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SUMMARY OF PUBLICATION-BASED THESIS

1. TITLE
Nutritional Effects on Angiotensin-Converting Enzyme (ACE) and Its Determination

by Genotype
2. AUTHOR

Xu Li

3. ABSTRACT

Angiotensin-converting enzyme (ACE) is a critical component of the renin—angiotensin

system (RAS) that not only regulates blood pressure and maintains the homeostasis of
the cardiovascular system, but also has regulatory effects on lipid metabolism. In our

NUtriGenomic Analysis in Twins (NUGAT) study, 46 pairs of healthy, nonobese twins

were given a low-fat diet (LF, 55% carbohydrates, 30% fat, 15% protein) for 6 weeks

to standardize for nutritional behavior, followed by a high-fat (HF, 40% carbohydrates,

45% fat, 15% protein) diet for 6 weeks under isocaloric conditions. After 6 weeks of
HF diet, the expression level of ACE gene significantly increased both in circulation

and in adipose tissue. We sought to examine the interaction of a frequent ACE genetic

polymorphism with the nutritionally altered expression of the ACE gene. We observed

that the presence of the ACE rs4343 gene polymorphism makes individuals of different

genotypes have different susceptibility to the risk of hypertension and type 2 diabetes

caused by HF diet. Specifically, HF diet had more adverse effects on circulating ACE

levels, blood pressure and glucose metabolism in homozygotic twins with GG genotype.
The interaction was confirmed in the MeSyBePo (Metabolic Syndrome Berlin Postdam)
study. To investigate how HF diet increased the expression of ACE gene in adipose

tissue, we conducted studies using human adipose stromal cells (ASCs) that were

isolated from four patients undergoing bariatric surgery. Palmitic acid (PA) was added

to the culture medium as a representative of saturated fatty acids, but it did not lead to

significant changes in ACE mRNA expression and ACE activity compared to the fatty

acid-free group. In contrast, arachidonic acid (AA), a representative of unsaturated fatty

acids, decreased the ACE level in a dose-dependent manner, but the effect of 100 uM

AA was reversed by 5 uM nuclear factor-kB (NF-«B) inhibitor BAY 117082. Moreover,
the presence of 10 uM of HET0016 — a specific inhibitor of the AA metabolite 20-

hydroxyeicosatetraenoic acid (20-HETE) - in the medium blocked the effect of AA on

reducing ACE mRNA expression and ACE activity.



In summary, our data suggested that ACE is a potential molecular link between dietary
fat intake and hypertension as well as cardiovascular disease. In addition, the interaction
between the ACE rs4343 variant and dietary fat intake may influence the risk of
hypertension and type 2 diabetes. The GG genotype represents a nutrigenetic marker
for an adverse response to HF diet. In subcutaneous adipocytes cultured from morbidly
obese individuals, AA can reduce ACE mRNA expression and ACE activity through
NF-kB-dependent pathways.

4. ZUSAMMENFASSUNG

Das Angiotensin-Converting-Enzym (ACE) ist eine wichtige Komponente des Renin-
Angiotensin-Systems (RAS), das den Blutdruck reguliert und die Homoostase des
Herz-Kreislauf-Systems aufrechterhilt. Es hat auch metabolische Steuerungseinfliisse.
Studien haben gezeigt, dass sich der zirkulierende ACE-Spiegel bei Adipositas und
Gewichtsverlust dndert. In unserer NUGAT-Studie (NUtriGenomic Analysis in Twins)
haben wir gezeigt, dass eine Erndhrung mit hohem Gehalt an geséttigten Fettsduren
(HF) den ACE-Spiegel erhdhen kann. In dieser Studie erhielten 46 Paare gesunder,
nicht adipdser homozygoter und heterozygoter Zwillinge 6 Wochen lang eine fettarme
(LF, 55% Kohlenhydrate, 30% Fett, 15% Eiweil}) Didt, die reich an Kohlenhydraten
war, gefolgt von einer fettreichen (HF, 40% Kohlenhydrate, 45% Fett, 15% Eiweil3)
Diét fiir 6 Wochen unter isokalorischen Bedingungen. Nach 6 Wochen HF-Diét erhohte
sich die Expression des ACE-Gens im Fettgewebe und die zirkulierenden ACE-Spiegel
im Blut. Die Analyse des ACE-rs4343-Genpolymorphismus ergab, dass bei
homozygoten Zwillingen des GG-Genotyps eine fettreiche Erndhrung den
zirkulierenden ACE-Spiegel erhohte, ebenso wie den Blutdruck und die
Glukosespiegel. Um den Mechanismus der HF-Diét zur Erhohung der Expression des
ACE-Gens im Fettgewebe weiter zu untersuchen, fithrten wir in-vitro-Studien mit
humanen subkutanen Adipozyten durch. Dafiir wurde subkutanes Gewebe von vier
iibergewichtigen Patienten im Rahmen einer bariatrischen Operation entnommen. Aus
humanem subkutanem Fettgewebe wurden dann humane mesenchymale Stammzellen
(MSC) isoliert und zu reifen Adipozyten in vitro differenziert. Die ACE-mRNA-
Expression und die ACE-Aktivitét in differenzierten Adipozyten wurden in Gegenwart
verschiedener Stimuli gemessen. Nach einer Stimulation mit Palmitinsdure als
Vertreter gesittigter Fettsiuren, gab es keine statistisch signifikante Anderungen der
ACE-mRNA-Expression und der ACE-Aktivitit. Die Stimulation mit Arachidonséure
(AA), als Vertreter ungesittigter Fettsduren in verschiedenen Konzentrationen, fiihrte
zu einer dosisabhidngigen Abnahme der ACE-mRNA Expression und der ACE-
Aktivitdt in Adipozyten .



Diese Effekte bei 100 uM AA konnten durch eine Zugabe von 5 uM Nuclear factor-
kappa B (NF-kB)-Inhibitor aufgehoben werden. Auferdem fiihrte eine Zugabe von 10
uM 20-Hydroxyeicosatetraensidure (20-HETE)-spezifischem Inhibitor HET0016 zur
Verringerung der ACE-mRNA-Expression und der ACE-Aktivitit. Zusammenfassend
kann eine fettreiche Erndhrung die Expression und Aktivitidt von ACE im menschlichen
Korper erhohen, was darauf hindeutet, dass ACE ein potenzielles molekulares
Bindeglied zwischen der fettreichen Erndhrung und dem Bluthochdruck sowie den
Herz-Kreislauf-Erkrankungen (CVD) darstellen kann.  Die Existenz des ACE rs4343-
Genpolymorphismus konnte dazu fiihren, dass Personen mit unterschiedlichen
Genotypen unterschiedlich anfallig fiir das Risiko von Bluthochdruck, Herz-Kreislauf-
Erkrankungen und Diabetes sind, die durch eine fettreiche Erndhrung mit hohem Anteil
gesittigter Fettsduren verursacht werden.

In humanen differenzierten Adipozyten kann die AA, als eine ungesittigte Fettsdure,
die ACE-mRNA-Expression und die ACE-Aktivitit iiber den NF-kB-abhdngigen

Signalweg hemmen.

5. INTRODUCTION

The obesity epidemic continues to develop worldwide. According to the World Health
Organization, the number of obese people in the world has nearly tripled since 1975. In
2016, more than 1.9 billion adults aged 18 years and above were overweight (body
mass index, BMI > 25), accounting for 39% of the total population; and more than 650
millions of them were obese (BMI > 30), accounting for 13% of the total population[1].
Excessive central distribution of obesity, especially visceral fat, is associated with
changes in hormone, inflammation, and metabolite levels. These changes stimulate
some other mechanisms that contribute to hypertension status. It is estimated that
obesity accounts for 65%—78% of essential hypertension cases[2, 3]. Obesity and high
blood pressure often co-occur in the same patient. About 75% of hypertensive patients
in Germany are overweight or obese[4]. A high-fat (HF) diet is well known as one of
the most important factors associated with the development of obesity. High blood
pressure caused by obesity has become a public health concern. However, the
mechanisms of HF diet and increased blood pressure are complex and still insufficiently
understood.

Angiotensin-converting enzyme (ACE), also known as peptidase P, angiotensin I-
converting enzyme, CD143, and EC 3.4.15.1, is a membrane-bound protein, widely
distributed in many tissues and cell types. Although it is mostly located in endothelial

and epithelial cells, it has also been found in adipose tissue and adipocytes with other
3



renin—angiotensin system (RAS) components[5]. Approximately 30% of circulating
angiotensinogen (AGT) is produced by adipose tissue[6]. Circulating ACE has been
shown to decrease significantly during weight loss[7]. ACE converts the inactive
angiotensin I to the active vasoconstrictor angiotensin II, which is involved in the
control of blood pressure. Angiotensin-converting enzyme inhibitors (ACEls) are
widely used as a first-line drug for the treatment of hypertension worldwide[8].

The RAS is a classical regulatory system that is known for its role in blood pressure
regulation and balance of fluid and electrolytes. It was originally described as a
circulating hormonal system and a main cardiovascular regulator. The RAS is now
considered a “pervasive” system, considering that it is expressed locally in various
organs[9]. It is mainly expressed in renal tissues, cardiovascular system, adrenal glands,
and liver, but it is also found in the brain, pancreas, adipose tissue, and some other
tissues[10]. Local RASs located in different tissues are involved in physiological and
pathophysiological processes independently from the systemic RAS through paracrine
and autocrine modes, but they may still interact with the systemic RAS to play an
endocrine role[11]. The systemic RAS overactivation is associated with the
pathogenesis of obesity-related hypertension. In this system, AGT undergoes
enzymatic cleavage by renin to produce a decapeptide angiotensin-I (1-10) (Ang-I).
Ang-1is further converted to the vasoactive angiotensin I (1-8) (Ang-II) by ACE. ACE
acts as an important vasoactive enzyme in the RAS, in addition to producing Ang-II,
ACE degrades bradykinin by c-terminal cleavage of a dipeptide[12]. The most efficient
Ang-(1-7)-generating enzyme is ACE2, which is known to be capable of generating
Ang-(1-7) directly from Ang-II. In addition to this, Ang-(1-7) also can be formed
indirectly from Ang-I through Ang-(1-9) intermediate, which is produced by Ang-I
under the action of ACE2, and then cleaved by ACE to form Ang-(1-7). Nevertheless,
the former pathway is more potent, since ACE2 has a 400-fold higher affinity for Ang-
IT than Ang-I[13]. In human endothelial cells, the expression of ACE is increased
through the nuclear factor-kappaB (NF-xB) pathway[14]. Many genes involved in
cardiovascular diseases (CVDs) are regulated by NF-kB. The in-vitro experiments
showed that the activation of NF-kB was attenuated by ACE inhibitors in damaged
vessels[15].

