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1. Abstract, Zusammenfassung

1.1 Abstract

Type 2 diabetes mellitus (T2DM) incidence, prevaleaoe costs are rapidly increasing
simultaneously with obesity, cardiovascular diseases (Cafi2) nonalcoholic fatty liver
disease (NAFLD), clustering a dysfunctional metabolic network. Given the complex
relationship between these metabolic disordergtaidpotential to influence each other,
T2DM research regarding nutritional management reguarmultidisciplinary approach
considering independent measures for NAFLD and CVD. Furthermore, the link between
T2DM, NAFLD, and CVD is embedded in a complex interplay between metabolites,
genes and external factors such as diet. In this context, thecdSkdependent
Insulinotropic Polypeptide Receptor (GIPR) has emerged as a novel target for the
prevention and treatment of T2DM andmorbidities.

We firstly investigated the effect of&week hypocaloric intensive losarb vs. lowfat
intervention orendothelial functionintrahepatidipid (IHL) content and adipose tissue
accumulationin T2DM patients(n=36) On a second investigatiowe examind the
effect of GIPR SNP rs10423928 glucose metabolism in a cressctional settingnd
testedts interaction with diverseso- to hypocaloric3 weekdiets(low-carb, lowfat) in
T2DM and prediabetspatients (n497). Lastly, we aimedto investigate whethavhole
brainor hypothalami&IPRsignaling is involved in the development of insulin resistance
and obesity inconstitutivdy central (CaMKlla-Promotor, n=1p and hypothalamic
(Nkx2.1-Promotor n=12) KO mouse moda| undergoing a :veeks lowfat or control

diet
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Compared withthe very-low-carlohydrate diet (VLC)the low-fat (LF) diet showed
signiycantl y grfeoemaiatedaitatoafMbD)eEmiothelial fonttion
showed a positive correlation with protein intake and fat intake in the LF group,itvhile
revealed a negative correlation with protein intake in the VLC diet group.

Moreover, we observed that carriers of the A allele of GIPR SNP rs10423928 had a
significantly higher fasting glucose but lower 2 h glucose levels after an oral glucose
challenge compared to individuals homozygous for the major alleleGaies also had
significantly higher Cederholm Index valud§e also observed a significant Shiiet

effect on IHL reduction in prediabetic as well as in diabetic subjects

Results & our animal study showed that after 14 weeks on a-fagdiet, mice with
hypothalamic deletion of GIPRad similarweight gain progression amdaintenance of
insulin sensitivitycompared taontrol dietfed mice.

Taken all together, our data indicatettha F diet has favorable effects on endothelial
function in T2DM subjects. Prediabetic subjects carrying the A allele of GIPR SNP
rs10423928 showelbetterglucose metabolism and insulin sensitivity. However, IHL
improvements seem tinderlie @ SNP-diet interactionin T2DM subjects

Additionally, our findings point out that hypothalamic KO m{&&kx2.1-Promotor)are
protected against HFEInduced weight gain and loss of insulin sensitivity suggesting
central GIPR aanovel target fothetreatment of T2DM and comorbidities.

1.2 Zusammenfassung

Die Inzidenz Pravalenz und Kosten von TgpDiabetes mellitu§T2DM) steigen derzeit

mit  Adipositas, HerZreislaufErkrankungen (CVD) und nichtalkoholischer
Fettlebererkrankung (NAFLD)Angesichts der komplexen Beziehung zwischen diesen
Stérungen und ihrerRotenzialsich gegenseitig zu beeinflussanfordert die T2DM
Forschung zum Ernéahrungsmanagement einen multidisziplinaren Ansatz fiur NAFLD und
CVD. Daruber hinaus ist die Verbindung zwischen T2DM, NAFLD und CVD in ein
komplexes Zusammenspiel zwischen Metaboliten, Genen und externen Faktoren wie d
Ernahrung eingebettet. In diesem Zusammenhang hat sicHReseptor fir das
Glukoseabhéangigénsulinotrope Peptid (GIPR) als neues Ziel fir die Pravention und
Behandlung von T2DM und Komorbiditaten herauskristallisiert.

Zunachst untersuchten wir die #wirkung zweier didtetische Interventioren auf die

Endothelfunktion, den Gehalt an intrahepatischem Lipid (IHL) und die Ansammlung von
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Fettgewebe. In eime zweiten Projekt untersuchen wir die Wirkung von GIPR SNP
rs10423928 und seine Wechselwirkung mitsehiedenen Erndhrungsansatzen bei
Diabetes- und PradiabegePatientenLetztlich wollen wir die Beteiligung des zentrala
GIPR-Signalweg an der Entwicklung von Insulinresistenz und Adipositas in vivo
untersuchen

Im Vergleich zweiner kohlenhydratarmen Diat (VLC) zeigte eine fettarme Diat éi§
signifikante Verbesserunder flussvermittelten Vasodilatatioie Endothelfunktion
zeige eine positive Korrelation mit der Proteind Fettaufnahme in der LGruppe,
wahrend sie eine negative Korrelation mit der Proteinaufnahme in desDi&iGruppe
aufwies.

AulRerdembeobachteten wir, dass Trager des GIPR SNP rs104289%Is eine
signfikant hohere Nichtermglukose zeigen aber im 2-Stunderoralen-Glukose
ToleranzTest niedrigere Glukosespiegel aufwiesexTrager hatten auch signifikant
hohere Cederholindexwerte.Ansonstenbeobachtetenvir auch einen signifikanten
SNRDiat-Effekt au die IHL-Reduktion bei pradiabetischen und diabetischen Probanden.
Die Ergebnisse unserer Tierstudie zeigen, dass Mause mit hypothalamischer Beketion
GIPR nach 14 Wochen fettreicher Ernahrung eine &hnliche Gewichtszunahme und
Insulinsensitivitataufweisenwie Méause, die mitkontroll-Diat (10% Fet) gefuttert
wurden

Insgesamt deuten unsere Daten darauf hin, dass exigdltie Endothelfunktion bei
T2DM-Probanden gunstig beeinflusstaiiabetischeProbandendie das AAllel von
GIPR SNP rs10423928dyen, zeigten einegunstigerenGlukose Stoffwechselund
besserdnsulinsensitivitat. IHEVerbesserungemweisenauf eine SNRDiét-Interaktion

hin.

Zusatzlich lonnten wir zeigen,dass hypothalamisch6&IPR-KO-Mause (Nkx2.1-
Promotor) vor HFD-induzierter Gewichtszunahme und Verlust der Insulinsensitivitat
geschuitzt sind, waden hypothalamische GIPR alsTarget fur die Behandlunges
T2DM und Begleiterkrankungemervorhebt
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2. Introduction

The development of type 2 diabetes (T2DM) in thé'2&ntury has become one of the major
challenges to human healffhe affected population is still increasirapd theuse ofinsulin to

treat T2DM isprojectedto increase by more than 20% from 2018 to 2030In addition, its
incidence, prevalencand costs are rapidly increassighultaneouslyvith obesity, cardiovascular
diseases (CVD)and nonalcoholic fatty liver disease (NAFLD), embracing a dysfunctional
metabolic networkAlthough these associatiobgtween T2DM, CVDand NAFLD may result
fromashared combination of various common risk factors, such as dyslipidemia, insulin cesistan
(IR), and lowgrade inflammatiorj2, 3], growing evidence suggests that thexa causal and
bidirectional influence on theatureof thesecomorbid condition$4-8]. It is well established that
obesity is the main trigger of this network and consequently energy restriction results in significant
improvement of T2DM 9], NAFLD [10], and CVD riskfactors[11]. Obesityis the result of a
positive energy balance between energy intake and energy expeiptifjuréhus, dietary and
lifestyle interventionsare anadequateool for treaing obesity and preveimy further metabolic
alterationsThe nmost common dietary strategies aggocaloric anentailthe restriction okither
carbohydrateor fat. Over the past yeara hand full of metanalygs comparing the benefits of
these dietsreported conflicting results on weight loss amdprovement ofblood lipids,
inflammation and glucose metabolism mark¢i$-19]. However, these studies do not take into
consideration the complexlationship between these metabolic disordardtheir potential to

influenceeach other

Taking this together, T2DM research regarding nutritionamanagementrequires a
multidisciplinary approacltonsidering independemheasuredor NAFLD and CVD such as
intrahepatic lipid (IHL) content andndothelial functionlt is well established that vascular
endothelial cells play a pivotal role in the maintenance of cardiovascular homeostasis. The
endotheliumownsseveraimechanisms to control the intermatlegrity andstability [20]. Hereby,

nitric oxide (NO), a key vasodilator released by the endothelial cells, plays a central role in the
maintenance of vascular toa@d is considered functional marker of endothelial dysfunction

[20]. However, endothelial dysfunction also resuitom inflammation and oxidative stress
induced for instance by an upgulation of monocyte chemoattractant proteiMCP-1) and

adhesiormoleculeq21].

With a noninvasive procedutat is possible to quantify the ability of the brachial artery to dilate
in response to shear stress. The Flow Mediated Dilation (FMD) technique has been utilized in



numerous studies to establish the effect of hypocaloric diets, bariatric surgery oganmseE2-

28] in weight loss and management. Indeed, vascular function is influendedgt (LF) and
low-carlohydrate (LC) diet$28-33]. Hereby, weight loss is a key element for the restoration of
vessel stability and integritybut also the reduction of visceral {&7, 34, liver fat [28] and
glycated hemoglobin Alc (HbAlc) leve[29] contribute to an enhanced FMD. Although,
hypocaloric nutritional strategies are a common tool used for T2DM management due to their
quick metabolic benefits, the beneficial effect of diverse macronutienposition of these diets

is still under dispute regarding its impact on endothelial function in T2DM patients.

Furthermore, the link between T2DM, NAFL.LBnd CVD isembedded in a complex interplay
between metabolites, geneand external factors such as diet. In this context, the Glucose
dependent Insulinotropic Polypeptide Receptor (GIPR) has emerged as a novel target for the
prevention and treatment of T2DM andmwrbidities.Glucosedependent Insulinotropic Peptide

(GIP) is secreted from K cells located in the proximal small intestine after meal ingestion and
mediates a major part of the feddpendent secretion of insulin constituting the enritesalar
axis[35-37]. This effect is best demonstrated when glucose is orally ingE&8edlthough GIP
secretion is also enhanced by proteins or [f238. Accumulating evidence suggests that GIP is
involved in the development of obesity, NAFL&hd CVD in addition to its imdvement in T2DM
pathophysiology.GIPR activation promotes glucose uptake and free fatty acids (FFA) re
esterification in fat cell§40] and upregulates the lipoprotein lipase (LPL) gé##, which
contributesto the fataccumulating effect of GIP. In fact, GIPR antagonistsfteeee n pr op os e
a strategy to prevent ald@Fuetheenore, tedueirmythe recmdv a n
signaling by lowering the endogenous GIP secretion was shown to be effective for treating
NAFLD [43] and insulin resistancpt4]. In support of thisgenomewide association studies
(GWAS) have begun to illuminate thmportanceof GIPR single nucleotide polymorphisms
(SNP) The human GIPR gene, located to chromosome 19, encompasses 14 exons with a size of
circa 14 kb[45]. To the best of our knowledge, within the GIPR gelf single nucleotide
polymorphisms (SNP) have been described. SNP rs10423928 of GIPR is situated within a
noncoding region. It is well known, that intronic gene variants can influence gene splicing,
transcription and translation, shifting gene expressi@]. This specific SNP rs10423928
consists of the exchange of thymine by an adenine base (T/A). The functional consequence of this
base conversion is implicated in gase and insulin response. The minor allele A has been

repeatedly described as the risk allele in-d@betic individuals due to its associations with

2



increased -h glucose, fasting proinsulin levels, and lowerel function[47-49]. Though, the A
allele was also linked to impaired glucesead GIRstimulated insulin secretion and a reduction
in BMI, lean body mass, and waist circumference in T2DM andT&ipM subjects[50]. In
addition, carriers of the A allele variant also showed better insulin sensifivifiy However,
intervention studies addressing the effects of GdBRmorphisms in T2DM and their interaction

with diet are missing.

