genes from the lipolysis-regulating gene list @&t involved in proximal insulin signaling
(insulin receptor, insulin receptor substrates,spihatidylinositol 3-kinase, protein kinase B)
and adjusted all association analysis for ISI beraatively, the insulin concentration at the
respective time-point of the OGTT.

No single SNP among the 316 SNPs tested showelinisgnsitivity-independent effects
on lipolysis strong enough to become significargruponferroni correction for multiple
comparisons. This would point to, if at all, ratieodest effect sizes of the SNPs. However,
combining the 62 nominally lipolysis-associated SNi& different polygenic scores resulted
in associations with FFA and/or glycerol concembrat with individual p-values even
passing the genome-wide significance level (p<8¥1This finding reveals the existence of
a primary impact of common genetic variation omlysis and demonstrates additivity of
effects among at least some of these SNPs. Oine difeist effects sizes reached was an
increase in ~12.5 pmol/L fasting FFAs per risklallgvith the FFA&Glycerol Score)
meaning that subjects with 10 risk alleles (~9 %hefstudy population) have on average 50
pmol/L higher fasting FFAs than subjects with & dleles (~14 % of the study population;
Supplemental Figure 1d in [17]). Based on the nfaating FFA concentration of the study
population, i.e., 595 pmol/L, a difference of 50qlfb appears clinically meaningful.

We observed that there were SNPs/genes showingsaxelassociation with FFA, but
not with glycerol concentrations and, vice verddPS/genes showing association with
glycerol, but not with FFA concentrations (Tabld=®jures 1a and b). This unexpected
finding is probably due to power limitations of aiudy, e.g., given by the different sample
sizes of our FFA (N=~2700) and glycerol (N=~770)asiwrements and the unequal coverage
of genes by SNPs (e.g., oBRRKAALISNP, 77PRKAG2SNPs; Supplemental Table 1 in
[17]).

In this context, the fact that we also detected Sbhes associated with both, FFA and
glycerol concentrations (Table 2, Figures 1a anlédus to assume that these SNPs/genes,
summed up to the FFA&Glycerol Score, were the onest robustly associated with
lipolysis. These genes weACY4 CIDEA, GNAS PDE8SB PRKAAlandPRKAG2 Some
of them are involved in cAMP signalin@GNASencodes the-subunit of the heterotrimeric
stimulatory G-protein (Gs) that activates adenylate cyclas&BCY4encodes one of the
adipocyte adenylate cyclase isoforms that, upeglding, synthesize cAMP [19]; and
PDE8Bencodes a high-affinity cAMP-specific phosphodkesse isoform with rather
restricted tissue expression that hydrolyses cARAR. [The cAMP/PKA pathway is well

610z Aenuer | uo Jasn Aseiqr [ejua) - usyousnjy Wnuaz zijoywisH Aq 9%6082S/2v020-8102 2/01Z 1" 01 /I0p/AoesSqe-a|oilie-aoueApe/Wwadf/woo dnooiwspese//:sdiy wolj papeojumoq



The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2018-02042

known to act downstream of G-protein-coupled remeptsuch ag-adrenergic receptors and
prostaglandin E receptors, and to stimulate ligslyg& HSL activationPRKAAland
PRKAGZ2encode two subunits of AMPK, a sensor of cellelaergy load that is activated
when cellular ATP levels drop awite versaAMP levels rise and that acts as a central
metabolic switch activating energy-providing catabpathways (including lipolysis [21])
while inhibiting energy-consuming anabolic pathwéaysally, CIDEA encodes the cell
death-inducing DFFA-like effector A, a protein stgly expressed in adipose and mammary
tissue that was described to bind to lipid dropéetd to regulate their fusion thus favoring
lipid deposition and counteracting lipolysis [22].