Moreover, several polymorphisms of ACE have been reported to express an association
with blood pressure and adiposity[16]. The ACE gene contains a series of frequent
polymorphisms that are in strong linkage disequilibrium with each other[17]. A
frequent insertion/deletion (I/D) polymorphism located in the 16th intron of the ACE
gene is apparently associated with an increased risk of cardiovascular diseases and type
2 diabetes[18, 19]. The ACE rs4343 is a silent non-coding single nucleotide
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polymorphism (SNP) expressed at the mRNA level and serves as a proxy for the I/D
polymorphism[20]. We also sought to find the genetic factors that influence ACE

expression.

6. MATERIAL AND METHODS

6.1 NUtriGenomic Analysis in Twins (NUGAT) Study Design

The protocol was approved by the independent Ethical Review Board of the University
of  Charité-Universititsmedizin, Berlin. The study was registered with
ClinicalTrials.gov (Unique identifier: NCT01631123). In total, 46 pairs of healthy,
nonobese twins were included in the study. There were 58 females and 34 males, and
the age ranged from 18 to 70 years. The mean BMI was 22.8 £ 2.7 kg/m?. Screening
visits included physical examination, measurement of blood lipids and blood pressure,
and oral glucose tolerance test (OGTT). Dietary interventions were designed under
isocaloric conditions. The energy requirements of each participant were calculated
based on the individual resting energy expenditure (REE). All participants followed a
high-carbohydrate, low-fat diet (LF, 55% carbohydrates, 30% fat, 15% protein) for 6
weeks to standardize the nutritional behavior. Subsequently, they followed low-
carbohydrate, high-fat diet (HF, 40% carbohydrates, 45% fat, 15% protein) for the
following 6 weeks. The 55% carbohydrate, 30% fat and 15% protein is the standard
diet model. However, in our experiment, we compared it with another diet model of 40%
carbohydrate, 45% fat and 15% protein. LF and HF are labels used to distinguish the
two diet models in this study[21]. Three clinical investigation days (CIDs) were
organized, CID1 after 6 weeks of LF diet, CID2 after 1 week of HF diet, and CID3 after
6 weeks of HF diet. At each CID, anthropometric measurements, blood pressure, and
blood analysis were conducted. To ensure participants’ compliance, nutritionists
offered periodic and specific dietary guidance throughout the intervention process. A

majority amount of food was supplied to regulate participants’ dietary behaviors[22].

6.2 ACE Genotyping

In the NUGAT study, genomic DNA was isolated using a commercial kit (NucleoSpin,
Macherey-Nagel, Diiren, Germany) from buffy coat samples and genotyped on
HumanOmniExpressExome BeadChips (Illumina, Inc., San Diego, CA, USA). To
confirm the results, samples from the Metabolic Syndrome Berlin Potsdam (MeSyBePo)
study were used, which included 2385 Caucasian participants, among which 1992
participants were non-diabetic. Predesigned rs4343 TagMan SNP Genotyping Assay
(ViiA7 System; Applied Biosystems, Foster City, CA, USA) was used for
genotyping[21, 22].



6.3 Isolation and differentiation of human adipose stromal cells

Human adipose stromal cells (ASCs) were isolated from adipose tissues of four patients
participating in the LEMBAS (diet-induced changes in Liver fat and Energy
Metabolism before Bariatric Surgery) study, which was registered at www.drks.de
(DRKS00009509). All participants were obese patients with BMI > 40 kg/m? or BMI >
35 kg/m? and obesity-related comorbidities. The adipose tissue specimens used in our
study were collected from four patients during Roux-en-Y gastric bypass surgery. The
isolation protocol of ASCs adopted the improved method of Lee et al[23]. Briefly, large
chunks of adipose tissues were first minced into approximately Smg adipose tissues
using sharp scissors. The minced tissues were poured through a 250um funnel-shaped
mesh and transferred into 50mL tubes filled with DMEM/F12 containing collagenase I
(1 mL/g). Subsequently, the adipose tissues incubated in a water bath with constant
shaking (100 rpm) at 37°C for 2 hours when there were nearly no complete AT blocks.
Next, the digested AT was then filtered through a funnel with a 250um mesh, and the
flow containing ASCs was captured into a S0mL tube. The resuspended cells were
cultured in Preadipocyte Growth Medium (Promo Cell, Heidelberg, Germany). In order
to differentiate the ASCs, the cells were cultured in a differentiation solution after
achieving 80%—-90% confluence[24].

6.4 Oil red O staining

Oil red O staining confirmed the differentiation of mature adipocytes. After culturing
the cells in maintenance media for 14 days, the differentiated adipocytes were collected
and fixed in 10% formaldehyde for 1 hour. Next, adipocytes were washed with PBS
and 60% isopropanol for 5 minutes. Thereafter, the cells were incubated in Oil Red O

and analyzed under an optical microscope at x200 magnification[24].

6.5 Free fatty acids stimulation

For fatty acid treatment, palmitic acid (PA) was prepared using a modified method[25].
Briefly, PA was dissolved in ethanol with fatty acid-free bovine serum albumin (BSA),
so that the final PA solution contained 1% BSA, 500uM PA, and 1% ethanol[26].
Arachidonic acid (AA) was mixed with 1% fatty acid-free BSA to produce the working
solutions of 50, 100, or 200uM. All working solution diluted with DMEM were
prepared before experiments. Seven days after adipocyte differentiation, the cell culture
medium was changed to DMEM with 1% BSA with no fatty acids, or with PA 500uM,
AA 50, 100, or 200uM. Next, based on the experimental results and other research
reports, 100uM AA was selected for further experiments[27, 28]. To investigate the
inhibitory effects of the NF-xB pathway, 5SuM NF-«B inhibitor BAY117082[29] was

6



added into the cell culture medium for 1 hour, and then DMEM with the supplemental
0.1% BSA and 100uM AA was added and incubated over 24 hours. In addition, 20-
hydroxyeicosatetraenoic acid (20-HETE) is a hydroxylation product of AA that is
catalyzed by enzymes of the cytochrome P450. HET0016, a specific inhibitor of 20-
HETE, was used to investigate the effects of AA on ACE expression and activity[30].
AA, BAY117082, and HET0016 were purchased from Cayman Chemical (Ann Arbor,
MI, USA)[24].

6.6 RNA extraction and quantitative RT-PCR

Total RNAs were extracted from the adipose tissues and cultured adipocytes using
Nucleospin® RNA 1II Kit (Macherey-Nagel, Diiren, Germany) following the
manufacturer’s protocol. Subsequently, the high-capacity cDNA reverse-transcription
kit (Applied Biosystems by Life Technologies, Carlsbad, CA, USA) was used to
reverse-transcribe RNA into cDNA in accordance with the instructions. cDNA was
synthesized from 1pg of RNA of each sample. Finally, gene expression detection was
performed in triplicate by qRT-PCR assays using the ABI ViiA™7 Real-time PCR
system (Applied Biosystems by Life Technologies, Carlsbad, CA, USA)[24]. The ACE
primer sequences are forward primer 5-CAGAACACCACTATCAAGCGGA-3',
reverse primer 5'-CACGCTGTAGGTGGTTTCCAT-3.' The samples were normalized
to a ribosomal protein large PO (RPLPO). Forward primer 5'-
GCTTCCTGGAGGGTGTCC-3', reverse primer 5'-GGACTCGTTTGTACCCGTTG-
3"

6.7 ACE activity

The ACE activity was determined according to the protocol described by Sentandreu
and Toldra[31]. Briefly, 50 puL of diluted samples and standard solutions which were
in dose-response of 8 concentrations were added to a 96-well microplate. The enzyme
reaction began by adding 200 pL of fluorescent substrate (Abz-Gly-Phe (NO2)-Pro
(Bachem, Bubendorf, Switzerland, cat. no. M-1100) at working solution. The first
fluorescence was measured when the reaction started, and the second measurement was
performed after 30 minutes of incubating at 37°C. The plate was read using a Tecan
Infinite M200 microplate reader at an excitation and emission wavelength of 365nm
and 425nm, respectively. The ACE activity was analyzed by the fluorescence generated

during the incubation time[24].

6.8 Statistical analysis
Data are shown in figures as mean + SD, if there is no special instruction. A Student’s
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t-test was used for a statistical comparison between the two groups (p < 0.05). Statistical
significances among multiple groups were analyzed by one-way ANOVA (p < 0.05).
Statistical analysis was processed using SPSS 20.0 (IBM SPSS, Chicago, IL, USA).

7. RESULTS

7.1 Effects of HF Diet on ACE levels in human subcutaneous adipose tissue
Quantitative real-time PCR showed that ACE mRNA expression in the human adipose
tissue increased significantly after 6 weeks of HF diet (Figure 1[22]).
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Figure 1. ACE mRNA expression in adipose tissue by qRT-PCR. Data are presented
as mean £ SEM, P value is shown above. CIDI, CID2 and CID3 indicate clinical
investigation days after 6 weeks of LF diet, 1 week of the HF diet, and 6 weeks of the
HF diet, respectively.