Although little is known about the behavior of GIPR in humans, more specific support comes from
mice studies which have shown tlggnetic deletion of GIPR exerts beneficial effects inmgit

the development of obesity, hepatic steat@sis insulin resistand®2]. Mice lacking GIPR and
exposed to an obesogenic environment (ovariectomy;fhatgtliet or sucroseich diet) do not

exhibit body weight gain, liver steatosis nor an increase in visceral and subcutaneous fat mass
compared to wild type (WT) mid&3, 54]. GIP signaling stimulates glucose uptake and free fatty
acids (FFA) reesterification in fat ells [40] and upregulates the lipoprotein lipase (LPL) gene
[4]]. All these factors contribute to the-fatcumulating effect of GIP. In fact, GIPR antagonists
have been proposed as a strategy to prevent and even treat type 2 diabetes mellitus (T2DM) and
adiposity[42]. An in vivo study suggested that deleting GIPR specifically in adipose tissue reduces
IL-6 plasma levels which may be in part responsible for the protective effect against insulin

resistance and hepatic steatosis of interrupting@MR interaction$55).

Interestinglythe ubiquitous expression of GIPR in the central nervous system (66) &vealed
the potential of this receptor to modulate energy balagleeéed hypothalamic circui{®7, 58].
Further investigation on the central action of GIPR and its impact on IR, adipasedrsd liver

is required.

A compelling review published in 2018 highlighted GIP and GIPR action in insulin sensitivity,
adipose tissue, liver, inflammatiorand hypothalamus, increasing the evidence that the
interruption of GIPR signaling might have a protective effect against the development of T2DM

perhaps through metabolic regulation in adipose tissue and hypothalamic re§pgnses

Within this frameworkthe aim ofthis doctoral workwas first to investigate th&hortterm effect

of a lowcarbohydrate, ketogenic diet vs a &t dieton endothelial function, IHLand adipose
tissue accumulation, as independent risk factors of CVD and NAFLD in T2DM subjects. Secondly
to examine the effect of GIPBNPrs1042392&®n glucose metabolism paramster diabetic and
prediabetic subjectd~urthermore, we investigate tieractionbetween IHL andGIPR SNP
rs10423928within diverse nutritional approache$he third aim of this doctoral work was

3



investigatethe central and hypothalamic GIPRThrough the use of novel mice modelge
examined the role of central and hypdémaic GIPRsignalingonthe development ajbesityand

glucose metabolisimpairment

3. Methods

3.1 Human intervention studies
All humanstudies were conducted in accordance with the Declaration of Helsinki and approved
by the ethics committee of ti&harité and the University of Potsdadvl. subjects provided written

informed consent for their participation in tespectivestudy.

3.11 Effect of low-fat diet vs low-carbohydrate diet on endothelial function, intrahepatic
lipid (IHL) , and adipose tissue accumulation

Participants andstudy design

To examine and compare the effect of a hypocaloric-Mewycarbohydrate (VLC) diet versus a
hypocaloriclow-fat (LF) diet onendothelial functionlHL, and adipose tissue accumulatian
study subgroup of the DINA (Diabetes Nutrition Algorithms in Patients with Overt Diabetes
Mellitus) (registered at www.ClinicalTrials.gov (NCT0245949@))which subjectsagreed to the
additional assessmewitthe endothelial function, was analyz€bmplete details of this studye
describedelsevhere[60]. After theinitial screening (VO) subjects were randomizedetther a
very VLC or LF diet Routine clinical measuremen@ssessment of endothelial functammd IHL
contentwere performedwice, at baseline (V1) and pestervention (V2) of the respective dietary

intervention.

Assessment of the endothelial function

The assessment of the endditidunction was performed with the flemediateddilation (FMD)
method,a noninvasivetechnique which quantifiesthe ability of the brachial artery to dilate in
response to shear stre$30]. Brachial artery ultrasound was performed using a highly
sophisticated computerized systemidentify the intima media complex by edge detection
software (Brachial Analyzer version 5.10.6, Medical Imaging Applications LLC, lowa City, IA,
USA).



Assessmemnf intrahepatic lipids and adipose tissue content

Magnetic resonance for the determination of Wksperformedusing proton magnetic resonance
spectroscopy (1HMRS) on a 1.5 T Magnetom Avanto (Siemens Healthineers, Erlangen,
Germany) applying a single voxel STEAM (Stimulated Echo Acquisition Mode) technique (TE
(echo time) = 10 ms, TR (repetition time) = 4 s). Abdwahadipose tissue was calculated from
axial Tl-weighted fastspin echo images between the hip and shoulder with subjects lyag in
prone position with outstretched arnfsn automatic segmentation procedure based on fuzzy
clustering and orthonormal snakeas employed to compute total abdominal adipose tissue (TAT)
and visceral adipose tissue (VAT) dep(@d.

Clinical parameters

Levels of HbAlc were determined in the fasting state in serum/plasma with ABX Pentra 400
(Horiba, Fukuoka, Japan). Faletermining the blood levels of insulin (Mercodia, Uppsala,
Sweden), an enzymraked immunosorbent assay was used. Glucose and CRPBa(tive
protein) were determined by turbidimetric immunoprecipitation. A fasting blood sample was
collected at baselinend postintervention diet; serum lipids (total cholesterol (TCHO), high
density cholesterol (HDL), lowlensity cholesterol (LDL), triglycerides (TAGand further
routine parameters were measured in serum/plasma by using ABX Pentra 400 (Horiba, Fukuoka,
Japan). All measurements of systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were performed after a previous resting time of 10 min at room temperature using a standardized
blood pressure cuff system (BOSO ABI system 100, BOSO, Jungingena®e.

Dietary intervention

The VLC diet was aimed to be ket ogen/D®fatwi t h
51 10% carbohydrate, 280% protein) and included a reduction of caloric intake to 12500
kcal/day.

The LFdietwas characterized n intake ofess than 30% of the total energy intake (E%) of fat
(<30% fat, 50% carbohydrate, 20% proteamda calorie intake of 100@200 kcal/dayStudy
participantsgot a flavored meal replacement powder (MODIFAST® (OFi€benhandl GmbH,

Ulm, Germany))In addition, the intake of 200 g of raw or steamed vegetables was allowed.



Nutritional evaluation

All subjects were asked tareparefood intakedocumentatiorthroughout the intervention (21
days). Diet records were anadyg for macronutrient content using Prodi software (Version 6.2,
Nutri-Science, Hausach, Germany). A mean value of 4 days before starting the diet was calculated
for the dietary intake at baseline. A mean value of 3 weeks diet (21 days) was calculdted for t
dietary intake athe endpoint.

Sample size calculation

The information on the sample sizes is based in part on the extensivegtongxperience in the
guantification of metabolic phenotypes. The selected sample size swingeetsalculated using

the sensitivity power analysis tife program G * Power 3.1 R

The overallsample size calculatiowasestimated on previous literature BAFLD as primary
outcome A norrinferiority power calculation for FMOSD of 0.75 %pt.) based on a&linically
relevantdifference in changesf 1%-pt.[62, 63] indicates that with a 5% significance level and a
power of @ %, at leasi3observations per growgye required for the detectid@iven the intensity

of the diet and potential technical difficulties in the acquisition of reliable FMD data before and
after the diet, m additional buffer of 10 subjects coveridgopoutsand insufficient compliance

was added, resulting in a total of 8@bjects for this analysis.

Statisticalanalysis

Statistical analysis was conducted using the SPSS software package for Windows (IBM, version
20.0, Chicago, IL, USA). Data weamnalyzedfor normality by the Kolmogond Smirnov test.
Comparison within and between diet growpas analyzed using St u ttestn(paided and
unpaired). Nomormally distributed variables were analyzed by-pamametric tests (Wilcoxon

or Manri Whitney-U-Test). Analysis of variance (ANOVA) for repeated measuremesis
performedfor assessing digiMD interaction effects. A mad with one betweesubject factor

(diet groups) and two withisubject factors (V1 and V2nd adjusted for kilocalories intake
change per kdpody weight (BW)was usedPearson correlatioffor nonnormally distributed
variables Spearman correlatioahalysis was performed to identify the strength of relations
between macronutrienistake (g) per kg BWand FMD after dietary intervention. Statistical

significance was defined as p < 0.05.



3.12 Effect of GIPR SNP rs10423928n gucose metabolismand its interaction with diverse

nutritional approaches in diabetic and prediabetic subjects

Participants and study design

Dat a of prediabetic subjects were obtained
Al gor i tRIEDI IABETDE SRA O regivwwve.rldi nat alsTrNG@GT s .
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| socal ori c [(HBPgAM tperrottehien idihiettitaylp es c2r etleandi bnagh e 8 P
intake (30 E% fat, 40 E% orvag dblohydwa)Y e, RGOt ik
measur ement sMRaSn da sMRlIs/sImteént were performed at
(W6) diet.

Genotyping

Genomic DNA was isolated from buffy coat, whole blpad serum, depending on sample
availability. Genotyping was performed by Vi
Assay rs10423928 ID C_30103605_10 (Applied Biosystems, Thermo Fisher Scientific).

Measurement of glucose metabolism and insulin sensytivit
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Th2h gl ucose chall enge (odvlelr h avglst mRlacad edam
beftohe consubgppuicamseoanld2600mi n t o mea ansswrl @-png patncdd
Capillary blood glucose concentrations wer e
(Supkerglucose.Mg¢naleyrzeGer 20rebau, Freital, Ger
wer e analwizseed abfatf(ecrbrs tbaar aAgBeX Pentra 400, Mo n't
andpe&ptide were measured (MengodnaELUBAsutéah

Meal Tol eTr2alnM es uThejsedD tNsA
The glycemic profile i n froegsmudms enitxce dt hme ailn t(aB

Compl ete Nutritional Drink Very Vanill a, Nes
Tol erance tTeesdt AWT Tt)he abi l ity t o r eghu€ att e me
wast andardi zed to 360 mL (378 g). The standa

carbohpwdda28s g protein. Serial 4&mpl0indgO0f okt
90L,2@and -nigb-mt al

Me &lol er a2 MITesutbj ects in LeguAN

In this study the MTT was based on a standa:
subjects were askéad8 moneaest hadf meall ddveet dneemp |
taken oinightObmifn) and then nd@sg 60, 90, 120,

Common indices that are based on fasting par e
condiweiroentswos eddet er mi ne /i exsiud tisEhia osge nasn d | dvyerfaymi c
6Pwer e cal cul at e dle & tioiaan)d TIOXGDNMVE.t a



Measurements of adipose tissue accumulatiod clinical parameters

Calculation and analysis afAT, VAT, andIHL contentand clinical parameterare described

abovein 3.1.1

Sample sizealculation

The information on the sample sizes is based in part on the extensivéehongxperience in the
quantification of metabolic phenotypes. The selected sample size swingeetsalculated using
the sensitivity power analysis thfe program G Power 3.1.9.7based on the primary outcome of
IHL% described for th®ptiFiTOptiFI T study describedlsewherg65|.