With respect to metabolic endpoints, we identifie8IT-reducing and proinsulin-
conversion-reducing effects of the FFA&GIlycerol B&cdNhereas reduction in VAT mass
due to genetically increased lipolysis is obviond plausible, the mechanistic underpinnings
of the score’s association with proinsulin convemsare currently unclear. FFAs released
from adipose tissue could directly provoke pandcdgatell dysfunction including proinsulin
conversion failure. This could for instance resudin FFAs’ well-known chronic effects on
B-cell viability (lipotoxicity) [23]. The finding hwever that insulin secretion was not
impaired by the lipolysis-increasing alleles (TaB)eargues against this possibility. On the
other hand, the association of the FFA&GlycerolrBamith proinsulin conversion could be
independent of lipolysis and just reflect a spedaifile of genes included in this score, such as
those encoding cAMP signaling components, in prdingonversion. In line with this
suggestion, incretin-stimulated cAMP signalingtoells was reported to affect proinsulin
processing [24]. The observation that we did netasgy associations of the other three scores
on metabolic traits despite their good associatwitis FFA and glycerol measurements
could be due to the exclusion of the most robpsityisis-regulating SNPs contained in the
FFA&Glycerol Score, as in the case of the FFA-Carig the Glycerol-Only Scores, or due
the dilution of these SNPs, as in the case of ther&l Score.

As major limitations of our study, we acknowledpe timited sample size of our
glycerol measurements and the lack of replicaffdre latter is certainly due to the lack of
sufficiently sized studies with FFA and glycerolasarements during a 5-point OGTT. Such
studies are urgently needed to identify and ve3i§P effects on lipolysis like those reported
in our study here.

In conclusion, we found evidence for a geneticdasiadipose tissue lipolysis due to
common SNPs i€IDEA, in AMPK subunits and in components of the cAMPAPK
signaling pathway and independent of insulin seisit Moreover, a genetic score of
lipolysis-increasing alleles determined lower visd¢éat mass and lower proinsulin
conversion.
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Figure 1. Number of SNPs (a) and of SNP-containing genes (b) nominally associated
with measures of lipolysis. FFA — free fatty acids; glyc — glycerol; SNP —gdennucleotide
polymorphism

Figure 2. Association of the FFA& Glycerol Score with visceral adiposetissue (VAT)

mass. The score was formed by summing up FFA- and glydanveasing alleles (= risk
alleles) as described in the Results section. VA gquantified by magnetic resonance
imaging as described in the Methods section. Tfezesize given is the absolute effect size
per risk allele in % of body weight. BW — body wieigFFA — free fatty acids

Table 1. Traits assessed in the study populatidrsample sizes (64 % women, 36 % men)