7.2 Validation of ACE rs4343 Genotype Effects on Blood Pressure and Type 2
Diabetes

In the NUGAT study, the distribution of genotype frequencies for ACE rs4343
polymorphism was shown as following: 31 homozygous carriers (AA), 44
heterozygous carriers (AG), and 17 variant homozygous carriers (GG). The ACE
serum concentration was significantly different among different genotypes (P < 0.001).
Specifically, AA showed the lowest, while GG had the highest ACE concentrations
(Figure 2A[22]). Blood pressure levels among genotypes were not significantly
different after 6 weeks of LF diet (AA/AG vs GG: 109 + 13 mm Hg vs 115 £ 9 mm
Hg, P > 0.05) or after 1 week of HF diet (AA/AG vs GG: 109 £ 12 mm Hg vs 113 £
11 mm Hg, P > 0.05). The HF diet induced a significant increase in systolic blood
pressure in twins with a GG-genotype only, while AA or AG-genotypes showed no
change (AA/AG vs GG: 108 £ 12 mm Hg vs 117 £ 9 mm Hg, P = 0.008) (Figure 3A).
In the MeSyBePo study, we confirmed that blood pressure had shown a significant

correlation with ACE genotypes in individuals who had consumed diets with more
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than 37% fat but not in those with a lower fat intake (AA/AG vs GG: 122 + 16 mm Hg
vs 131 £ 21 mm Hg, recessive model: Psgp= 0.008, Figure 3B).

As for type 2 diabetes, the NUGAT study found a significant effect of the interaction
of genotype and diet intervention on the fasting glucose concentrations (Figure 4a[21]).
Fasting blood glucose levels in GG carriers increased by 0.5 + 0.1 mmol/L (mean +
SEM), whereas no significant change was found in AA/AG carriers[21]. Changes in
fasting blood glucose in response to HF diet also significantly differed between
genotypes (Figure 4d[32]). A significant effect of the interaction between rs4343
genotype and the HF intervention was also observed on HOMA-IR. Namely, as shown
in Figure 4c[32], HOMA-IR values increased in GG carriers with significantly higher
concentrations at HF6 compared with AA/AG-carriers, and HOMA-IR measures did
not change in AA/AG genotypes during HF diet.
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Figure 2. (A) Serum ACE levels in the NUGAT study stratified by ACE rs4343
genotypes and (B) the changes in serum ACE levels after 6 weeks of HF diet for
different genotypes. All values are shown as mean + SD of three experiments; *P <
0.05, ** P<0.01, *** P<0.001[22].
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Figure 3. The effects of diet on systolic blood pressure stratified by ACE rs4343
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genotypes in the NUGAT study (A) and Metabolic Syndrome Berlin Potsdam
(MeSyBePo) study (B) (** P <0.01). (A) In the NUGAT study, participants stratified
by ACE rs4343 genotypes showed no differences in systolic blood pressure after 6-
week LF diet (LF6) or subsequent 1-week HF diet (HF1). In contrast, 6-week HF diet
(HF6) induced changes in blood pressure in GG carriers compared with AA/AG
carriers. In the MeSyBePo study (B), GG carriers showed a higher systolic blood
pressure after HF diet compared with AA/AG genotypes. All values are shown as mean
+ SD in the above figures; *P < (.05, ** P <0.01, *** P <0.001
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Figure 4. Parameters of glucose metabolism measured at time points LF6, HF1, and
HF6 respectively or calculated, stratified by ACE rs4343 genotypes. (a) Fasting blood
glucose, (b) Fasting insulin, (c) HOMA-IR, and (d) A Fasting blood glucose
(HF6—LF6). All values are expressed as mean + SD of three experiments; *P < 0.05,

*k P <0.01, *** P<0.001," P<0.05 vs AA/AG at HF6[21].

7.3 Evaluation of the cultured cells

Oil Red O staining in line with the previous protocol[23] was used to observe whether
adipocyte differentiation was successful. The cytoplasm of cultured cells showed a
typical red lipid droplet distribution (Figure SF[24]).
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Figure 5. Microscopic images of differentiated human adipose stromal cells at various
stages. Photographs were taken at day 1 (A), day 3 (B), day 7 (C), day 12 (D), day 14
(E) during differentiation, and after Oil Red O staining of lipid droplets (F).

7.4 Effects of different fatty acids on ACE expression in adipocytes

PA, a representative of saturated fatty acids, was used to treat the adipocytes. PA did
not affect the mRNA expression and activity of ACE (Figure 6a, b[24]). However, AA,
an unsaturated fatty acid, decreased the mRNA expression and activity of ACE in a
dose-dependent manner (Figure 6c, d[24]). AA inhibited ACE gene expression in
adipocytes at the dose of 100uM, thereby reducing the activity of ACE in the culture
medium (Figure 6e, f[24]). For further experiment of the AA effect, the 100uM

concentration was selected[28].
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Figure 6. Effects of palmitic acid (PA) and arachidonic acid (AA) on mRNA level and
activity of angiotensin-converting enzyme (ACE). (a) ACE mRNA expression in the
presence of PA. (b) ACE activity in the culture medium under 500uM of PA. (c, d) The
expression of ACE mRNA (c¢) and ACE activity (d) treated with different
concentrations of AA (50uM, 100uM, 200uM) significantly decreased with increasing
concentration of AA (n =3). (e, f) The effect of 100uM AA on ACE mRNA expression
(e) and ACE activity (f). All values are expressed as mean = SD of three replicates[24].

7.5 Involvement of the NF-xB pathway in the inhibition of ACE in adipocytes
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Figure 7. Effects of NF-kB inhibitor BAY117082 (NI) and 20-HETE inhibitor
HETO0016 (HET) on ACE mRNA expression and activity in the presence of 100uM AA.
(a) SuM NI reversed the inhibitory effect of 100uM AA on ACE mRNA expression (n
= 3). (b, ¢) Reversal of the AA-induced inhibition of ACE mRNA expression (b) and
ACE activity (c) by 10uM HETO0016 (HET) (n = 3). (d) Finally, 10nM 20-HETE
decreased ACE activity in the cell culture media. All values are given as mean + SD of

three experiments[24].

Free fatty acids have been reported to activate the RAS in adipose tissue through the
NF-xB pathway[29]. Based on this, we investigated whether ACE expression changes
when NF-kB pathway is inhibited. NF-kB pathway inhibitor BAY 117082 was used to

treat the cultured adipocytes in the presence of AA. Compared with the control cells,
12



BAY 117082 increased ACE expression significantly (Figure 7a[24]). 20-HETE is a
metabolite of the cytochrome P450 (CYP) pathway of AA and plays a complex role in
blood pressure regulation[33,34]. We found that the addition of 20-HETE inhibitor
HETO0016 affected the effect of AA. HET00116 could rescue the effect of AA on ACE
gene expression and activity (Figure 7b, c[24]), but the ACE activity was inhibited
when 10nM 20-HETE was added to the adipocyte culture medium (Figure 7d[24]). The
result indicated that inhibition of NF-kB pathway is related to 20-HETE metabolism.

8. DiscussioN

In the NUGAT study, we found an increase in circulating levels of ACE and adipose
tissue ACE in 92 normal-weight healthy participants after 6 weeks of HF diet with 45%
total fat and 18% saturated fat. In the 6 weeks before the HF diet, the twins had
consumed LF diet with 30% total fat and 10% saturated fat. Since ACE works by
converting Ang-I to the vasoconstrictor Ang-II, it is inferred from the study that HF
diet may increase the risk of hypertension by increasing ACE gene expression levels,
considering that ACE is a well-known parameter linked to CVD.

Moreover, we investigated the effects of different types of fatty acids on ACE gene
expression. PA (C16:0) is most abundant saturated fatty acid (SFA) in human tissues.
The mean plasma PA concentration in a young healthy human body is 1631uM[32] .
High intake of PA has been linked with adverse cardiovascular events[33-35]. In our
study, PA stimulation appeared to have no effect on ACE gene expression in in-vitro
(Figure 6a[24]). These data suggested that the increase in ACE in a HF diet was not a
direct result of PA interaction with adipocytes, which is likely because PA may be
stored after esterification in human adipose tissue or is detoxified by desaturation to
palmitoleic acid.

AA is the main component of membrane lipids and belongs to the n-6 polyunsaturated
fatty acids (PUFA). It is obtained from food or through the gradual desaturation and
chain elongation of the essential fatty acid linoleic acid (LA)[36]. Linoleic acid is a
predominant n-6 fatty acid in some plant oils. However, increased intake of linoleic
acid does not necessarily result in increased levels of AA in humans[37]. AA is widely
believed to increase inflammation because it is a precursor to many powerful pro-
inflammatory mediators, including prostaglandins and leukotrienes. Nonetheless, a
study in human showed that increased intake of AA supplementation did not
significantly alter the concentrations of inflammatory mediator e.g., PGE2 or
LXA4[38]. A previous meta-analysis showed that higher levels of AA consumption

significantly reduced risk of heart disease and had positive effect on CVD outcomes[39].
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In this assay, we selected AA as an example of unsaturated fatty acids to stimulate
adipocytes. Our study found that in the presence of AA, the expression of ACE in the
cultured adipocytes decreased (Figure 6e[24]) and activity of ACE in the nutrient
medium decreased (Figure 6f[24]), which may indicate a protective effect. AA was
reported to stimulate preadipocyte differentiation in a cyclooxygenase-dependent
manner[40]. Our results are consistent with the previous study[28].