The powercalculation theDINA-P study wasbased on the primary outcome IbfL with an
estimated effect size; 2.1-pis.(SD 4.5 %pts) and90 %powerto detect the effecthe estimated
number of participants to show these effects 9&subjects per group additiona) abuffer of

20%coveringdropoutsand insufficient compliance was added, resulting in a to2d466ubjects

For theDINA-P studywas based ofHL with an estimated effect size; 3.0-pts. (SD 6.5 %pts)
and 90 %power to detect the effecthe estimated number of participants to shbese effects
was 100 subjects per group. In additional, a buffer of @0coveringdropoutsand insufficient

compliance was added, resulting in a total & &ubjects.

TheLeguAN study pwer calculation wapoweredfor IHL; 6.5 %-pts.(SD 6.5 %pts) and80 %
power to detect effecthe estimated number of participants to show these effectsisagjects
per group Adding an additional buffer 015% tocoverdropoutsand insufficient complianca

total of40 subjectsvas calculated.

Statistical analysis

HardyWeinberge qui | i bri um f or GI PR g e n octjgsptecompars ¢ a l
the genotype and allele frequencies within prediabetic and T2DM subjects using Microsoft® Excel

®, 20161 BM SPS8b5nflsow( ver si on 20. 0, Chi c atghmea i S A)
statistichAflt eliaakilasisteistsynewma £ xdaantian e d for nor
Kol mo g®miordneosvt . -tSe¢ sutd e(nhp a it r ewda sa ncdo mupnupt aei dr ef do)r t |
within and Netnweemaldgryoudpisst(ri but ed »yarriaaneltead
tests (Wi | eMix dio-Egst MamnBWdiBiMhg g | o ghbbsPel,c TAT,

VAT, and | HL were analyzed by Analysis of va



assessing Gl PRdIiSNP irrstldrd®23t9i28n effects. A mo
as bedwkerjeact f act esrusbjeaencd tfvaa hwirtsfifrbasel enhary
was used dfi arb e t( iDd -R\u kajnadc tT2-DM p &1 NA ¢ ihlpaaght AN F
study the model wasbgsgetctwiahbt one ( gseunbo tegcpte )f aac
(baseline and natfitoent)hds etampri st egvboth diet
(HP)

3.2  Animal Study

3.2.1 Effect of central GIPR on the development ohigh fat-induced obesity and glucose and

insulin tolerance

Animals

Experimental protocols were approved by lteal governmental animal ethical committee in the
State of Brandenburg, Germar234736-2017 Animals were kept in accordance with the NIH

guidelines for care and use of laboratory animals.

Generation of transgenic mice

In order to understand thmportance of GIPR in the human central nervous system and its effect
on obesityassociated insulin resistance, a "targeting strategy" that involves the generation of a
humanized GIPR was selected with the aim to generate a constitutive KO of the human bra
GIPRs using Crenediated recombination. Human exond Were flanked by loxP sites. The
positive selection markers neomycin and puromycin were flanked by FRT (nheomycin resistance
NeoR, intron 7) and F3 sequences (puromycin resistaRc#oR, intron & The human GIPR

protein is expressed under the control of the endogenous mouse GIPR promoter. Replacing the
mouse GIPR genomic region in exor$8with its human "counterpart” led to the loss of function

of the mouse GIPR gene.

The C57BL / 6 was bred the Jackson Laboratory. GIHBX / lox mice were provided by Taconic
Bioscience and delivered to Prof. Wolfrum (ETH Zurich). Our GIBR/ lox mice were
purchased from the ETH Zurich.

The constitutive KO allele was mediated by Cre/lox recombinationu$baef the CaMKlla and
Nkx2.1 Cre mice allows for more specific deletions of central GIPR (CaMKlla) as well as

specifically hypothalamic GIPR.
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Dietary intervention

Mice were fedvith a semisynthetic control diet (CD) (10% fat, 708arbohydrates, 20% protein)
or a highfat diet HFD) (fat 60%, 20% carbohydrates, 20% protein) for 14 weeks (both diets of
Research Diets, Inc. New Brunswick, NJ).

Body composition

Mice BW was measured weekly using an electronic s&ady fat and lean mass were determined
at indicated times using nuclear magnetic resonance spectroscopy (Mini Spect NURELO

Analyser Bruker, Karlsruhe, Germany) after three weeks and after 14 weeks on.the diet

Insulin tolerance test

Insulin toleranceatst(ITT) was performed once in tiegghthintervention week. Insulin (0.75 units
per kg ofBW) was injected intraperitoneally at the age of 13 wedker 2 hours of fasting,
immediately before insulin applicatioblood samples were taken from the-tgl for glucose

measurementsndat 10, 30, 60 and 120 min after

Glucose tolerance test

To analyze glucose metabolism, a glucose toleranc€Gé3t) wascaried out oncean theninth
intervention weeklIn this case, 2 g of glucose per kgBWV were administered orallyising a
curved button cannulafter 10 hour®f fasting Blood samples were takdrom the taittip just

before glucosadministration, and 15, 30, 68nd 120 minutes after glucose administration

Sample size calculation

The information on the sample sizes is based in part on the extensivéghonexperience in the
quantification of metabolic phenotypes. Téelected sample size of 20 animals per group was
calculated using the program G * Power 3.1.9.7 with the settings recommended for animal
experimentsly = 0. 0 5R) =8P bo)aeeffect(sizeof 1.0and the variancef@ffect size of

0,75 Since the role of central GIPR has not yet been investigated, we assume that around 50% of
the GIP effect known from wholeody KOs is centrally mediated. Dueltieeedingcomplications

and delays notlbeplanned animals could be inaled in the currentattoral work.
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Statistical analysis

Datawereanalyzed using ANOVA for repeatedeasurements ara/o-tailed Student's-test for
paired and unpairedsamples(Non-normally distributed variables were analyzed by -non
parametric tests)n order toanalyzediet effecs on each genotype a model with one between
subject factor (dietand either ITT or GTT glucose levels as witsuibject factowasperformed.
The analysis oBW changes (%) for this model includié time points (week 1,4,6,8,10,12,14) in
order to achieve sufficient residual degrdesr the general analysiscluding all genotypesa
secondnodelwas employedvith two betweersubjectfactors (Genotype and diegnd eitheBW
changes (%), ITJor GTT glucose levels as withsubject facto(SPSS 11.5, Chicago, IL). P <

0.05 was considered significant.

4, Results

4.1 Effect of dietary intervention on endothelial function, intrahepatic lipid (IHL) , and

adipose tissue accumulation

Description of the examinet2DM subjects

A total of36 T2DM patients completed the intervention stwdgh additional FMD measurement
Participantf both genders tdopart in the analysi2( females and 15 malgsSubjects hadn
average 63 years of age (range: Z2years), were mostly overweight to mildly obese (mean BMI
= 33 + 5 kg/m) with a mean HbA1c level of 6.5 + 0.8% (47 + 8 mmol/mol). Furthermore, 64% of
all participants showed a liver fat content above theofuvalue of 5.56% for the clinical
diagnosis of NAFLOO70] (mean IHL = 12.9 £ 9.5 %). About 86 % weareversmokers or former

smokers
Endothelial function

Figure 1 illustrates endothelial function variations in the LF as well as in the VLC diet ANOVA

showed a significant interaction effect between diet and FMD

Adipose tissue and IHL accumulation

Participants of bth, the LF and the VLC diesignificantly reducedWby 1T 4. 1 kg and
respectivelyafter 3 weeks of dietary interventio@orrespondinglybody fat content decreased
significantly in different compartments in both diet groapd IHL content decreasedtensively

by 35 36% relative to the initial levels (Figulg.
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Clinical parameters

HbAlc levels decreased significantly only in the VLC groBpth dietary strategies showed

comparable improvements in total cholesteantd HDL although significances were slightly

greaterin the LFgroup Further significant improvements were observed for SEblel).

Nutritional evaluation

Moreover, the intake of energy, protein and carbohydrate showed significant differences within

andbetween diet groups. Total fat consumption showed no significant alterations in the VLC diet,

while, as expected, decreased significantly in the LF group, iresuita significant difference

between diet group¢Tab

le2)

Accordingly, after 3 weeks on a LF diet, FMD showed a significant positive correlation with

protein (g/kg BW) and fat intake (g/kg BW). On the other hand, the VLC group showed a

significant negative correlation with protein intake (g/kg BW) (Figd)re
VLC
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Figurel Acute effects on FMD and IHL after 3 weeks diet. Boxplots and individual changes in endothelial function (A) and intra
hepatic lipids (C) posintervention on theery-low-cartohydrate (VLC) diet; changes in endothelial Function (B) and intra hepatic
lipids (D) after 3 weeks on tHew-fat (LF) diet. FMD = flow mediated dilation, IHL = intra hepatic lipids, NVLC = 16, NLF =

20, V1 = Visit 1, V2 = Visit 2, * p < 0.05; ** p < 0.01; *** p < 0.00[B(].
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V1vs V2 VLC vs LF
VLC ® LF E:] VLC LF ® V1 V2
Body composition
mea
and metabolism  Visit n mean £SD n +SD p-valuep-value p-value p-value p-value
n
Vi 16 939 21 20 976 23
Weight [kg] -4.1 -5.2  <0.001 <0.001 ns ns ns
V2 16 89.8 20 20 925 21
vVl 16 321 45 20 32.7 4.9
BMI [kg/m?] -1.3 -1.6 <0.001 <0.001 ns ns ns
V2 16 30.8 43 20 311 4.6
Vi 14 234 6.9 18 229 53
TAT[I] -1.7 -1.7 0.001 <0.001 ns ns ns
V2 14 217 59 18 21.2 51
Vi 14 53 14 18 6.8 25
VAT [I] -0.4 -0.7 0.024 <0.001 ns 0.042 ns
V2 14 49 1 18 6.1 23
vVl 14 108 6.3 17 145 11
IHL [%] -3.8 -5.2 0.003 <0.001 ns ns ns
v2 14 7 49 17 93 84
vi 16 67 1 20 6.2 0.6
HbAlc [%] -0.6 -0.2 <0.001 ns 0.001 ns ns
V2 16 6.1 0.7 20 6.1 0.6
Vi 16 3.1 41 20 31 2.7
CRP [mg/l] -1.3 -11 0.025* 0.008* ns* ns* ns*
V2 16 1.7 15 20 2 28
Vvl 16 200 39 20 178 33
T. CHO [mg/dl] -26.7 -31 0.001 <0.001 ns ns 0.042
v2 16 173 39 20 147 36
Vvl 16 56 16 20 49 18
HDL [mg/dI] -2 -4 ns ns ns ns ns
v2 16 54 12 20 45 14
vl 16 127 36 20 109 28
LDL [mg/dl] -20.9 -26 0.004 <0.001 ns ns 0.035
v2 16 106 31 20 83 31
Vvl 16 133 65 20 161 65
TAG [mg/dl] -29.9 -35 0.003 0.042 ns ns ns
v2 16 103 72 20 127 77
V1 15 134 17 19 134 21
SBP [mmHg] -9 -6 ns ns ns ns ns
v2 15 126 10 19 128 19
vi 15 85 11 19 84 13
DBP [mmHg] -5 -6 ns ns ns ns ns
v2 15 80 9 19 78 11

Table1 Anthropometric and clinical parametervplues of mean fromtest for analyzing differences within each group, which

are presented (* = ngparametric test in the case of a missing normal distribution). BMI = body mass index, TAT = total body fat,

VAT = visceral adipose tissue, IHL = intra hepatic lipids. TCHO= total cholesterol, HDL =deigsity cholesterol, LDL= low
density cholesterol, TAG = triacylglycerides, CRRC=eactive protein, HbAlc = glycated hemoglobin, SBP = systolic blood
ar m,

pressureinth r i ght
shown as mean + S[B0).