Trait Mean SD N
Age () 43 14 2789
BMI (kg/m2) 31.0 9.3 2789
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Body fat (%) 34.4 13.0 2656
TAT (% BW) 33.7 9.6 940
VAT (% BW) 4.04 2.04 942
IHL (%) 6.66 6.68 927
Glucose (mmol/L) 5.24 0.56 2789
Glucosg,c (mmol/L) 6.41 1.61 2789
Glucos@uco.12c (Mmol/L*h) 14.98 3.14 2778
Insuling (pmol/L) 90 72 2774
Insuling,c (pmol/L) 572 576 2754
Insulinauce-12¢ (Pmol/L*h) 1225 913 2735
FFA (umol/L) 595 249 2725
FFA1 (Lmol/L) 95 120 2672
FFAuco.120 (Umol/L*h) 704 394 2632
Glycerob (umol/L) 105 68 768
Glycerohyc (umol/L) 49 35 766
Glycerolayco-12c (Lmol/L*h) 88 93 761
HOMA-IR (10° mol*U*L ) 3.58 3.11 2774
ISI (10" L*mol?) 12.04 8.73 2733
Insulinauco.s/glucos@ucosc (10°) 53 36 2756
C-peptidaucosd/glucos@uce.sc (10°) 192 74 2706
2 Proinsulin/insuling 0.074 0.100 2634
5 Proinsuling/insuling 0.021 0.023 2645
E() E PrOinSU|iﬂuco,12dinsulimuco,1zo 0.033 0.032 2539
= Subscript numbers indicate time-points of the gtatose tolerance test with 0 = fasting state. A~
E'>§ (inverse) area under the curve; BMI — body masexnB8W — body weight; FFA — free fatty acids; HOMR-
3§ — homeostasis model assessment of insulin resestéit — intrahepatic lipids; ISI — insulin sensity index;
%g N — number (sample size); SD — standard devialiéT, — total adipose tissue; VAT — visceral adiptissue
88 . . . D
wo Table 2. SNPs nominally associated with measurépalf/sis
(=}
Gene Chr SNP FFA Glyc [ GWAS phenotypes (p<10°)*
E ADCY3 2 rs1541984 X height, BMI, childhood obesity
m ADCY3 2 1s11676272 X height, BMI, hip, waist, childhood obesity
ADCY4 14 rs12891732 X X height
U ADCY4 14 rs3212254 X -
- ADCY4(cis-eSNP) 14 rs8014112 X height
ADCY5 3 rs11927367 X -
LI CIDEA (cis-eSNP) 18 rs7504200 X X -
Lu GNAI1 7 rs7776571 X -
_I GNAIL 7 1916905 X -
GNAI3 1 1s518076 X LDL cholesterol, cholesterol
O GNAS 20 158125112 X :
—_— GNAS 20 rs6026567 X -
I_ GNAS 20 rs6026584 X X height
GNAS 20 rs919197 X -
m GUCY1B3 4 rs3796575 X -
MAPK6 15 rs4447367 X -
< MAPK6 15 rs10851507 X -
MGLL 3 rs11705710 X -
Lu MGLL 3 rs664910 X -
NOS3 7 rs7830 X -
O PDE3B 11 rs7114131 X -
Z PDE3B 11 rs7109368 X -
PDE5SA 4 rs10012485 X -
< PDESA 4 rs6534146 X no data available
PDESA 15 rs11854452 X -
> PDESA 15 rs62019481 X -
D PDESB 5 1512652928 X =
PDESB 5 rs34802194 X -
< PDESB 5 rs12515498 X -
PDESB 5 rs17683162 X -
PDESB 5 rs10942819 X -
L HH PDESB 5 1s90684 X no data available
‘il PLINA 19 1s1609717 X -
L PRKAA1 5 1s249429 X X no data available
%E PRKAG2 7 15017429 x_ |-
o PRKAG2 7 rs17173197 X -
0)0)
D(/)
Z
]
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PRKAG2 7 rs2538039 X -
PRKAG2 7 1s2374229 X no data available
PRKAG2 7 rs4726070 X =
PRKAG2 7 rs11771330 X X =
PRKAG2 7 rs11773668 X =
PRKAG2 7 1s79215320 X -
PRKAG2 7 1s6965926 X -
PRKAG2 7 rs73728288 X -
PRKAG2 7 rs56037571 X -
PRKAG2 7 1s9648724 X -
PRKAG2 7 rs75379928 X X -
PRKAG2 7 r$13225852 X X -
PRKAG2 7 rs13233608 X -
PRKAG2 7 1s6950343 X -
PRKAG2 7 rs11971588 X -
PRKAG2 7 rs12669153 X -
PRKAG2 7 rs4725435 X =
PRKAR1A 17 12286562 X -
PRKAR2A 3 1s7647812 X =
PRKAR2B 7 1s975935 X no data available
PTGER3 1 rs1536537 X -
PTGER3 1 1s622721 X -
PTGER3 1 1S726764 X -
PTGER3 1 rs2206343 X -
PTGER3 1 rs8179390 X -
PTGER4 5 rs4133101 X -

BMI — body mass index; Chr — chromosome; FFA — fedty acids; Glyc — glycerol; GWAS — genome-wide
association study; LDL — low-density lipoproteif\S — single nucleotide polymorphisfisignificance level
for suggestive evidence of association with antbnogtric and/or metabolic traits in genome-wide esdimn

studies.