Because of albumin binding and transport to cells, circulating concentrations of free
AA are usually very low[41]. Plasma concentrations of total AA range from 42.7uM to
882.8uM[32]. Interestingly, S0uM to 150uM free AA exhibits cytotoxicity in in-vitro
experiments, which is why the plasma AA concentration is likely to be much lower due
to binding to albumin and other proteins in humans[42]. The total free fatty acids to
BSA serum ratio is no more than 3.1:1 in healthy body[43]. In our experiments, 1%
(w/v) BSA was used, and the highest molar ratio of AA to BSA was 1.3:1, which is in
line with the molar ratio under physiological conditions. And AA has higher affinity
for albumin than other fatty acids[44]. Free AA is processed by four enzyme pathways
to produce highly bioactive metabolites that participate in a variety of important
processes. These pathways include cyclooxygenase (COX), lipoxygenase (LOX),
cytochrome p450, and anandamide. The CYP 450 pathway contains two vital enzymes:
CYP450 epoxygenase, and CYP450 w-hydroxylase, which produce EETs and 20-
HETE, respectively. Free AA can also be metabolized by nonenzymic reactions. Four
double bonds of AA are easily oxidized to form bioactive molecules[41]. In addition,
20-HETE levels are increased by Ang-II while 20-HETE inhibitors attenuate the
vasoconstrictor and hypertensive response to Ang-11[45, 46].

Moreover, 20-HETE increases the size and proliferation of fat cells[47], and its adverse
effects include oxidative stress and increasing BMI, so it is related to metabolic
syndrome. Evidence suggests that there is a low level of endogenous 20-HETE in
adipocytes, i.e., during the differentiation process of adipocytes derived from human
mesenchymal stem cells, the expression level of the main 20-HETE synthase CYP4F2
is reduced. At the same time, the exogenous introduction of 20-HETE (0.1-1uM)
increases lipogenesis in a dose-dependent manner[47]. Previous studies confirmed that
20-HETE can activate NF-kB[48]. Our study found that the addition of HET0016, a
selective 20-HETE synthesis inhibitor, reversed both the inhibition of ACE expression
and ACE activity by AA (Figure 7b, c[24]). Moreover, when merely 10nM of 20-HETE
was added into the medium, the ACE activity of unpretreated adipocytes was
downregulated (Figure 7d[24]). Therefore, we hypothesized that the effect of AA on
inhibiting ACE transcription and ACE activity may be partially exerted by its
metabolite 20-HETE and that inhibiting 20-HETE synthesis could reverse the ACE
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inhibition effect. In previous reports, 20-HETE activated the NF-xB pathway and
promoted the expression of ACE[49]. Therefore, we also introduced an inhibitor of NF-
kB in this study. As a result, inhibition of the NF-kB pathway reversed the AA-induced
reduction in ACE expression (Figure 7a[24]). Our findings are different from the
previous report[49], which may be mainly due to differences in tissue and cell types.
Specifically, our cell culture used human primary adipocytes. Although there is no
difference between preadipocytes in DM and nondiabetic (NDM) patients in
accumulating cytoplasmic lipids and upregulating the expression of adipogenic
genes[50], it has been found that different types of fatty acids in the diet have different
effects on the differentiation and proliferation of preadipocytes[51]. It is undeniable
that patients may experience epigenetic changes under different metabolic states. In
addition, we believe that the effect of fatty acids on ACE may be more significant in
the adipocytes of obese patients and type 2 diabetes patients.

Previous reports usually used adipocytes derived from mouse cell lines 3T3-L1[29],
but mouse cell lines had limitations[23]. Other studies used human endothelial cells or
adipocytes but from other tissues. To my knowledge, this is the first time to use mature
adipocytes derived from stromal cells extracted from human subcutaneous adipose
tissue to evaluate the ACE-related effects of AA. In immunohistochemistry, negative
markers such as CD31, CD34 or CD45 are used to define the stromal cells derived from
tissue specimens. However, this is debatable. For example, quite a few ASCs are CD34
positive[52]. Although we did not measure the markers, the method we used to
differentiate and culture adipocytes was strictly implemented in accordance with the
cited literature[23], and the medium (Preadipocyte Growth Medium) we used in the
experiment was a special medium only for adipocyte growth. The ASCs we used in our
study were plastic adherent and had the capacity of differentiation into adipocytes[53].
We confirmed the adipocyte by Oil red O staining. Figure SF showed a typical red lipid
droplet distribution. Furthermore, the method may also be found in other studies from
our department[54]. Nevertheless, the ASCs used in this study was isolated from four
morbidly obese patients by surgical biopsy, and their metabolic status may have
induced epigenetic changes, which may have led to abnormal cell metabolism. The
ASCs may also differ in differentiation and physiological function from adipocytes in
nonobese humans[23].

Moreover, the RAS regulation varies among adipose cells in different tissues. For
example, it has been reported that a HF diet can increase the expression of Ang-II in
visceral fat without affecting the expression of Ang-II genes in subcutaneous white fat

and brown adipose tissue[55]. Therefore, the results of this study indicate that different



cell types are crucial to the study of RAS function and the expression of its components.
However, additional animal or human studies are needed to confirm this conclusion.
In addition, the ACE gene contains A series of frequent polymorphisms, in which the
ACE rs4343 variant is in a nearly perfect linkage imbalance with the ACE I/D
polymorphism, in which the A allele corresponds to the insertion (I) variant and the G
allele corresponds to the deletion (D) variant. It can be used as a surrogate marker for
I/D polymorphism. Many studies have shown associations of the ACE genotype, albeit
inconsistently, with increased risk of CVD and metabolic disease[29,71,72]. Our results
showed that the ACE level in the volunteers in NUGAT study carrying the homozygous
GG was significantly higher than that of the AG and AA carriers (Figure 3[22]). The
difference persisted when given a HF diet but only in the carriers of the GG genotype.
GG carriers had an increased risk of hypertension compared with AG/AA carriers. The
results were confirmed in a second cross sectional study, MeSyBePo. Our data also
showed that the interaction between ACE rs4343 variant and dietary fat intake
significantly affected glucose metabolism; specifically, homozygous carriers of the GG
allele were more sensitive to negative reactions to HF diet and had an increased the risk
of type 2 diabetes in healthy and nonobese subjects[21]. Therefore, ACE rs4343 gene
polymorphism is a powerful nutritional marker that regulates the blood pressure
elevation and the development of type 2 diabetes. Our results may explain the
inconsistent association of the I/D-genotype of the ACE gene with cardiovascular
disease and type 2 diabetes, and call for a reevaluation with reference to nutritional data
were possible. Whether the impact of the ACE-variant would be blocked by ACE-
inhibitors is currently unknown and represents a relevant question for further research.
Limitations of our data in NUGAT apply to the relatively small cohorts, the inclusion
of Caucasians only and lack of investigations in obese as compared to normal weight
participants.

The in vitro studies might be extended by further analysis of other lipids and more
detailed analysis of the mechanisms involved, including genetic knock down.

To summarize, we found that HF diet induced ACE gene expression in the adipose
tissue, revealing ACE to be a possible biomarker associated with nutritional effects and
CVD. Saturated fatty acids and unsaturated fatty acids had different effects on the
production of ACE in human subcutaneous adipocytes. Preliminary research evidence
of the related mechanism suggested that they may be intervention targets for RAS and
related pathophysiological events in the metabolic pathway of adipocytes. Moreover,
our results suggested an underlying gene—diet interaction. ACE rs4343 gene
polymorphism is a vital nutrition-related chronic disease risk marker, which may be

used for nutritional dietary guidance.
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Baokground: The modulating mechanism of fatty acids on angiotensin-converting enzyme production
(ACE) in human adipocytes ig stil elugive. Diet-induced regulation of the renin angiotensin system ig
thought to be involved in obesity and hypertension, and several previpus studies have used mouge cell lines
such ag 3T3-L1 tp investigate this. This study was carried out in human subeutaneous adipocytes for better
understanding of the mechanism.

Metheds: Human adipose stem cells were igolated from subeutanequs adipose tissae bippsies collected from
four patient; during bariatric surgery and differentiated into mature adipocytes. The mRIVA expression and
the activity of ACE were meagured under different stimuli in cell cultures.

Results: Arachidonic acid (AA) decreased ACE mRIVA expression and ACE activity in 2 doge-
dependent manner while palmitic acid had ng effect. The decrease of ACE by 100 pM AA wag reversed
by the addition of 5 M muclear factor-¥B (1VF-¥B) inhibitor. Furthermore, when the production of
20-hydrosyeicosatetraenpic acid, a metabolite of AA, was stopped by the specific inhibitor HET0016
(10 M) in the culture media, the effect of AA wag blocked.

Couoluslons: This study indicated that AA can decrease the expression and activity of ACE in cultured
human adipocytes, via an inflammatory 2F-xB-dependent pathway. Blocking 20-hydrosyeicosatetraengic
acid attenuated the ACE-decreasing effects of AA.
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Introduotion vagculopathy, cardiovagcular, or cerebrovascular events (1).
The World Health Qrganization defines hypertension Pathophysiologically, risk factors for hypertension include
15 2 pathological status in which “the blood vessels have  ODesity, smoking, family history, high salt food intake
persistently raised pressure”. The deleterious consequence and an overall unhealthy lifestyle and diet. Among the
of hypertension is the damage it cauges to affected  currently available medications for treating hypertension,
organs, leading to an increased risk of nephropathy,  angiotensin-converting enzyme (ACE) inhibitors and

© Annal; of Tranglational Medlelne. All dghts reserved. Ann Tranal Med 2020;8(24):1652 | hetp://dx.dol.org/10.21037/atm-20-7514

24



Page 2 of 10

angiotensin receptor blockers are recommended as first
choices (2).

ACE is 2 membrane-bound protein that indirectly
increases blood pressure by converting angiotensin I to
the active angiotensin II, a vasoconstrictor. ACE is most
commonly found in endothelial and epithelial cells. ACE,
in aggociation with the other renin angiotensin system
(RAS) components, was reported to be expressed in adipose
tigsue and cultured adipocytes (3). It ig estimated that nearly
30% of the circulating angiotensin is produced by adipose
tissue (4,3).