DBP
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VLC ® LF ES VLC LF visit visit x time

Endothelial mea
Visit n mean £SD n +SD p-value p-value p-value p-value
function n
Vi 16 574 4.1 20 4.32 35
FMD [%] -0.26 2.27 ns 0.024 ns 0.034
V2 16 5.48 3.2 20 6.59 4.7
VLC ES) LF £ VLC LF Y] V1 V2
Macronutrient mea
Visit n mean £SD n +SD p-value p-value p-value p-value p-value
intake n
V1l 14 2035 663 15 2022 790
Calories [kcal] =717 -1098 <0.001 <0.001 <0.001 ns 0.001
V2 14 1318 220 15 925 61
Vi 14 0.95 0.2 15 0.94 0.2
Protein [g/kg bw] 0.21 -0.26  0.002 <0.001 <0.001 ns <0.001
V2 14 116 03 15 0.67 0.2
Vi 14 196 69 15 203 93
Carbohydrate [g] -157 -85 <0.001 0.006 0.005 ns <0.001
V2 14 39 10 15 118 11
Vi 14 40 9 15 38 6
Fat [%)] 14 -16 ns <0.001 <0.001 ns <0.001
V2 14 54 6 15 21 2

Table2 FMD and macronutrient intake. Values are presented as mean (*8&igs of mean fromtest for analyzinglifferences

within each group are presented. FMD was calculated using ANOVA for repeated measurements adjusted for kilocalories intake
changes per kg BW.-palues of mean fromtest for analyzing difference within each group in macronutrients (and ersgy)
presented. walue was based on g per kg BW. Difference significant at p < 0.05. FMD =nflethated dilation V1 = Visit 1, V2

= Visit 2 app@. o = V2 1 V1
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Figure2 Correlations between flow mediated dilation (FMD) and macronutrient intake after 3 weeks diet. (A) Protein intake at
Visit 2 (V2) in thevery-low-cartohydrate (VLC) diet, n = 15, (B) protein intake at V2 in toe-fat (LF) diet, n = 18, (C)
carbohydraténtake at V2 in the VLC diet, n = 15 (D) carbohydrate intake at V2 in the LF diet, n = 18, (E) fat intake at V2 in the
VLC diet, n = 15 (F), fat intake at V2 in the LF diet, n = 18 FAshow data after macronutrient intake correction for BW at V2
[60Q].
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4.2  Effect of GIPR SNP rs10423928n glucose metabolismand its interaction with
diverse nutritional approaches in diabetic and prediabetic subjecté Genetic Analysis

Genotype and allele frequencies of the prediabetic and T2DM cohorts are summarTzdden.
3.

rs10423928 Genotype Al lele p-value
HMA HET HMI AF (%)
Prediabetic (n) 208 195 21 T 72 0.004
(%) 49 46 A 28
T2DM (n) 35 35 3 T 72 ns
(%) 48 48 A 28

Table3 Genotypic and allelic frequencies within the cohorts. A. Values are presented as frequencies and petteitage
Homozygous major allele (T/T), HET: Heterozygous (A/T). HMI: Homozygous minor (A/A). AF: Allelic frequenggiuie for
HWE

Baselineglucosemetabolism and insulin sensitivity
Prediabetic subjects

Baseline data of 424 prediabetic subjects (263 females, 161 waleshcluded for the current
analysis Participants were on average 60 years old (range829), were mostlypverweight to
mildly obese (mean BM I= 31.6 + 5.6 kgfhwith a mean HbA1c level of 5.7 + 0.4 Results
from analyzed variables involving glucose metabolism and insulin sensghotved that A allele
carriers(HET & HMI) hadsignificanty higherlevels offasting glucose and lowé& h glucose
levels afteran oral glucose challenge compared to T/T homozygous individudgects carrying
theA allelealsohadsignificanty higher Cederholm Index valséTable4 showsvalues presented

as mean (xSD)

T2DM subjects

A total of 73 T2DM subject$36 females, 3tnales)aged between 486 years were genotyped
and analyzed. Individuals had a mean HbAlel®f 6.7% and a mean BMI of 32.kg/n?. We
found no significant differences betwees10423928 variant carriers (HMA vs HET BMI)

regarding glucose metabolism and insulin sensitiigble5).
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Adipose tissue and IHL accumulation

After excluding participantswhose IHL MRI data was incomplete, no significant baseline
differences between rs10423928 variant carriers (HMA vs HET &HMHje found either in
prediabetic or T2DM subjec{Sable6).

HET & HMI HMA p-value

n Mean £SD n Mean SD

Weight [kg] 216 89 18 208 90 19  ns*
BMI [kg/m"2] 216 31 6 208 32 6 ns*

Glucose Metabolism Parameters

Hbalc [%] 201 56 04 197 57 04 ns*
Fasting Glucose [mgdL] 216 102.0 12.3 208 99.1 119 0.004*
Glucose 30 [mgdL] 213 179.1 29.2 206 177.2 25.8 ns
Glucose 60 [mgdL] 216 1922 40.3 208 196.5 35.8 ns
Glucose 90 [mgdL] 211 171.8 419 206 176.9 36.3 ns
Glucose 120 [mgdL] 216 1435 29.6 208 150.0 28.3 0.008*
Fasting insulin [mU/I] 171 94 52 168 100 6.6 ns*
Insulin 60 [mU/I] 171 1024 815 169 93.6 64.6 ns*
Insulin 120 [mU/1] 171 99.3 1093 169 946 721 ns*
Fasting C-Peptid [pg/l] 168 1.6 08 154 138 1.1 ns*
C-Peptid 60 [ug/l] 168 8.0 38 155 75 33 ns*
C-Peptid 120 [pg/l] 168 8.7 41 155 86 4.0 ns*

Insulin Sensitivity Indices

HOMA IR 171 24 14 168 25 1.8 ns*
Matsuda Index 142 6.0 39 105 6.6 3.8 ns*
Disposition Index 142 974.9 1130.6 105 934.6 932.8 ns*
Stumvoll Index 166 -0.6 0.2 167 -06 0.2 ns
Cederholm index 216 6148 8.7 208 6119 8.8 <0.000*

Table4 Baseline Glucose metabolism and insulin sensitivity within the prediabetic cohort. Values are presented as mean (+SD)
p-values of mean fromtest for analyzing difference between A carriers and T/T homozygous are presented-(fararortric

test in cas of missing normal distribution). Difference significant at p < OBIA: Homozygous major allele (T/T), HE:
Heterozygous (A/T), HMI: Homozygous minor (A/A). BMI body mass index, HbAlc = glycated hemoglobin, HOMA IR =
Homeostasis modelssessment.

18



HMA HET / HMI p-value
n Mean +SD n Mean +SD
Weight [kg] 35 91.3 143 | 38 95.7 183 |ns
BMI [kg/m"2] 35 31.8 43 38 325 48 |ns

Glucose Metabolism Parameters

Hbalc [%] 35 6.8 1.1 | 38 6.6 0.7 |ns
Fasting Glucose [mg/dl] 35 133.4 472 | 36 131.9 428 |ns*
Glucose 30 [mg/dl] 34 1764 540 | 33 169.6 50.0 |ns*
Glucose 60 [mg/dl] 35 193.1 62.2 | 35 181.7 53.2 |ns
Glucose 90 [mg/dl] 35 168.6 65.6 | 35 171.7 62.7 | ns
Glucose 120 [mg/dl] 34 181.2 634 | 33 180.3 63.0 |ns
Fasting insulin [mU/I] 33 7.3 3.7 36 7.7 50 |ns*
Insulin 60 [MU/1] 33 66.7 471 36 62.7 46.6 |ns*
Insulin 120 [mU/I] 33 51.1 41.4 34 43.7 37.0 |ns*
Fasting C-Peptid [ug/l] 33 1.8 0.9 36 1.9 1.0 |ns*
C-Peptid 60 [pg/l] 33 3.9 2.3 36 3.6 2.4 |ns*
C-Peptid 120 [ug/l] 33 5.4 2.1 35 5.1 2.6 |ns*

Insulin Sensitivity Indices

HOMA IR 33 46.6 34.0 | 36 44.3 30.4 |ns*
Stumvoll Index 32 -0.6 0.2 32 -0.6 0.2 |ns
Cederholm index 35 615.8 8.6 35 614.2 89 |ns

Table5 Baseline Glucose metabolism and insulin sensitivity within the T2DM cohort. Values are presented as mean (+SD), p
values of mean fromtest for analyzing difference betweercArrier s and T/T homozygous amegented (*= nomparametric test

in case of missing normal distribution). Difference significant at p < 0.05. HMA: Homozygous major allele (T/T), HET:
Heterozygous (A/T), HMI: Homozygous minor (A/A). BMI =body mass index, HbAlc = glycated hemoglobin, HAMA
Homeostasis model assessment

HMA HET / HMI p-value
n Mean + SD n Mean + SD

Prediabetic

TAT ] 106 20.2 7.6 153 20.7 7.1 ns*
VAT [I] 107 4.9 2.1 153 5.2 2.2 ns*

IHL [%)] 107 10.2 13.6 151 9.3 7.8 ns*
T2DM

TAT [I] 33 21.0 6.0 35 22.0 5.6 ns*
VAT [I] 33 6.3 2.3 35 5.8 2.8 ns*

IHL [%] 33 14.2 9.2 34 12.9 10.2 ns

Table6 Baseline fat deposition within prediabetic and T2DM subjects. Values are presented as meanvabi$, @f mean
from t-test for analyzing difference between A carriers and T/T homozygous are presented-sraroetric test in case of
missing normal tribution). Difference significant at p < 0.05. HMA: Homozygous major allele (T/T), HET : Heterozygous
(A/T), HMI : Homozygous minor (A/A). TAT = total body fat, VAT = visceral adipose tissue, IHL = intrahepatic lipids
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GIPR SNP rs10423928iet interacton
Prediabetic subjects

152 prediabetic subjects ((DINR) nHET=84, nHMA= 68), were analyzed for the interaction
between GIPR SNP rs10423928, daetd body fat accumulation.

After excluding participantsyhoselHL MRI data was missing ancomplete, a total of 89 females

and 63 males with a mean age of 60.2 + 8.7 years took part in this analysis. Participants of this
study were classified as prediabgiatients and overweight with a mean HbAlc of 5.7 + 0.4 %,

an averag8W of 91.2 + 18.6kg, and a mean IHL content of 10.8 + 8.1% at baseResults of
prediabetic subjects showed that after 3 weeks on a hypocaloric VLC or LF diet subjects reduced
BW, BMI, total and visceral body fat depots content independently of the diet type and genotype.
Fasting glucosandIHL reduction showed a significant iSNP rs10423928 interactions effect
(Table 1) Participants carrying the-allele showedagreater rduction of liver fat under the VLC

diet, on the contraryf/T subjects showed a greater reduction of liver fat in response to the LF diet
(Figure3).

T2DM subjects

64 T2DM subjects ((DINAD NnHET=16, nHMA= 17, (LeguAN ) nHET=17, nHMA= 14) were
analyzed for the interaction between GIPR SNP rs10423928, diet and body fat accumulation.