Table 3. Associations of genetic scores with badydfstribution, glycemia, insulin
sensitivity, insulin secretion, and proinsulin cersion

Glycerol-Only
Overall Score FFA-Only Score Score FFA& Glycerol Score
stand. | pag stand. | pag stand. | pag stand.
Trait beta d N beta d N beta d N beta Padd | N | Adjustment
0. | 240 0. [ 253 0. | 260 275
BMI (kg/m?2) -0.0131| 5| O | -0.0049| 8 | 2 | -0.0098| 6 | 4 | -0.0285| 0.1 | 6 |gender, age
0. | 229 0. [ 241 0. | 248 262
Body fat (%) -0.0131] 4| 0 | 0.0078| 6 [ 1 | -0.0239] 1 | 4 | -0.0128] 0.4 | 3 [gender, age
0. 0. 0.
TAT (% BW) -0.0064| 8 | 817| 0.0046 | 9 | 854| -0.0066| 8 | 886| -0.0077| 0.8 | 932| gender, age
0. 0. 0. 0.03
VAT (% BW) -0.0172| 5 | 819| 0.0067 | 8 | 856] -0.0036| 9 | 888| -0.0495| 26 | 934| gender, age
0. 0. 0. 0.06
IHL (%) -0.0364| 3 | 805 -0.0247| 5 [ 842| -0.0111| 7 | 873| -0.0571| 7 | 919 gender, age
0. | 240 -8.5E- | 1. [ 253 0. | 260 275
Glucosg (mmol/L) -0.0044| 8 | O 05 0] 2 | 00031| 9] 4 | -0.0172| 0.3 | 6 [gender, age, BM
0. | 240 0. | 253 0. | 260 275
Glucosey (mmol/L) 0.0077| 7] O | 0.0136) 5] 2 | -0.0126] 5| 4 | 0.0085| 0.6 | 6 |gender, age, BM
0. | 239 1.| 252 0. | 259 274
Glucos@uco-12c (Mmol/L*h) 0.0014| 9] 1 | -0.0009] 0| 2 | 0.0038| 8 | 4 | -0.0025| 0.9 | 5 |gender, age, BM
0. | 238 0. | 251 0. | 258 274
HOMA-IR (10° mol*U*L?) | -0.0024| 9 | 5 | 0.0026 | 9 [ 7 | 0.0069| 6 | 9 | -0.0200] 0.2 | 1 [gender, age, BM
0. | 235 1. | 248 0. | 255 0.09 | 270
ISI (10*° L*mol?) 0.0131]| 4| 1 | 0.0009] 0| 2 | 0.0043| 8| 1 | 0.0235]| 8 2 | gender, age, BM
Insulinayco-3/glucos@uco-3o0 0. | 235 0. | 248 0. | 255 270 | gender, age,
(109 -0.0020| 9| 1 | 0.0079| 6 [ 2 | -0.0062] 6 | 1 | -0.0035| 0.8 | O [BMI ISI
C-peptid@uco-3dglucosguco- 0. | 229 0. | 242 0. | 249 263 | gender, age,
30 (10%) 0.0035| 8 | 7 | 0.0131] 4| 4 |-0.0055| 7 | 3 | -0.0121| 0.4 | 9 |BMI,ISI
0. | 225 0. | 238 0. | 245 260
Proinsulin/insuling 0.0228 | 3 9 0.0140 | 5 6 0.0031 | 9 6 0.0206 | 0.3 4 | gender, age, BM
0. | 227 0. [ 239 0. | 246 0.02 | 261
Proinsuling/insulingg 0.0314| 1] 2 | 0.0129| 5| 8 | 0.0078| 7 | 8 | 0.0418| 72 4 | gender, age, BM
Proinsulinyco-12dinsulinauco- 0. ] 218 0. ] 230 0. | 236 0.01 | 251
12¢ 0.0325| 1 | O | 0.0159] 4| 5 | 0.0025| 9 | 7 | 0.0451| 74 0 | gender, age, BM
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The effect sizes given are the standardized bedfiicients (stand. beta) derived from the multilahear
regression models. BMI — body mass index; BW — bedight; FFA — free fatty acids; HOMA-IR —
homeostasis model assessment of insulin resist#ce; intrahepatic lipids; I1SI — insulin sensitiyiindex;
Pada— P-value of the additive inheritance model; Nuatber (sample size); TAT — total adipose tissueTVA
visceral adipose tissue
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