Obesity is a well-kngwn rigk factor for hypertension, and
obesity-related hypertension hag been aseribed to an over-
activated RAS (6). The activity of the adipoge tissue RAS
contributes to systemic high blood pressure and chronic
inflammation in adipoge tissue (7,8). We recently reported
that 2 high fat diet induced an increage in ACE expression in
individualg with a genetic susceptibility and wag associated
with increased blood pressure and elevated blood glucose in
a clinical human study (9,10).

Arachidonic acid (AA) is a long-chain omega-6 (n-6)
polyunsaturated fatty acid (PUFA) which is obtained from
food or by stepwise desaturation and chain elongation of
linpleic acid (LA), an essential fatty acid (EFA) (11). Marine
fish, animal tissues and eggs are the major supply of A,
algae and some plants were algo reported a5 potential
sources of AA (12-14). Because of the lack of bisynthesis
enzymes, humang and other mammals cannot directly
synthesize AA. Therefore, they have to obtain enough
AA via food or dietary intake of its precursors (15). AA
is the main component of membrane lipids, and mainly
metabolized by cyclooxygenase (COX), lipoxygenase
(LOX), and cytochrome P4350 (CYP450). AA could be
converted into various metabolites such a5 inflammatory
lipids or eicosanoids (16). AA can be converted into
prostaglanding (PGs) and thromboxanes (TXs) by the
cycloozygenase (COX) pathway, the metabolites of this
pathway play an important role in vessel tone regulation,
mediating platelet aggregation and immune response
(17-19). Through the lipoxygenase (LOX) pathway, AA
can be metabolized into leukotrienes (LTS) and lipoxing
(LXs). Lipoxing mainly exhibit anti-inflammatory
properties (20). Besides, epoxyeicosatrienoic acids (EETS)
and hydroxyeicosatetraenoic acids (HETES) are generated
through the cytochrome P4350 (CYP450) pathway. And
these compounds play 2 main part in the modulating of
kidney, lung, and cardigvascular fanction (21). 20-HETE i
considered a potent vasoconstrictor by various means.

© Aaml; of Tranghtonal Medlelne. All sdghty reserved.
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Howerer, it shows a potential conflicting role in regulating
renal hypertengion (22).

In human endothelial cells, angiotensin-converting
enzyme (ACE) mRIVA expression and ACE activity are
increased via nuclear factor-xB (27F-xB) pathway (23), many
genes involved in vagcular physiopathology are regulated by
IVF-xB. IVF-xB activation wag diminiched i vfv0 in injured
vessels by angiotensin-converting enzyme inhibitors (24).
However, the mechanism involved in modulating ACE
expregsion in adipose tissue remains elusive, and this study
therefore aimed to investigate the effects of fatty acids on
ACE expression and activity in human adipocytes.

In this study, primary human adipocytes were
differentiated and cultured in the presence of unsaturated
and saturated fatty acids. The ACE expression in the celly
and ACE activity in the culture media were measured.
The potential relatipnship between ACE and fatty acids
wag assessed via artificial perturbation of the IVF-xB
inflammatory pathway.

We present the following article in accordance with
the MDAR reporting checklist (available at hetp://dx doi.
0rg/10.21037/atm-20-7514).

Methods
Cell isolation and culture

Human adipose stem cells (ASCs) were isolated from four
patients who were participants in the LEMBAS study (diet-
induced changes in Liver fat and Energy Metabolism prior
to Bariatric Surgery) (25). This clinical intervention study
wag approved by the Ethics Committee of the Charité
University Medicine in Beclin (Application n0.EA4/006/15)
in accordance with the Declaration of Helsinki and
registered at www.drks.de (DRK500009509). All four
study participants were morbidly obese with 2 body mags
index (BMI) above 40 kg/m’. Their subcutaneous adipose
tigsue biopsies were collected during the Rous-en-Y gastrie
bypass operation. Informed congent was acquired from each
individual prior o surgery.

ASCs were isolated following the method modified
from Lee ¢ al. (26). Briefly, 5 mg (2-3 mm”) of adipose
tissue (AT) was minced into small pieces. The minced
tissue wag rinsed by phosphate buffer saline (PBS),
passed through a 250 pm funnel-shaped mesh and then
digested in Dulbecco’s Modified Eagle Medium (DMEM)/
F12 (Thermo Fisher Scientific, Waltham, MA, USA)
containing collagenase I (1 mg/mL) (Sigma Aldrich
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Chemie, Steinheim, Germany) at 37 °C for 2 hours with
constant shaking (100 rpm). Subsequently, the digested
AT was filtered through a 250 pm mesh and the filtrate,
which containg the ASCs, was collected and centrifuged at
500 xg for 10 minutes. Afterwards, the upper fat layer
and the middle medium layer above the cell pellet in
the tube were removed. The cells were resuspended
after adding red blood cell (RBC) lysis buffer (Thermo
Fisher Scientific, Waltham, MA, USA) to diminish the
RBC cells for better attachment. After centrifugation at
500 xg for 5 minutes, the cell were resuspended again with
Preadipocyte Growth Medium containing Preadipocyte
Growth Medium SupplementMix (Promo Cell,
Heidelberg, Germany) and 1% penicillin/streptomyein
(Sigma Aldrich Chemie, Steinheim, Germany) and
cultured in a 15 mL flagk Cells were maintained in2 37 °C
incubator with 5% CO, and refed every 2-3 days until
80-90% confluence, and then cultured for 14 days in
12-well plates in differentiation medium which contained
DMEM/F12, 1% penicillin/streptomycin, 500 pM IBMX,
25 nM dexamethasone, 0.2 nM triipdothyronine (T3),
33 pM D-biotin, 15 mM pantothenate, 20 nM human
ingulin, 0.01 mg/mL transferrin, and 2 pM rosiglitazone
(all chemicals were purchaged from Sigma Aldrich
Chemie, Steinheim, Germany). Differentiation of the
mature adipocytes was confirmed by oil red Q stain. INF-
XB inhibitor BAY117082 and 20-hydroxyeicosatetracnpic
acid (20-HETE) production inhibitor HET0016 (27) were
purchased from Cayman Chemical (Ann Arbor, MI, USA).

0Oil red O staining

After 14 days of adipogenesis, differentiated adipocytes were
washed with sterile PBS and fized in 10% formaldehyde
(Sigma Aldrich Chemie, Steinheim, Germany) for 1 hour
of incubation at room temperature. Qil red O was prepared
by mixing oil red O stock sohution with deignized water in
the ratip of 3:2. Thereafter, adipocytes were gently ringed
with water, and 60% isopropanol (Sigma Aldrich Chemie,
Steinheim, Germany) wag added for 5 minutes. Finally,
the adipogenic cultures were incubated in oil red Q for
10 minutes, ringed with tap water until the water ran clear,
and analyzed under the microscope.

Free fatty acids preparation and treatment

Palmitate (Sigma Aldrich Chemie, Steinheim, Germany)
was dissolved completely in ethanol at 70 °C and then
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complexed with fatty acid-free bovine serum albumin (BSA)
(Sigma Aldrich Chemie, Steinheim, Germany) at 55 °C
for 10 minutes yielding the final palmitic acid (PA) stock
solution of 5 mM. The working solution of 500 pM (28-30)
was prepared with DMEM before experiments.

Arachidonic acid (AA) (Cayman Chemical, Ann Arbor,
Mi, USA) was complexed with fatty acid-free BSA. The
working solutions of 50, 100, or 200 pM were prepared with
DMEM before the experiments.

After differentiation for 7 days (approzimately 80%
differentiation a5 estimated by lipid droplets), the cell
culture medium was changed to DMEM with 1% BSA
and without fatty acids, or with PA 500, AA 50, 100, or
200 pM, for the purpose of determining the effects of
saturated and unsaturated fatty acids. Subsequently, AA
100 pM was used in further experiments (see results section)
and other research reports (31-33). To explore the effects of
IVF-XB pathway inhibition, adipocytes were pretreated with
5 pM BAY117082 for 1 hour and then treated with either
DMEM + 0.1% BSA or DMEM + 0.1% BSA + 100 pM
AA for 24 hours. In order to ascertain the effects of 20-
HETE, adipocytes were pretreated with 10 pM HET0016,
the specific inhibitor of 20-HETE (27), for 1 hour and then
treated with either DMEM + 0.1% BSA or DMEM + 0.1%
BSA + 100 pM AA for 24 hours.

Quantitative real-time polymerase chain reaction (gRT-
PCR)

Total RIVA was extracted by using the Nucleospin® RIVA
II Kit (Macherey-1agel, Dtiren, Germany), according to
the manufacturer’s protocol. ¢DIVA was synthesized from
1 pg of RIVA of each sample by using the high capacity
¢DIVA reverse transcription kit (Applied Biosystems by
Life Technologies, Carlsbad, CA, USA). QRT-PCR wag
performed using the power SYBR Green PCR master mix
(Applied Biosystems by Life Technologies, Carlsbad, CA,
USA) and detected in triplicates with the ABI ViiA'™7
Real time PCR system (Applied Bipsystems by Life
Technologies, Carlshad, CA, USA). The samples were
normalized to a ribosomal protein large PO (RPLPO). The
primers synthesized by Thermo Fisher Scientific (Waltham,
MA, USA) are shown in Thble 1.

Assessment of ACE activity

ACE activity wag determined in triplicate by meaguring
the fluprescence of the product generated by the specific
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Table 1 Primers used In the gtudy

Gene Forwerd Reverss

RPLPO 5-GCTTCCTGGAGGGTGTCC-3' 5-GGACTCGTTTGTACCCGTTG-3'
ACE 5'-CAGAACACCACTATCAAGOGGA-3' 5-CACGCTGTAGGTGGTTTCCAT3'
ACE, angictensin-converting enzyme.