According to ANOVA for repeated measurement, GIPR SNP rs10423928 dgigndicantly
influenceimprovements in DINAD study(Table7). On the other hand, GIPR SN£10423928
showed a significant diet x SNRfluence for IHLresponsén 31 T2DM subjects who underwent

an HP diefor 6 weeks (LeguAN studyarticipants presented at baseline with a mean age of 64.5
* 6.0 years and the mean BMI was 30.6 +K/m=2. Most participants (80%) had an IHL content
above the cubff value of 5.56% for the clinical diagnosis of NAFLD [32].

Figure 3 displays the analysis performed within and between genotypes. Liver fat content was
determined at baseline and aftewéeks HPD. A highly significant reduction of IHL in both
genotypes was observed. However, the HMA (T/T) group showed significantly greater responses
to the HPD compared with HET (T/A) group, having an IHL reduction almost &gdarge No
significant diference was found between genotypesHereduction inBW, BMI, TAT and VAT
(Table7).

20



HET HMA Time  Time x SNPTime x Diet Time x Dietx SNP

n T woi EO+SD n I woOi EO=xSD p-value  p-value p-value p-value
Prediabetes
Weight [Kg] 81 -3.69 2.06 66 -3.86 2.37 <0.001 ns ns ns
BMI [kg/m~2] 61 -1.23 0.62 52 -1.36 0.81 <0.001 ns ns ns
Fasting Glucose [mgc 53 -0.45 0.71 43 -0.18 0.57 <0.001 0.038 ns ns
Hbalc [%] 57 -0.07 0.47 44 -0.08 0.31 0.03 ns ns ns
TAT [%] 81 -1.53 1.67 61 -1.78 2.67 <0.001 ns ns ns
VAT [%] 81 -0.45 0.59 61 -0.41 0.95 <0.001 ns ns ns
IHL [%] 84 -4.75 4.27 68 -4.63 4.00 <0.001 ns ns 0.012
Diabetes DINA-D
Weight [Kg] 16 -4.39 3.11 17 -5.06 2.66 <0.001 ns ns ns
BMI [kg/m~2] 16 -1.42 0.98 17 -1.68 1.12 <0.001 ns ns ns
Fasting Glucose [mgc 13 -27.65 23.67 9 -35.03 24.55 <0.001 ns ns ns
Hbalc [%] 16 -0.37 0.53 17 -0.32 0.44 <0.001 ns 0.001 ns
TAT [%)] 16 -1.72 141 17 -2.02 2.30 <0.001 ns ns ns
VAT [%)] 16 -0.39 0.50 17 -0.72 0.67 <0.001 ns ns ns
IHL [%] 16 -4.30 4.46 17 -3.99 5.02 <0.001 ns ns ns
LeguAN
Weight [Kg] 17 -2.35 1.88 14 -1.71 1.43 <0.001 ns
BMI [kg/m~2] 17 -0.79 0.61 14 -0.64 0.54 <0.001 ns
Fasting Glucose [mgc 17 -0.86 1.16 14 -0.40 0.89 0.002 ns
Hbalc [%)] 17 -0.42 0.33 14 -0.44 0.61 <0.001 ns
TAT [%] 16 -0.44 1.10 14 -0.69 0.78 0.003 ns
VAT [%] 16 -0.34 0.84 14 -0.48 0.45 0.003 ns
IHL [%] 17 -4.97 3.21 14 -8.72 6.08 <0.001 0.036

Table7 SNP interaction effect. Values are presented as mean of changes (2&8Rjepof ANOVA for repeated measurements
for analyzing SNP interaction’s effect. Difference significant at p < 0.05. HMA: Homozygous major allele (T/T), HET:
Heterozygous (A/T). BM£body mass index, HbAlc = glycated hemoglobin, TAT = total body fat, VAT = visceral adipose tissue,
IHL =intra hepatic lipids
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Figure3 Effects on IHL after 3 weeks either on a VLC or LF diet in SNP rs10423928 in prediabetic subject and after 6 weeks HPD
diet in SNP rs10423928 in T2DM subject. Boxplots and individual changes in intra hepatic lipids. VLC: nHET= 40, nHMA=24
LF: nHET= 44, nHMA=44 HPD: nHET= 17, nHMA=24. Results are shown as mean * SD: P values from Stiedéripaired

and unpaired) or neparametric tests (Wilcoxon or MasWhitney-U-Testyp < .05;2 p <.01;2 zpx= .001
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4.3  Effect of central GIPR on the development of high fatinduced obesityand glucose
and insulin tolerance

A total of 34 mice were included in this analysis (n hGIPR12, n hGIPRNS” =10 and n
hGIPRYPS = 12). Genotype and sex frequencies of each diet groeppummarized below in
Table8.

hGIPR "*hGIPR """ hGIPR™YPO"
n n n
D Female 3 2 3
male 3 3 3
F Female 3 2 3
male 3 3 3

Table8 Genotype and gender frequencies. hGIPR+/+= control mice, hGIPRGN&ntral KO mice, hGIPRHYPO
=Hypothalamic KO mice.

Body weightand body composition
Control mice

As expectedthroughouthe intervention mice (hGIPR) gradually gaine®W with a significant
percentdifference between diet grouffsigure 3A) with a significant diet effeciAfter 14 weeks
on an HFD, control mice experienced a significant increase of FM, (gbmpared to the
measurementsnahe third weekFigure4B). This increase was significantly lower in the CD fed

group There was no significant difference in LM between diet gr¢ipble9).

Deletions of central GIPR

To investigate the role of GIPR in obesity and T2D&Velopment, we first determined the effect
of its central deletion (hGIPRS"). Figure 3A shows the effect of central KO BW percentual
changever each interventionveek. Analysis of ANOVA for repeated measurements showed
that during 6 14 weeks of agehe hGIPRNS" mice increasedBW percent changewith a
significant differencéetweerdiet groupsAfter 3and 14weeks,FM (g) did not show significant
alterations betweenor within dietgroups. (Figure4B) (Table 9). CD fed mice exhibited a

significant increase of LM within 11 weeks
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Deletions of hypothalamic GIPR

Furthermore, wassessethe effect of specific hypothalamic deletion (hGIBF"). BW percent
changedid notdiffer significantly between diet groups over ieksaccording to ANOVA
analysis.Figure 4C illustratesthe analysis of single time point®o significant difference was
detectedfor FM, howevey LM increase significantly in both diet groupg=igure 3D displays
differences in FM (ghGIPRYPS exhibitedsignificantly lower FM contet compared to control

mice (p =0.010) after 3 weeks onHFD diet with a mean difference of 1.4 @able 9 show

values presented as mean (xSD)e second ANOVA model with two betwesuabjectfactors
(Genotype and diet) showed a significant diet effect, but there was no significant genotype effect

nor dietgenotype interaction.

Insulin and glucose tolerance test
Control mice

Control miceonHFD dietshowed significay decreasethsulin sengivity and glucose tolerance
compared to CHed mice Furthermoreglucose area under the curve (AUC) was significantly

higherfor theHFD group Mice on aHFD alsohad significarly increased fasting glucose levels

Deletions of central GIPR

During the ITT, a significante-increase in plasma glucose levels inltteD group compared to
control diet groupvas found (Figure4F includes analysis of single time poinfBhis distinction
was also revealedfor ITT AUC. To determine glucos&lerance mice fasted for 12 hours,
thereafteilGTT was performedndependentlyno significant difference betweelet groups was
found. Although fasting glucose levelgere significantly higherin HFD fed mice (Figure4E)
(Table 9).

Deletions ofhypothalamic GIPR

hGIPRYPS" mice showedno significantdifferences between diet groups for insulin sensitivity
nor glucose toleranceHypothalamic KO mice fed withraHFD had lower glucose levels
throughout ITT compared to control migeGIPR"*) fed with the same diet. Figud& illustrates

thedifferences of each time point.

GTT ANOVA analysiswith two betweersubjectfactors(Genotype and diet) showed a significant

effect of diet but there was no significant genotype mbetgenotype interactioreffect
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Interestingly, for ITTthediet had a significant effect. Nevertheless,-diehotype interactiowas

not evident
hGIPR ™" hGIPR Vs hGIPR""PO"
CD HF CD HF CD HF
Body weight | n mean *SD n mean *SD [n mean *SD n mean #SD |n mean #SD n mean #SD
Baseline[g] |6 180 21 6 177 26 |5 179 21 5 176 19 |6 165 17 6 183 238
Week 1 [g] 6 195 40 6 192 31 (5 188 26 5 189 32 |6 176 23 6 194 38
Week 2 [g] 6 201 49 6 203 35 (5 192 29 5 203 37 |6 182 28 6 202 42
Week 3 [g] 6 213 49 6 215 40 |5 199 30 5 216 39 (6 194 34 6 216 44
Week 4 [g] 6 216 47 6 228 47 |5 200 30 5 227 46 (6 196 30 6 220 4.6
Week5[g] |6 211 47 6 235 53 |5 209 35 5 238 49 |6 206 26 6 228 48
Week6[g] |6 221 52 6 249 60 (5 219 37 5 250 53 |6 211 29 6 242 50
Week 7 [g] 6 223 48 6 270 58 (5 220 31 5 260 59 (6 213 32 6 240 56
Week 8 [g] 6 220 45 6 261 57 |5 223 35 5 257 57 (6 220 41 6 245 58
Week 9 [g] 6 237 44 6 257 66 |5 229 36 5 267 50 (6 232 31 6 259 58
Week 10[g] |6 236 54 6 261 74 |5 220 30 5 268 60 |6 228 41 6 265 7.2
Week11[g] | 6 245 58 6 277 74 |5 225 33 5 278 76 |6 229 42 6 282 85
Week12[g] |6 239 58 6 296 83 |5 226 32 5 284 77 |6 225 43 6 287 94
Week13[g] | 6 242 59 6 301 84 |5 226 27 5 273 61 |6 230 42 6 283 87
Week14[g] |6 245 60 6 320 81 |5 232 33 5 289 62 |6 233 47 6 297 093
Week1[%] | 6 7.3 95 6 86 28 |5 53 37 5 73 72 |6 64 52 6 54 6.0
Week2[%] |6 105 140 6 148 36 |5 74 46 5 148 95 |6 100 88 6 98 90
Week3[%] |6 171 132 6 214 54 |5 113 47 5 224 98 |6 169 120 6 174 89
Week4[%] |6 189 119 6 283 9.1 |5 119 44 5 283 129|6 185 119 6 195 97
Week5[%] |6 164 127 6 319 120|5 167 6.6 5 345 148|6 246 97 6 237 99
Week6[%] |6 218 146 6 397 148|5 218 77 5 414 163|6 276 106 6 315 94
Week7[%] |6 228 125 6 518 186|5 228 58 5 466 19.1|6 288 131 6 30.1 129
Week8[%] |6 213 114 6 465 133|5 242 62 5 453 187|6 325 163 6 325 142
Week9[%] (6 308 97 6 441 207|5 279 73 5 514 164|6 403 109 6 404 128
Week 10[%] | 6 30.0 150 6 46.0 244|5 234 76 5 512 203|6 377 166 6 431 195
Week 11 [%] | 6 344 161 6 549 211|5 257 89 5 563 281|6 381 173 6 511 252
Week 12[%] | 6 314 166 6 648 236|5 262 74 5 599 284|6 358 180 6 539 30.0
Week 13[%] | 6 33.0 176 6 67.7 235|5 265 6.6 5 543 215|6 390 168 6 51.6 258
Week14[%] | 6 346 176 6 791 203|5 295 89 5 636 2176 404 200 6 593 284
FM [g]
wk 3 6 3.9 21 6 36 10 |5 26 04 5 30 09116 24 06 6 22 0.4
wk 14 6 4.2 34 5 107 47 |5 24 06 5 76 43 |16 24 06 6 69 4.7
LM[g]
wk 3 6 154 31 6 156 28 (5 157 30 5 163 31 |6 150 26 6 173 45
wk 14 6 185 29 5 209 33 |5 190 29 5 190 22 |6 193 37 6 21.0 46
Glucose Tolerance [glucose in mmol/l]
0 min 6 7.2 03 6 103 16 |5 79 18 5 98 13 |5 79 18 5 098 1.3
15 min 6 6.3 10 6 8.8 13 |5 6.5 05 5 93 19 |5 6.5 05 5 93 1.9
30 min 6 57 18 6 79 15 |5 56 11 5 7.0 08 |5 56 11 5 7.0 0.8
60 min 6 52 20 6 81 20|5 56 12 5 72 13|5 56 12 5 72 13
120in 6 6.8 12 6 96 14 |5 64 09 5 102 23 |5 64 09 5 102 23
AUC 6 727.3 158.3 61041.5150.9| 5 745.2 104.9 5 1004.7 139.8| 5 745.2 104.9 5 1004.7 139.8
Insulin Tolerance [glucose in mmol/l]
0 min 6 44 02 6 55 05 |5 44 05 5 61 14 |5 44 05 5 61 1.4
15 min 5 172 43 6 196 29 (5 168 23 5 165 11 |5 168 23 5 165 1.1
30 min 5 157 42 6 244 27 |5 197 50 5 225 34 |5 197 50 5 225 34
60 min 5 102 22 6 180 40 (5 133 41 5 169 43 |5 133 41 5 169 43
120 in 5 79 19 6 87 19 (|5 84 16 5 9.2 15|5 84 16 5 9.2 1.5
AUC 5 1474.8 240.8 6 2072.0210.2| 5 1685.4335.7 5 1907.1268.2( 5 1685.4 335.7 5 1907.1 268.2

Table9. Detailed BW and composition over 14 weeks and ITT and GTT glucose levels Values are presented as mean (xSD), M=
body fat mass, LM = lean mass. hGIPR control mice, hGIPR'S"- = central KO mice, hGIPRP%- =Hypothalamic KO mice,
CD: control diet, HP: high-fat diet.
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Figure4 Body weight body composition and Insulin and glucose tolerance test. G#R®nNtrol mice, hGIPR'S* = central KO

mice, hGIPRYPO- = hypothalamic KO mice. CD: control di¢dFD: high fat diet. CD: hGIPR'* = 6, nhGIPRYF%- =6 LF: n
hGIPRENS- = 5 HFD nhGIPR'* = 6, hGIPR'YP%/- =6 LF: nhGIPRENS- = 5. Results are presented as mean + SEValues from

Student test (paired ad unpairedpr nonparametric testgp < 0.05;z p < 0.01;z zp= 0.001. A, CBW perceptual alterations

over 14 wk. CD v${FD = *Significancewithin hGIPR"*, 8 Significancewithin hGIPRENS/- | $ SignificancebetweerhGIPR”*and
hGIPRYro- | B, D: Body fat mass after 3 and 14 wk. * represent all significances. E, F: Insulin and glucose tolerance test. CD vs
HFD = *Significancewithin hGIPR"*, & Significancewithin hGIPRENS- | ¢ Significance ohGIPRYP-, & significancebetween

hGIPR" andhGIPR?° | Results of ANOVA for repeated measmentsare not illustrated.
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5. Discussion

5.1 Effect of dietary intervention on endothelial function, intrahepatic lipid (IHL) and

adipose tissue accumulation

OQur first aim was to investigate tvheiplagnfgect
particul av Hat mectwuimah ati on and endotelhesliioels f
comor biatih iciset &8ry st riantdevgs éedsn irf¥ildcGacniBiVWGT AT B f
VAR nldHt CHO LDITA&GGhd n addi tion, only the VLC di
l evel s aftEhe s & rsmegsquelsthéed MEh@Gasdi at ub a | esfkf & @tc t
previously associated wi2t32 4d]Jalnmatgeerdecsetmi erogtllhye $ |
suggest that the LF diet had an acute vasodi
LF diet showed a si.gmi ftha cst tbte nierf d rcda aald & sed dfl elXxet & (
been desicrpirked[@@3x43dAludi es

Af ttehrriend er wertkidben VLBodedt asnegative correl at
protein intake, vapbbEectoirireeTlaR | WinCh tdademwede as e
i ani mal protein sources (meat, cheese), whil
i solated mil k proteiMi | &n ¢pa ahai rgtihani gnusa | di etfyi nperdo tf
bioavail ability, di ges,aanidiolaicttyi,v ea npierpa i aceisd r
substanti adheiyn tperroetseti tno nainndp r coavéee iavhat shchual salr b € ke n
extensive[feDrekeeaewe@dsear ch pprsoup sy eshdwedtt e
[737 fand dabksaipm | ement aMii loln pmo tFeMilbnh ec alns wéelcy leaf:s
adhemobacul ed aVAQAM[F Z7ABM bi omar k er sd yfef n cetnidoont.
Certainly, protein consumpt i ebnasiesd opfrtoetne itni ecdo
I S asswvd caihahtiegdher i ntake of satur ateeadr dfiaotvsa,s cw
heaHoWwWevesul ts ingheldaietgroupubjacts tvith the lowest fat consumption

had the lowest FMD, whilsubjects with the highest intake of fat had the highest FOiDthe
contrary,in the VLC group(although the correlation was not significesiibjects with the lowest

fat consumption tended to have the highest Fiial subjects with the highest intake of fat had

the lowest FMDThis endotheliatesponsean be linked to the different fatty acid composition of

the diets A study demonstrated thathe exchangeof saturated fatty acids (SFAby
monounsaturated fatty as (MUFA) increased endotheliudependent vasodilatatiofv7].

Essential unsaturated fatty acidach ashen-3 FFA alphalinolenic acid (ALA) andhen-6 FFA
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linoleic acid serve as precursors to bioactive Bpid the prostanoid family with powerful
endothelial activityf 78], howeverthe supplementation of3 polyunsaturated fatty acids (PUFA)

did not confirm a improved FMD in a study79]. It is worth mentioning that th&LC in this

study was meant to be rich in unsaturated fatty acids. Thus, we adtrecdteneficial effect of

the LF dietonthe strategiarole of proteirs in modulating fat metabolism particularly modutefi

free fatty acids (FFARNd lipolytic activity[66]. In this context, FFA areonsideredas inductors

of oxidative stress andflammationin endothelial and vascular smooth muscle ¢élis81].
Further mcervda ,ouwd yp de mbinegt ¢ au®ladt 8 3h aetx p.rFe ss i on
reguesGatUd5 expression i n subaociBtPlhAmonwgs tATe offr u
transporters, GLUTS5 is the only transporter
gal acA gpp®xi c state is common duadanagmptahne epr
i nfl ampradc asisl®e sas svda d ihatreedases in GLUTS5 [@Xpres
8 1 Adipose tissue inflammation induces systemic inflammatidrich leadgo an atherogenic
state[85].

Severnaldi es i ngtfeéelcA adiGn gda teht &EMDb & ep eirnf otr hree d
past. yBPhr b[2ilpisd eVaraRPdBgbseaakidemdatrhel i al LF b
6 weeks of diet. Howewvbsgerbedhar esigean &ddtcgaloiu:
function aft®©urtlke udygyCcdnabdt confirm this
si gnirfeidcuaomtth 0 8 odiipent cgmt rast t o t HDe sMLlu@ yditehte
fat (VLC) diyeentoifonperde vsitowdsi es was character.i
2@/ d and by a higher intake of saturated fa
on endothelial function [52, 53].

5.2 Effect of GIPR SNP rs10423928n glucose metabolisnand its interaction with diverse

nutritional approaches in diabetic and prediabetic subjects geneticanalysis

In order b treat and prevent T2DM ants co-morbidities based on dietary strategidsis
necessaryo consider genetic mechanismghis already complex interplay. Thereforar second
objective was to examine the effect of GIPR SNP rs10423928 and its interaction with diverse
nutritional approaches in diabetic and prediabetic subjddtdiabetic subjectshowed a
significantly higherfasting glucose but lower 2 h glucose levafter an oral glucose challenge
compared to individuals homozygous for the major allele T in subjectardas also had
significantly higher Cederholm Index valu@sgicating ahigherinsulin sensitivity Accordingly,
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a study, which onlyncluded T2DM subjects, showed that carriers of the A allele a&etter
insulin sensitivity perhapattributable tolower osteopontin (OPNEvels,a cytokine, which is
specifically abundant in adipose tissue of obese individuals. Therefore, reduceduGdén

may be a mechanisexplainingthe A allele protective effect. GIP stimulates OPN expression
promoting adipose tissue inflammation and insulin resistance [21]. The lack of effect in the T2DM
cohort could be attributed to the medication for mansge of blood glucose and/or the smaller
sample size. However, selection bias should be taken into consideration, since healthier subjects
were omittedfrom the study and/orsubjects with diabetewith very high glucose levels and
insulin therapy were nabcluded.

However, the impact of5IPR SNP rs10423928 varianh glucose metabolism and insulin
sensitivity is a matter of speculation. Saxena ef48], showed a link between GIPR A allele
variant and T2DM. Another study in T2DM and Rdiabetic subjects associated the A allele of
GIPR rs10423928 with impaired glucesand GIRstimulated insulin secretion [20].

Moreover, ouloutcomessuggesh potentialdietgene interactioon IHL responsen prediabetes
and T2DM subijects.

Prediabetic participants carrying the -Allele showed greater improvement of liver fat
accumulation irresponseo a VLC dief while T/T subjects had a grea benefitdue tothe LF

diet. After six weeks on a HP digBIPR SNP s1042392B homozygous individual&ith T2DM
showeda significanty greater responssompared toA-alele carriers, having an IHL reduction
almost twice as large. The potential mechanisms underlyingfthds®s are unknowrowever
consideringthe directeffectof nutrition on endogenous GHEecretion genetic variants in GIPR
are excellent candidates of potential €jehe interactions. Such interactions have been already
described for the A varianff GIPR rs10423928vith coffee, sucrose and fiber intakgs, 87].
Epidemiological evidence suggeshat dietary intake of carbohydrate and fat could potentially
modulate the T2DM risk depending on the GIPR genotype. Homozygous for AAlialoetic
subjects consuming higfiat, low-carbohydrate diets showed reduced risk. On the contrary, T/T
genotype shwed lower T2DM riskwhenconsuming a higicarbohydrate/ lowat diet[87]. To

the best of our knowledge, this is the first study to date to assess the relationship of GIPR
rs10423928i diet interactionon body fat accumulatiorf-urther studieperhaps witha larger
sample sizare needed in ordéw provide novel evidence for the development of effective dietary
strategies based dhegenetic background in T2DM patients.
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5.3 Effect of central GIPR on the development of high fatinduced obesity andglucose and

insulin tolerance

The interruption of GIPRsignalinghasa protective effect against tltkevelopment of T2DM
dysfunctional networknduced byan obesogenic environmerithe distribution of GIP and its
receptor in the brain suggest&ey functionon food intake and energyimeostasisTherefore,

we aimedto investigate whether the central GIBRnalingis involved in the developmeiuaif
HFD-inducedfat mass accumulatioas well asmpaired glucoséleranceand insulinsensitivity.