Figure 1 The oll rcd O stalnlng of diffcreatiated eclls
photographcd uslng a mleroseope (x100). Lipld droplets arc
stalncd In red.

substrate Abz-Gly-Phe (270,)-Pro (Bachem, Bubendorf,
Switzerland, cat. no. M-1100). The protocol designed
by Sentandreu er al. was followed (34). Briefly, 50 pL
testing samples and standard solutions of eight different
concentrations were added intg 2 96-well microplate.
Captopril-inhibition and blank-contrast wells were also
included. A 200 pL substrate working solution, which was
mizxed by diluting M1100 in 150 mM Tris-base buffer
(pH 8.3) with 1.125 M NaCl, wag added into each well
to initiate the enzyme reaction. Fifty pL of samples were
incubated in a final volume of 300 pL with 0.45 mM of
specific substrate. The plate was read two times with a
Tecan infinite M200 microplate reader at an excitation
wavelength of 365 nm, and an emission wavelength of
425 nm. The first measurement was performed at room
temperature when the reaction was initiated, and the
second after incubating the sofution at 37 °C for 30 minutes.
ACE activity wag determined by the fluprescence emission
differences between the incubation periods.

Statistical analysis
Statigtical data were processed using SPSS 20.0 (IBM SPSS,

Chicago, IL, USA). Regults are expressed a5 the mean = SD
and data were analyzed using student’ #-test for unpaired

© Annalg of Translatlomal Medielnc. All ights rogerved.

samples or the one-way ANOVA for multiple comparisons
amoag groups.

Results
Evaluation of the cultured cells

In order to ascertain the success of the adipocyte
differentiation, oil red Q staining wag performed. The
cultured cells were characterized with typical red oil-stained
lipid drops distributed in the cytosol (Figurs 1). At least
80% of the cells were fat cells according to the staining.
Combined with some morphological features, the cultured
cells qualified for the current study according to the optimal
protocol (26).

ACE expression in the presence of different fatty acids

Two kinds of fatty acids were selected to stimulate the
adipocytes. For the saturated fatty acids, PA wag selected
ag the example. Neither the mRIVA expression of ACE
nor the ACE activity in the culture media were affected by
the addition of PA (Figure 24,B). On the contrary, in the
presence of AA, an inflammation-related unsaturated fatty
acid, both the mRIVA expression of ACE and the ACE
activity in the culture media decreased dose-dependently
(Figure 2C,D). At the dose of 100 pM, AA inhibited the
expression of ACE in adipocytes, which in turn resulted
in lowered ACE activity in the media (Figurs 2E,F). The
concentration of 100 pM was chosen for the subsequent
reversal experiments of AA effects.

Involvement of the NF-KB patbway in the suppression of
ACE

In adipose tissue, free fatty acids have been found to activate
the RAS through the NF-xB pathway (35). In light of this,
we investigated whether inhibiting the NF-xB pathway
could regcue the expression of ACE. Compared to control
cells, culture of the adipocytes in the presence of the INF-XB
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Figure 2 The anglotengin-converting cazyme (ACE) mRINA level In the ecll extract and ACE aetivity In the culturc medla are meagured
under the stimull of palmio 2cld (P4, 500 pM) or arachidoale acid (A4, 50, 100, 200 pM), rezpeetively. (A) In the presencc of 500 pM PA, the
mRINA cxpeegslon of ACE In the fat ocll cxtract Is not affcoted compared with Iz (P=0.183). (B) Simllar regults arc obtalncd for ACE
activity In the culture media treated with the same PA oonecatratipn (P=0.096). (C) In the presence of AA at diffcreat conccntratipns, the
cxpresglon of ACE mRIVA In the culturc medla ghows 2 statlztical differcnec (P=0.0013). (D) ACE activity shows 2 similar response under
the game condition (P<0.0001). As the dogage of AA I Inercaged, the ACE cxpeegslon and activity show trends of deelinc (n=3). The cffcet of
100 pM AA on ACE cxpecsslon and ACE activity arc digplayed In part (E) and (F), regpeetively (P=0.005, P<0.001). All valucg arc cxpregsed

23 mean = 5D of 3 caperiments, and cach experiment Ig conducted In triplicate.

pathway inhibitor (BAY117082) increased ACE expression
in the presence of AA (Figure 34). In other words, the
introduction of the IF-xB inhibitor completely blocked the
effects of AA on ACE expression.

20-Hydroxy-3, 8, 11, 14-eicosatetracnoic acid
(20-HETE) is a cytochrome P450 (CYP)-derived metabolite
of AA which was shown to play a complex role in blood
pressure and also blood sugar regulation (36,37). Activation
of RAS was reported to be 20-HETE dependent (38,39).
The effects from BAY117082 led us to postulate that
the response to the NF-xB pathway inhibition might be
related to 20-HETE metabolism of AA. We found that
the inclugion of 20-HETE inhibitor HET0016 could
compromise the effects of AA (Figurs 3B). Activity of ACE
in the media was also elevated compared to that of the AA-
treated group (Figure 3C). When a mere 10 nM 20-HETE
was added in the culture media of adipocytes, ACE activity
wag suppressed (Figure 3D).

© Anmals of Tranglational Medlelnc. Al sights regerved.

Dietary fat, in the form of fatty acids, hag been found to
exert different effects on preadipocyte differentiation and
proliferation (40). Excessive saturated fatty acid intake
and accumulation have been found to have detrimental
effects on metabolism, resulting in insulin resistance,
obesity, vagcular disease, and hypertension. Obesity is
kngwn tp activate the RAS pathway (41), and we previpusly
reported that the introduction of 2 diet high in saturated
fat elevates ACE even in normal weight healthy young
study participants and leads to increages in blood pressure
and blood glucose levels (9,10). The adipose tissue ACE
gene expression was increaged significantly in response to
6 weeks of a high fat diet, and energy consumption from
total fat and saturated fat was 45% and 16%, respectively.
We assumed that the high fat diet activated the renin-
angiotensin system with increased ACE expression in
human adipose tissue. In this study, PA stimulation seemed
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Figure 3 The Inhibltory cffcet of arachidonle acld on ACE production In human sub adipoeytes wag roversed by INF-£B Inhibitor

(NT) and 20-HETE Inhibitor HET0016 (HET). (A) The roversal of the Inhibitlon of anglotengin-coaverting cnzyme (ACE) mRIVA
expecstlon a the pregence of 100 pM arachidoalo acid (AA100) by the 5 pM NF-EB Inhibitor BAY117082 (NT) la culturcd adipoeytes
{z=3). (B) 10 pM 20-HETE Inhibitor HET0016 (HET) competcs off the Inhibition of ACE mRINA cxpression by 100 pM AA (AA100)
(n=3). (C) Reverzal of the AA-Induccd (100 pM, AA100) tnhibition of ACE activity by 10 pM HET0016 (HET) (n=3). (D) ACE activlty
15 down-regulated whea 2 mere 10 aM 20-HETE 15 added In the culture medla of adipoeytes. All vahucg arc cxpressed 2g mean + 5D of 3

cxperimeaty, and cach cxperlment I conducted 1n teiplicate.

to have ng effect on the cultured adipocytes (Figure 2). This
finding might be ascribed to the fact that saturated fatty
acids need to be deposited in adipocytes in an esterified
form. The data suggests that the increase in ACE seen in
the presence of a high fat diet is not a direct consequence of
the interaction of PA with fat cells.

AA is a typical n-6 polyunsaturated fatty acid found
in daily food which can be generated by clongation and
desaturation from linoleic acid, 2 predominant n-6 fatty
acid in some plant oils, although increased intake may not
necegsarily result in increaged levels of AA in humang (42).
It wag reported to stimulate preadipocyte differentiation in
a cyclooxygenase-dependent manner (43). In this agsay, AA
wag selected ag the example of an unsaturated fatty acid to
stimulate adipocytes. We found that in the presence of AA,

© Anmals of Tranglatiomal Medicinc. Al rghty regerved.

cultured adipocytes exhibited lowered expression of ACE
(Figure 2E) which, in turn, resulted in the lowered ACE
activity in the media and might be congidered a protective
effect (Figure 2F).

Free AA can be metabolized through four enzymatic
and one non-enzymatic pathway. The enzymatic
pathways include cyclooxygenase (COX), lipozygenase
(LOX), and cytochrome p450 (CYP 450). The CYP 450
pathway involves two enzymes: CYP450 epoxygenase,
and CYP450 o-hydroxylase, giving rise to EETS and 20-
HETE, regpectively (31,44). Other metabolites include
prostaglanding (PGs), prostacyclin, thrombozane (Tx),
hydroperozyeicosatetraenpic acid (HPETE), leukotrienes
(LTs), lipoxins, hypoxing, and anandamide. The non-
enzymatic pathway is important for the production of
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isoprostanes and nitroeicosatetraenoic acid. Most of the
AA metabolites are highly bipactive and involved in various
crucial vital processes.

20-HETE induces oxidative stress, increases BMI, and
is related to metabolic syndrome. In human mesenchymal
stem cell-derived adipocytes, the expression levels of major
20-HETE synthases, CYP4F2, decreased during adipocyte
differentiation which meang lower levels of endogenous
20-HETE exist; however, exogenous administration of
20-HETE (0.1-1 pM) increased adipogenesis in a doge-
dependent manner (45). 20-HETE hag been proven to be
one of the activators of IVF-XB (46). In this study, we found
that blocking the 20-HETE synthesis using HET0016
reversed the AA-suppressed ACE expression and ACE
activity (Figure 34,B,C), and subsequently, we found that
adding 2 mere 10 nM 20-HETE into the culture media
down-regulated the ACE activity of unpretreated adipocytes
(Figure 3D). Thus, we postulate that AA exerts at least part
of ity ACE-suppressing effect through its metabolite 20-
HETE, and inhibiting 20-HETE synthesis can reverse the
ACE-suppressing effect. This is not in accordance with a
previous report which reported that 20-HETE activates
ACE expregsion through the IVF-XB pathway (39). Thus,
in thig study, a IVF-xB inhibitor was also employed to
block the activation of this pathway. Clearly, the decreased
expression of ACE wag also reversed by this perturbation
(Figure 3).