In order to generate speciitatements about GIPR in the brain, crossing with the respective Cre
mice with homozygous flanked humanized GIPR animals (hGiPRas the method of choice.
The use of the CaMKlla and Nkx2.1 Cre mice allowed specific deletions of central GIPR
(hGIPRENS™) as well as explicitly hypothalamic GIPR (hGIPRC). After 14weekson anHFD
hypothalamic KO miceppeared to be protectagainstHFD-inducedweight gain and loss of
insulin sensitivitycomparel to CD-fed mice hGIPR'YP%"- animals also gaed less FM after 3
weeks inanHFD compared to control animalgth avariationof 1.4g.

As expectedHFD fed control animals gaed weight proportionallyand showed &W gain
changeof 45%, comparedo theirrespective control diet grou@entral abolition of GIPResulted

in an HFD -inducedincrease of34 % of BW, while hypothalamic abolition 019 % of BW
(comparedo the same genotype on a CI) fact,CD feed andHFD feedhGIPR"P%" mice did

not show significant differencan BW over 14 weeksFurthermore, w demonstrated that GIPR
deletion inthe hypothalamus significantlgreservednsulin sensitivityindependenof dietaryfat
content Comparable studies investigating the full deletioiGtPR repeatedly demonstrattok
protective effectof this measureMice lacking GIPRexposed to an obesogenic environment
(ovariectomy, higkat diet or sucroseich diet) do mitherexhibit BW gain, liver steatosisnor

an increase in visceral and subcutaneous fat mass compared to wild typé3rb@e88]. Since

we did notobtainany major resultsvith hGIPRENS mice, it is tempting to speculate that results
observed by previous study groups are in pat to the interruption of hypothalamic GIPR
signaling. The hypothalamus is a wedktablished appetite controkner. Signal hormones,
neuropeptides, and other messengers promote hyperphagia, hypophagia, or both. The secretin
family of peptides that inclugeGIP is involved in a variety of brain functions, including neuro
modulation, neurogenesis, brain development, regulation of foakeinBW, and body
temperaturg¢89, 90]. Correspondinglya study found increased mRNA of anorexigenic genes of
POMC and cocaineand amphetamineegulated transcript (CART) in GIPR KO mice exposed to
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a high glycaemic index diet. On the contranice exposed to a low glycaemic index chatl a
decreased expressiarh the orexigenicAgouti-related protein AgRP) [54]. This suggests that
hGIPRYPS" mice muld havebeenaffected by inhibition of appetite and food intakiewever a
recent invitro study showed thatirect activation of hypothalamic GIRRells potentlyimpairs
food intake[58], which would lead to increagéood intake in ouhGIPR"P%" model.Another
possibility of how the deletion of hypothalamic GIRRderedwveightgain and maintained insulin
sensitivity despite &FD relies onshieldingof leptin signalingby the decreased hypothalamic
level of Suppressor Of Cytokine Signaling 3 (SOCEH]I). Hypothalamic SOCS3 impairs leptin
sensitivity Most recognized biological actions of leptin are inhibition of food intake and
stimulation of insulin sensitivity and metabolic ragudies based on largeamsple sizeand
molecular pathways analysaserequired to establish the real role of hypothalamicRSiet the

developmenbf T2DM dysfunctional network.

6. Conclusion

In conclusion, we demonstrate that both dietary strategies are efficient tools for reducing several
risk factors for CVD, such aBW, TAT, VAT, IHL, blood glucoseand blood lipidsn T2DM
patients. However, only the LF diet provitigositive effects orilow-mediated arterial dilation

due to a protehfiat metabolism interactio®@ur resultson GIPR SNP rs10423928 analysigygest

an advantageous effect of minor all@leontributing to improved{8ell response and a potential

diet SNP effect on IHLresponseA previous work of our study group showed that prediabetic
subject on the VLC had decreased blood pressure compared to the LF diet,Sabjdatsmore

the LF diet had a greater reductionLDL -cholesterol and less inflammati¢®2]. Thiswas also
demonstrated by seversleta-analyses [16, 93]. However, Masoor etal., concludedfiFurther
investigations are needed, and may contribute to an improved understanding of the large variability
in individual r e s p o hwoeld ke of intkriest tb iavestigate it GIRR SN n t i
rs10423928 does have an impactiondividual respnse to dietary interventioon endothelial
function and further CVD risk factardt has been previously reported th@iP induces
Endothelinl, osteopontin (OPN)94], and other pranflammatory molecule$7 27 § which
promote atherosclerosis. Vasodilatory nitric oxide (N@§ and foam cell formatiofi96] also

seem to be involved in GIP/GIPR interactionterestingly a study of GIPR SNP rs10423928
showed thaA allele carriers haveeduced receptor functipiower adipose tissue OPN mRNA
levels and better insulin sensitivityl] Additionally, adipocytesand macrophagesmmunicate
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involving MCP-1, whichintroduces adipose tissue inflammatiovia GIP signaling97]. Deletion

of adi pocyte GIPR signaling l ed to decreas
inflammatory cytokinein HFD fed mice [69]These events are closely connected to CVD since
adipose inflammation indussystemic inflammation and atherogenic s{&t. Furthermore, we
reported that GIPR hypothalamic signaling could be in part responsibléFior-inducedBW
gain and insulinresistanceWe discussed above its possible implicationspatectingleptin
signaling which could contribute tendothelialfunction perhapsby upregulating vascular
endothelial growth factdr8] and stimulating NOeleasedependent vasodilatid®9]. There is
abundant evidence to corroborate that GIPR represents a validated therapeutic tatiget for
inducedT2DM and comorbiditiesFurtherinvestigation should be conducted in order to answer
openquestions and characterize thechanism of action of peripheral and cenBHR thatwill

help understanding the pathophysiotogature of this dysfunctional network.
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fehlerhafte Zuordnungen von separat oder nachtraglich erhobenen Daten und

nachtragliche sowie nicht vollstandig dokumentierte Anderungen.

Auswertung und Analyse:
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Die statistische Analyse nahm ich eigenstdndig \#&ie wurde mit dem SPSS
Softwarepaket fur Windows (IBM, Version 20.0, Chicago, IL, USA) durchgefiihrt. Dazu
wurde die deskriptiven Mal3e (insbesondere Minimum und Maximum) der metrischen
Parameter Uberprift. Mogliche Ausreil3er wurden analysiertwedn notwendigvon

der Analyse ausgenommen. Fir weitere statistische Analysen wurde zun&chst die
Normalverteilung und Varianzhomogenitdt der metrischen Daten analysiert
(Kolmogorov+SmirnovTest auf Normalitéat, Lever€est fur die Varianzhomogenitét).

Der Vergleich inndralb und zwischen Ernahrungsgruppen wurde mit einem Stddent
Test (gepaart und ungepaart) analysiert. Nidrimalverteilte Variablen wurden
transformiert, um Normalverteilung zu erreichen, oder durch nichtparametrische Tests
(Wilcoxon- oder ManaWhitney-U-Test) analysiert. Eine Varianzanalyse (ANOVA) fir
wiederholte Messungen wurde durchgefihrt, um die Auswirkungen der Wechselwirkung
zwischen Ernahrung und der flussvermittelten Vasodilatation zu bewerten. Es wurde ein
Modell mit einem Zwischensubjektfaktand zwei Innersubjektfaktoren verwendet. Eine
Analyse der Pearsekorrelation (fir nichinormalverteilte Variablen: Spearman
Korrelation) wurde durchgefuhrt, um die Starke der Beziehungen zwischen der
Aufnahme von Makronahrstoffen pro kg Koérpergewichtd uder flussvermittelten
Vasodilatation nach erndhrungsbedingten Eingriffen zu bestimmen.

Schreiben des Artikels:

Das Verfassen des Artikels nahm ich eigenstandig vor. Ein kontinuierlicher Weiteraufbau
erfolgte durch die Supervision und Kritik meines Beémws Dr. medStefan Kabisch und
meines Doktorvaters, Prof. Dmed. Andreas F.HPfeiffer. Bis zur finalen Version
bedurfte es wiederholter Aktualisierungen des Primardatensatzes und rerneute

statistische Auswertungen.

Die Erstellung von allen Tabellen und Abbildungen fir die oben genannte Publikation

nahm ich eigenstandig vor.

Unterschrift, Datum und Stempel déss erstbetreuenden Hochschulleliners

Unterschrift des Doktoranden/der Doktorandin



Anteilserklarung fur nicht publizierte Projekte

Ich Renate LuziaBarbosaYafiez, geboren in La Paz, Bolivien, habe folgende

Manuskripteingereicht

Renate Luzia Barboséariez, Mariya Markova, Ulrike Dambeck, Caroline Honsek,
Jurgen Machann, Rita Schiiler, Stefan Kabisch, Andreas F H Pfeiffer, Predictive effect of
GIPR SNP rs10423928 on glucose metabolism liver fat and adiposity in prediabetic and
diabetic subjects(Zum Zeitpunkt der Abgabe der Dissertatider Publikationbefand

sich dieses Papemunter Begutachtunginzwischen akzeptiert und verdffentlicht:
December 2019, Peptides 125(6):170237

Sanierung der Datenbank:

Auf Grund des groRen Datenvolumens der DiNAund DiNA-P-Studie mussten
regelmafig Probandendaten aus den Akten in die elektronische Datenbard&g&hert
werden. Studiendaten wurden vom Studienarzt, wleiteren Studienmitarbeiténnen

oder direkt durch die Patienten erhoben. Danach wurden die Daten direkt in die
elektronische Datenbank Uberfuhrt. Durch die fertiggestellte elektronBatenbank

war es mdoglich, die obenstehenden Daten Ubersichtlich und vereinfacht tUber eine
Eingabemaske einzugeblerw. fir Analysen auszulesdoh Gibernahm die Kontrolle des
Datenflusses und der Daten, die ins Computersystem ubertragen worden sind. Dabei
erfasste und korrigierte ich ungenaue, unleserliche oder unvollstandige Aufzeichnungen
der Daten, fehlerhafte oder unvollstandige Erfassung auf elektromagnetischen
Datentragern, fehlerhafte Zuordnungen von separat oder nachtraglich erhobenen Daten

und naclragliche sowie nicht vollstandig dokumentierte Anderungen.



Genotypisierung

Die Genotypisierung nahm ich eigenstéandig vor. @ieagmische DNA wurde aus Buffy

Coat, Vollblut oder SerumProben isoliert, je nach Probewerfligbarkeit Die
Genotypisierung wurdenit Vi i AE SundTtaegrMan E SNP Genot ypi ng
rs10423928 ID C_30103605_10 (Angewandte Biosysteme, Thermo Fisher Scientific)
durchgefluhrt

Die statistische Analyse nahm ich eigenstdndig \&ie wurde mit dem SPSS
Softwarepaket fur Windows (IBM, Version 20.0, Chicago, IL, USA) durchgeflias.
Hardy-WeinbergGleichgewicht fur den GIPf&Genotyp wurde berechnatit Pearsons
G Zlest zum Vergleich des Genotyps und der Allelfrequenzen innephédialetische
und T2DMPatienten mit Microsoft® Excel®, 2016Zum Vergleich zwischen
homozygota Trager des Hauptallels T (HMA) und-Alleltragem (heterozygot T/A
(HET) und homozygot fur das Nebenalle(AMI)) wurdeeine EinwegVarianzanalyse
(ANOVA) mit Genayp (HMA vs HET, HMI) als Zwischensubjektfakt@orgenommen
AuRRerdemwurdendie Datenvon oGTT und MTT durch ANOVA mit wiederholten

Messungen analysiert.
Schreiben des Artikels:

Das Verfassen des Artikels nahm ich eigenstandig vokdgitinuierlicher Weiteraufbau
erfolgte durch die Supervision und Kritik meines Betreuers Dr. Stedan Kabisch und
meines Doktorvaters, Prof. Dmed. Andreas F.HPfeiffer. Bis zur finalen Version
bedurfte es wiederholter Aktualisierungen des Primandatees und erneute

statistischeAuswertungen.

Die Erstellung von allen Tabellen und Abbildungen nahm ich eigenstandigDieor.
Erfassung des Manuskripts fur eine Publikation nahm ich eigenstandig vor. Das

Manuskript befand sich unter Begutachtualg dese Doktorarbeit eingereictmurde.

Unterschrift, Datum und Stempel des/der erstbetreuenden Hochschullehrers/in

Unterschrift des Doktoranden/der Doktorandin
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Ich Renate Luzia Barboséafez, geborem La Paz, Bolivien, habe folgenden Anteil an

diesemForschungsprojekt gehabt:

Effect of central GIPR for the development of highifatuced obesity and glucose and

insulin tolerance
Erfassung des Gehmigungsantrag

Das Verfassen des Gammigungsantraanahm ich eigenstandig vor. Ein kontinuierlicher
Weiteraufbau erfolgteurch meinen DoktorvateProf. Dr.med. Andreas F.HPfeiffer,

mit Hilfe von Prof. Dr. André Kleinriddersind Dr. Anja Voigt.
Generierung voiKO-Mausaen:

Die C57BL/6 wurde im Jacksdraboratory gezichteGIPRIox/lox Mause wurden von
Taconic Bioscience zur Verfugung gestellt und an Prof. Wolfrum (ETH Zurich)
ausgeliefert. Unsere GIPRXx/lox-Mause wurden von der ETHurich bezogen. Diese
wurden in der Tidnaltung des MRL mit den jeweiligen Ckausen verpaart und
gezlchtet. Die Erzeugung des konstitutiven KO-Allels nahm ich mittels Cre-
Rekombinationeigenstandig vorDaflr war die Kreuzung mit den jeweilige@re-
Mausen mit homozygot flankierte€BIPR-Tieren das Mittel der Wahl, um spezifische
Aussagen Uber GIPR im Gehirn tatigen zu kdnnen. Die Verwendung der CaMHKdla
der Nkx2.2XCre-M&ause ermoglicht spezifischere Deletionen zentraler GIPR (CaMKlla)
sowie spezi¢lhypothalamischer GIPRGIPR-lox/lox-M&usewurdenmit den jeweiligen
CreMausen verpaart. Aus der Zucht von GHeR/lox und GIPRIlox/lox Cre +f
entsanden jeweils 50 % Kontrolltiere sowie 50%¢xperimentelle Tiere, denen GIPR
Lox/lox in CaMKlla- oder Nkx2.texprimierenden Neuronen fehDie resultierende

Phanotysierungund Genotypisierung nahm ickigenstandig vor.

Kdrpergewicht
Das Korpergewicht der abgesetzten Mahakee ichwochentlich ab der 4. Lebenswoche

bis zum Alter von 20 Lebenswochen protokolliert.
InsulintoleranztestiTT)

Der Insulintoleranzterfolgtin adulten Versuchstienim Alter von 14 Wocherinsulin
(0,75 Units pro kg Korpergewichtyurde hierfurintrapeitoneal injiziert (Volumen ca.
20071 400 pl, abhangig vom Koérpergewicht). Um die Injektion durchzuflhweindedie
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Maus fir wenige Augenblicke aus ihrem Heimatkafig genommen, fachgerecht fixiert und
die Injektion in das Abdomen durchgefiihrt. Zu den 4silggen 15, 30, 60 und 120 min
nach Insulingabe wde der Blutzuckerwert der Tiere mit Blutzuckermessstreifen-und
messgerat aus der Schwanzspitze genommen. Fir die Blutabnahrden die Mause

fur nicht langer als 1 Minutien Restainer gehalten.
Glukoseobleranztest (GTT)

Zur Analyse des Glukosestoffwechselsvurde einmalig ein  sogenannter
Glukosetoleranztest durchgefiihrt. Dabeaireden den 16 Stunden gefasteten adulten
Versuchstieenim Alter von 16 Wochen 2 g Glukose pro kg Kérpergewicht oral mittels
einer gebogenen Knopfkanile appliziert (Volumen ca. 2@@0 pl, abhéngigvom
Kdrpergewicht). Fur die wiederholten Blutentnahmen unmittelbar vor der Glukosegabe
(0 Minuten) sowie 15 Minuten, 30 Minuten, 60 Minuten und 120 Minuten nach der
Glukosegabe wrde eine einmalige minimalinvasive Inzision an der Schwanzspitze
gesetzt. Die Blutabnahmediandenauf dem Gitterdeckel des Heimatkéafigs statt und

daueten nicht langer als 1 Minute.
Kdrperzusammensetzung (NMR)

Korperfett und Magermasse der Mausainden mittels NMRAnalyzer mit Nuclear

Magnetic ResonancNMR)-Messung zu den Zeitpunkten 10 und 17 Wochen nach
Futterungsbeginn ermittelt. Dabeurdeder Anteil an Muskel und Fett in den Mausen

bestimmt. Hierzu wrden die Tiere einzelnim NMi&er @2t ( Bruker 6s Mini s
arretiert und dieKorperzusammensetzungurde wahrend der “mindtigen Messung

bestimmt
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Die Daten wurden unter Verwendung von ANOVA fir wiederholte Messungen und
zweiseitigem Studentit-Test fur gepaarte und ungepaarte Proben analysierht(
normalverteilte Variablen wurden durclchtparametrische Tests analysiert). Um die
Auswirkungen der Erndhrung auf jeden Genotyp zu analysieren, wurde ein Modell mit
einem Faktor zwischen d&fergleichsgruppefDiat) und entweder dem IFbder GTF
Glukosespiegel als innerhalb dSsibjektbktors durbgefiihrt. Die Analyse der BW
Veranderungen (%) fur dieses Modell umfasste 7 Zeitpunkte (Woche 1,4,6,8,10,12,14),
um ausreichende Restgrade zu erreichen. Fir die allgemeine Analyse unter Einbeziehung
aller Genotypen wurde ein zweites Modell mit zwei Zwischubjektfaktoren (Genotyp

und Erndhrung) und entweder Bderungen (%), ITToder GTFGlukosespiegeln als
InnerSubjetFaktor (SPSS 11.5, Chicago, IL) verwendet. P < 0,05 wurde als signifikant

angesehen

Unterschrift, Datum nd Stempel des/der erstbetreuenden Hochschullehrers/in

Unterschrift des Doktoranden/der Doktorandin
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Abstract: Background: Cardiovascular diseases (CVD) are the major cause of mortality in type
2 diabetes patients (T2DM). Causes areembedded in a complex interplay between excess body
fat, insulin resistance and serum lipid anomalies. Endothelial homeostasis is strongly affected
by this pathogenic network. Even though metabolic changes and weight loss improve vascular
endothelial function, the effect of different dietary approaches is still uncertain for type 2
diabetes patients. Objective: We aim to compare the acute effects of a hypocaloric very low
carbohydrate (VLC) diet versus a hypocaloric low fat (LF) diet on flow mediated dilati on (FMD),
intrahepatic lipid (IHL) accumulation and visceral adipose tissue as independent risk factors of
CVD in T2DM patients. Design: Thirty -six T2DM patients (age 63 + 8 years, 60% females) were
randomly assigned to the VLC diet (4-10 % of total energyintake (E)) or to the LF diet (<30 % E)
for 3 weeks. Endothelial function was assessed by the flow mediated dilation (FMD) method.
Adipose tissue depots and IHL were determined by magnetic resonance. Results: Both dietary
strategies reduced body weight, body fat content and IHL. Unexpectedly, the LF group
experienced significantly greater enhancement of FMD, compared to the VLC group. The FMD
showed a positive correlation with protein intake and fat intake in the LF group, while it
revealed a negative correlation with protein intake in the VLC diet group. Conclusions:
Reduction of total and hepatic adiposity was shown to be successful using either the VLC or LF
hypocaloric diets, however improvements in FMD may be related to the interplay of fat and
protein intake.
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carbohydrate diet; protein intake

1. Introduction

The control of Type 2 diabetes mellitus (T2DM) has become a global challenge. Its incidence,
prevalence and costs are rapidly increasing often in parallel with obesity, cardiovascular diseases
(CVD) and nonalcoholic fatty liver disease (NAFLD), embracing a dysfunctional metabolic
network. Excess body weight seems to be the main driver of this pathogenic network and
probably provides the common link between T2DM, NAFLD and CVD through insulin
resistance, hyperlipidemia, hypertension and low -grade inflammatio n [1,2]. Given that CVD is
the major cause of mortality in T2DM [3], the impact of this dysfunctional network on vascular
events needs to be considered. It is well established that vascular endothelial cells play a pivotal
role in the maintenance of cardiovascular homeostasis. The endothelium accounts with two main
mechanisms to control the internal stability: vasodilation and vasoconstriction [4]. Perhaps the
most important mechanism for endothelial relaxation in arteries is the endothelium dependent
synthesis of nitric oxide (NO), an effective vasodilator and a functional marker of endothelial
dysfunction [4]. In fact, endothelial dysfunction has been associated with T2DM [5], NAFLD [6]
and excessive fat mass [7].

With a non-invasive methodology it is pos sible to quantify the ability of the brachial artery
to dilate in response to shear stress [8]. The Flow Mediated Dilation (FMD) technique has been
applied in several clinical studies to determine the effect of weight loss (by hypocaloric diets,
bariatric surgery or/and exercise) [9t 13], low fat (LF) and low carbohydrate (LC) diets [14¢19] on
vascular function. Indeed, weight loss is a key determinant for restoration of vessel stability and
integrity, but also reduction of visceral fat [20], liver fat [21] and glycated hemoglobin Alc
(HbA1c) levels [22] contribute to an enhanced FMD.

Hypocaloric nutritional strategies are a common tool used for T2DM management due to its
rapid metabolic benefits. However, the macronutrient composition of such low caloric di ets is
still under dispute regarding its impact on endothelial function in T2DM patients.

Therefore, the aim of this study was to examine and compare the effect of a hypocaloric very
low carbohydrate (VLC) diet versus a hypocaloric LF diet on FMD, intrahepatic lipid (IHL)
accumulation and visceral adipose tissue (VAT), as independent risk factors of CVD in T2DM
patients and to evaluate the macronutrient composition of each diet and its relation to FMD at
intervention completion.

2. Materials and Met hods

2.1. Participants and Study Design

The DINA -D (Diabetes Nutrition Algorithms in Patients with Overt Diabetes Mellitus) study
is a randomized, parallel group, intervention study with adult T2DM patients. Following the
approval of the Ethics Committee of the Charité and of the University of Potsdam, conducted in
accordance with the Declaration of Helsinki, the study was registered at www.ClinicalTrials:gov
(NCT02459496). The study was conducted at the clinical ward in Berlin (located at the Charité
Campus Benjamin Franklin). Study participants were recruited via local advertisements.
Volunteers, who met the inclusion criteria, provided a written informed consent according to
GCP guidelines. After the initial screening (VO0) subjects were randomized in a 1:1 ratio to either
a VLC or LF diet using computer generated random numbers and stratified according to age, sex,
body mass index (BMI) and waist circumference. Subject visited the study facility twice, at
baseline (V1) and postintervention (V2) of the re spective dietary intervention, where routine
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