Notably, our findings have been obtained in cultured
human primary adipocytes, therefore differences might
be due to tissue and cell type specificities. Human
preadipocytes have been shown ng differences between DM
and non—diabetes mellitug (1VDM) patients in accumulating
cytoplasmic Lipid and upregulating expression of adipogenic
genes (47). We can not exclude that the morbid patients
undergo epigenetic changes due to metabolic conditions.
On the other hand, we suppose that the effects of fatty acids
on ACE would be more expressed in adipocytes from obese
patients and patients with T2D. Due to the high costs and
complexity of this kind of cell culture, ASCs of 3-4 patients
are usually used to investigate the pathophysiological
mechanisms (48).

Previous reports utilized endpthelial cells or adipocytes
from other tigsues. To our knowledge, this is the first uge
of adipocytes originating from human subcutaneous stem
cells to evaluate the effects of AA relevant to the RAS.
In addition, the ASCs were isolated by biopsies from
four morbidly obese patients who each had a BMI above
40 kg/m’, potentially resulting in an abnormal cell state.

© Aamals of Tranghtional Mediednc. All ddghts resceved.
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These ASCs may also be influenced by obesity-related
sources in terms of differentiation and physiological
function.

Even for adipocytes, the regulation of RAS was
reported to be depot specific. For example, according to
some reports, angiotensin can only increase fat mass, fat
cell sizes, adipose and systemic inflammation in viseeral
adipose depots but not in subcutaneous depots (6). Thus,
the findings deseribed in thig study might imply that cell
type selection is crucial to data interpretation in the study
of RAS functigns. However, the current findings may be
limited by the cell culture study, and more animal or human
studie are needed for confirmation.

The result suggests that the inflammatory NF-
B pathway exerts beneficial effects by lowering ACE
expression. Indeed, postprandial inflammation is 2 common
phenomenon and may exert beneficial regulatory effects in
adipose tissue a5 suggested by previous studies (49). Indeed,
we observed long-term metabolic improvements upon
increasing dietary intake of n-6 fatty acids degpite acute
inereages in adipose inflammatory responses (50). Moregrer,
elevated levels of AA are not linked to increased rigks
of cardigrascular diseage in large epidemiological meta-
analyses (51). Qur data, therefore, may help to explain the
long-term beneficial effects of increased intake of n-6 fatty
acids (52).

The limitations of this study relate to the in visro nature
of the investigation which differs from an in vitw situation.
Moregver, the primary adipoeytes were obtained from
four morbidly obese individuals and may have undergone
epigenetic changes due to the metabolic condition of the
patients. Also, larger sample size trails will bring more
evidence.

Conoluslons

This study primarily demonstrated that subcutaneous
adipocytes responded differentially to saturated and
unsaturated fatty acids in ACE production. We have
provided initial evidence that interfering with adipocyte
metabolism might be a potential method to modulate the
RAS and its subsequent pathological and physiological
events.
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High-Saturated-Fat Diet Increases Circulating Angiotensin-Converting
Enzyme, Which Is Enhanced by the rs4343 Polymorphism Defining
Persons at Risk of Nutrient-Dependent Increases of Blood Pressure

Rita Schiller, PhD; Martin A. Osterhoff, PhD; Turid Frahnow; Anne-Cathrin Seltmann, PhD; Andreas Busjahn, PhD; Stefan Kabisch, MD;
Li Xu; Alexander S. Mosig, PhD; Joachim Spranger, MD; Matthias Mohlig, MD; Silke Homemann, MD; Michael Kruse, MD;
Andreas F. H. Pfeiffer, MD

Background—Angiotensinconverting enzyme (ACE) plays a major role in blood pressure regulation and cardiovascular
homeostasis. Contrary to the assumption that ACE levels are stable, circulating ACE has been shown to be altered in obesity and
weight loss. We sought to examine effects of a high-saturated-fat (HF) diet on ACE within the NUtriGenomic Analysis in Twins
(NUGAT) study.

Methods and Resuits—Forty-six healthy and nonobese twin pairs initially consumed a carbohydrate-rich, low<at diet over a period
of 6 weeks to standardize for nutritional behavior prior to the study, followed by 6 weeks of HF diet under isocaloric conditions.
After 6 weeks of HF diet, circulating ACE concentrations increased by 15% (P=1.6x10~), accompanied by an increased ACE
gene expression in adipose tissue (P=3.8x 107%). Stratification by ACE rs4343, a proxy for the ACE insertion /deletion
polymorphism (I/D), revealed that homozygous carriers (GG) of the variant had higher baseline ACE concentrations (P=7.5x 10")
and additionally showed a 2-fold increase in ACE concentrations in response to the HF diet as compared to non- or heterozygous
carriers (AA/AG, P=2x 107%). GG carriers also responded with higher systolic blood pressure as compared to AA/AG carriers
(P=0.008). The strong genediet interaction was confirmed in a second independent, cross-sectional cohort, the Metabolic
Syndrome Berlin Potsdam (MeSyBePo) study.

Conclusions—The HF-diet-induced increase of ACE serum concentrations reveals ACE to be a potential molecular link between
dietary fat intake and hypertension and cardiovascular disease (CVD). The GG genotype of the ACE rsd4343 polymorphism
represents a robust nutrigenetic marker for an unfavorable response to high-saturated-fat diets.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT01631123. (J Am Heart Assoc. 2017;6:
e004465. DOI: 10.1161/JAHA.116.004465.)

Key Words: angiotensinconverting enzyme * blood pressure  diet » gene-diet interaction » nutrigenomics genetics

he zinc metallopeptidase angiotensinconverting enzyme
(ACE) plays an important role in blood pressure control
and cardiovascular homeostasis as a central regulatory
enzyme within the renin-angiotensin system (RAS). ACE
catalyzes the generation of the vasoconstrictor angiotensin
Il from inactive angiotensin | and degrades the vasodilator

bradykinin. Its pharmacological inhibition represents a stan-
dard of care in the therapy of hypertension and related
cardiovascular disease (CVD). Camiers of a frequent inser-
tion/deletion (I/D) polymorphism located in the 16th intron of
the ACE gene (Alu | /D) are characterized by higher ACE levels
and have been shown, albeit inconsistently, to be associated
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with higher blood pressure and increased risk for ovn.?
Despite huge interindividual variability in circulating ACE
levels depending on the ACE genotype,* circulating levels are
reported to be stable within given individuals.® However, ACE
circulating concentrations or activity levels, which are highly
correlated,*” were shown to be increased in obesity® and
decreased by weight loss.*™'® In addition to its predominant
expression in pulmonary endothelium as a primary source of
circulating levels, ACE is also expressed in adipose tissue' '
with increased expression in response to overfeeding.'*

We investigated the effects of an isocaloric diet high in
total and saturated fat on ACE within the framework of the
NUtriGenomic Analysis in Twins (NUGAT) study, which aimed
to identify nutrition-responsive genes and biomarkers and
their heritability. The cross-sectional Metabolic Syndrome
Berlin Potsdam (MeSyBePo) cohort, which includes nutritional
assessments, was additionally investigated for reevaluation of
gene-diet interactions.

Methods

NUGAT Study

The study protocol was approved by the independent ethics
review committee of the Charité-Universititsmedizin Berlin in
accordance with the principles of the Helsinki Declaration of
1975, as revised in 2000. Written informed consent was
obtained from all participants prior to the study, which was
registered  at  ClinicalTrials.gov  (Unique  identifier:
NCT01631123).

The study was conducted at the department of Clinical
Nutrition at the German Institute of Human Nutrition
Potsdam-Rehbriicke. Twin pairs were recruited either from a
twin register (HealthTwiSt, Berlin, Germany) or by public
advertisements. Exclusion criteria were consumptive dis-
eases, diabetes meliitus, high-grade anemia, renal failure,
moderate to severe heart diseases, angina pectoris, or stroke
in the last 6 months, food allergy, eating disorders, body
weight change >3 kg within 3 months prior to the study,
pregnancy or breastfeeding, drugs influencing metabolic
homeostasis, lipid and liver metabolism, or inflammation
(eg, systemic corticosteroids).

Participants were initially screened to determine their
eligibility for enrollment in the intervention study. This
screening visit comprised physical examination, medical
history, anthropometric measurements, and blood analysis.
Additionally, a standardized 3-hour, 75-g oral glucose toler-
ance test (OGTT) was performed. Participants’ resting energy
expenditure (REE) was measured by indirect calorimetry, and
physical activity level (PAL) was assessed by questionnaire to
calculate individual daily energy requirements. A total of 46
healthy and nonobese twin pairs, 34 monozygotic and 12

dizygotic, age 18 to 70 years and body mass index (BMI) 18
to 29 kg/m” with BMI difference <3 kg/m” between twins
were included in the study. The CONSORT Flow Diagram is
shown in Figure 1. Participants went from a 6-week, carbo-
hydrate-rich, low{at diet (LF) to standardize for nutritional
behavior prior to the study to a 6-week HF diet in a sequential
design under isocaloric conditions (Figure 2). Three clinical
investigation days (CID) were performed, after 6 weeks of
low-fat diet (LF6) and after 1 and 6 weeks of high-saturated-
fat diet HF1 and HF6). At each CID, anthropometric
measurements were performed. Three blood pressure read-
ings were taken in a relaxed sitting position with an
appropriate size cuff, and the average values were used for
analysis. Blood samples were drawn in the fasted state for
routine laboratory marker and biomarker analysis in plasma or
serum and SNP amay-based genotyping. Additionally, a biopsy
of the subcutaneous adipose tissue was performed lateral to
the umbilicus by needle aspiration for microarray gene
expression analysis.

Dietary Intervention

All subjects completed a dietary record for 5 days prior to the
study to encompass dietary habits. They commenced with the
isocaloric dietary intervention for 6 weeks, receiving a high-
carbohydrate, low-fat diet (LF: 55% carbohydrate, 30% fat, 15%
protein) in accordance with accepted national dietary guide-
lines. After the first investigation day (LF6) the diet was
changed to a low-carbohydrate, high-saturated-fat diet (HF:
A0% carbohydrate, 45% fat, 15% protein) for 6 weeks with
emphasis on foods high in saturated fat such as red meat,
sausage, bacon, and fulHat dairy products. Participants
received a list of 94 food items and individual daily meal
plans on how to exchange and combine these foods, and
energy intake was adjusted according to body weight if
needed. To ensure compliance, participants were gven
intensive, regular, and detailed dietary guidance by a nutr-
tionist over the entire period of intervention. For 1 week prior
to each particular CID, ~70% of the food was provided with
detailed daily meal plans to ensure a standardized dietary
pattern for all participants. All subjects had to complete 5
dietary records during the 12 weeks of the dietary interven-
tion period.

Blood Parameters

Determination of routine serum parameters (eg, total choles-
terol, HDLcholesterol, triglycerides) was performed using an
automated analyzer (ABX Pentra 4000; ABX, Montpellier,
France). LDL cholesterol concentrations were calculated using
the Friedewald equation. ACE concentrations were measured
in the serum of all participants at each CID using a human
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Scraened for eligibility |
Failed screening (n = 20) L
Did not meet Inclusion criterla
(n = 4) or withdrew
prior to LF (n = 16) !
Participants included
(n=02)
Prior to LF:
5d - food record !
Nutritional counselling
After 3 weeks on LF: T T T |
5d - food record )
Nutritional counselling ros g
]
iy .|
Nutritional counselling 1ot 1ood -
v
Nutritional counselling Clnlca lm._'pwn o
' -
Detailed meal plans HF diet for 1 week:
6d - food record 70% of food provided
v
couneling Clinical Inv;;l:mﬁon day: \
After 3 weeks on HF: v
5d - food record :
Telephone counselling HE d:‘nf.‘,:‘:mw:k ¥ |
1 week prior to HF 6: T
Nutritional counselling
v
Detalled meal plans HF diet for 1 week:
6d - food record 70% of food provided
Y
Clinical investigation day: \
HF 6

Figure 1. CONSORT fiow diagram of the NUGAT study. NUGAT indcates NUtriGenomic
Analysis in Twing; HF, highsaturatedfat diet; LF, low-fat diet.

ACE immunoassay ELISA kit (R&D Systems Inc, Minneapolis,
MN) with an interassay variance <5%.

Gene Expression Analysis

About 500 mg of subcutaneous adipose tissue were homog-
enized using a Speed Mill (Analytik Jena, Jena, Germany), and
total RNA was extracted by using the RNeasy Lipid Tissue Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer's
protocol. Quality was assessed by using RNA 6000 Nano-
LabChips and Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). One microgram of each sample was

amplified using the Amino Allyl MessageAmp™ Il aRNA
Amplification Kit (Ambion by Life Technologies, Carlsbad,
CA) and hybridized onto Agilent Whole Human Genome
Bx 60K Gene Expression Microarrays (Agilent Technologies,
Santa Clara, CA). Microarray data have been uploaded to NCBI
GEO (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE62199; Accession No: GSE62199). To validate microarray
data, quantitative reatHtime PCR was performed. cDNA was
synthesized from 1 pg of RNA of each sample by using the
High-Capacity cDNA Reverse Transcription Kit™ (Applied
Biosystems by Life Technologies, Carlsbad, CA). Samples
were labeled by Power SYBR Green Master Mix and detected
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High carbohydrate low fat diet (LF) | Low carbohydrate high fat diet (HF)

30% fat 45% fat
55% carbohydrate 40% carbohydrate
15% protein 15% protein

0 1t 2 3 4 65 6|7 B8 9 10 11 12 weeks

Screening CID1 CID2 ClD3
LFG HF1 HF

Figure 2. Time line of the NUGAT (NUtriGenomic Analysis in Twins) intervention study. For
1 week prior toeach particuar investigation day (hatched areas, weeks 6, 7, and 12) most of
the food was provided to ensure standardied dietary pattems for all participants. HF1
Indicates investigation day after | week of the highsaturated4at diet; HF 6, investigation day
after 6 weeks of the high-saturated-fat diet, LF6, Investigation day after 6 weeks of the

low-fat diet.

in triplicates in optical 384-well plates with the ABI ViA“7
ReakTime PCR System (Applied Biosystems by Life Technolo-
gies, Carlsbad, CA). The samples were normalized to riboso-
mal protein L32 (RPL32), and the standard curve method was
used for evaluation. The primer sequences were ACE forward
primer CAAGCACCTGCACAGTCTCAAC, reverse primer TGAT
CGACGAGGTAGCTGAAGG; RPL32 forward primer CAACGT
CAAGGAGCTGGAAGT, reverse primer TTGTGAGCGATCTCGG
CAC.

Genotyping

Genomic DNA was isolated from buffy coat using a commer-
cial kit (NucleoSpin, Macherey-Nagel, Diiren, Germany) and
genotyped on HumanOmniExpressExome BeadChips (Illumina,
Inc, San Diego, CA) at the Interdisciplinary Center for Clinical
Research (IZKF, Leipzig, Germany).

Genotyping for the Metabolic Syndrome Berlin Potsdam
(MeSyBePo) study was performed using a predesigned rs4 343
TagMan SNP Genotyping Assay on 384-well plates using the
ABI ViiA™7 Reak-Time PCR System (Applied Biosystems by Life
Technologies, Carlsbad, CA) according to the manufacturer's
protocol.

Metabolic Syndrome Berlin Potsdam Study

The cross-sectional MeSyBePo study was approved by the
ethics commissions of Berfin and Brandenburg, Germany. All
individuals gave written informed consent prior to the study.
Two thousand three hundred sixtyfour white volunteers were
randomly recruited from the Berfin and Potsdam areas. Four
hundred seventynine out of the 2364 participants were
excluded from the analyses due to missing data. Dietary data
were collected from 671 participants via a 4-day estimated
food record that comprised 18 categories with 151 food
items. By use of the German Nutrient Database BLS, version
2.3, the mean daily energy and nutrient intakes were

calculated. For evaluation of dietary fat intake, data on total
fat intake but not on saturated fat were available.
Toanalyze the influence of a high-fat dietary pattern on ACE
rs4343 genotype associations with blood pressure, we
excluded misreporting as a main source of eror by evaluating
under, normal, and overeporting of energy intake (El).
Therefore, the basal metabolic rate (BMR) was calculated using
the Harris-Benedict equation. Based on the ratio of El to BMR,
underreporting, normal, and overreporting of energy intake
were defined as <1.35, 1.35 to 2.39 and 22.4, respectively.'*

Statistical Analysis

For estimation of heritability, the “ACE™ structural equa-
tion model was applied. This covariance analysis relies on
comparing the degree of concordance within and between
monozygotic versus dizygotic twin pairs and decomposes the
proportion of variance into (A) additive genetic influences and
(C) common environmental and (E) individual environmental
influences. The “ACE™ model was calculated using R 2.15.0
plus OpenMX package. Genotype frequencies were analyzed
for deviation from the Hardy-Weinberg equilibrium by chi-
square test using R 3.1.2 plus Hardy-Weinberg package 1.5.5.
The evaluation of microarray data was performed using
Agilent GeneSpring GX Version 11 Software [Agilent Tech-
nologies, Waldbronn, Germany). The data set was normalized
to LF6, and genes with >1.5-fold changes were analyzed. The
statistical significance of expression changes was calculated
by one way analysis of variance (ANOVA) and post hoc analysis
following a Mann-Whitney U test. Pvalues were adjusted for
multiple testing via the Benjamini-Hochberg (FDR) method.
The Kolmogorov-Smimov test was used to assess variables
for normal distribution. Continuous variables with skewed
distribution were natural logarithm (In-transformed. One-way
or repeated-measures ANOVA followed by Bonferroni post
hoc test were used to compare mean values for continuous
data. To verify significant results for nonnormally distributed
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data, the KruskalWallis test was used. Additionally, linear
regression analyses were performed with adjustment for main
confounders. Correlation analyses were performed using
Pearson and Spearman rank comelation coefficients for
variables with normal and skewed distributions, respectively.
Statistical significance was defined as P<0.05. Values are
expressed as mean+SD unless otherwise stated. Statistical
analyses were carried out using SPSS 20.0 (IBM SPSS,
Chicago, IL).

Results

Clinical Characteristics

Table 1 shows anthropometric and dinical characteristics of
the 92 healthy and nonobese participants at screening. As
calculated from dietary records, energy consumption from total
fat/saturated fat was 29% /10% for LF and 45%/18% for HF
diet, respectively. Energy consumption from carbohydrates and
protein was 55% and 16% for the LF diet and 4 1% and 15% for
the HF diet, respectively. Although the study was performed
under isocaloric conditions, the weight of participants
increased slightly (0.41.0 kg, P=9x107%). As expected,
LDL, HDL, and total cholesterol increased significantly in
response to the HF diet (P =47x107%, Ag=17x10""
Prn=8.5x107"" <0.001; Table 2), confimming good compli-
ance of the participants with the dietary instructions. '

Effect of HF Diet on ACE Serum Concentrations

In response to the HF diet, fasting serum concentrations of
ACE increased by 15% (LF6 139+41 ng/mL vs HF6

161+49 ng/mL; repeated-measures ANOVA F'=I.6x10"°;
Figure 3). Changes in ACE were not influenced by changes
in body weight (linear regression, P=0.114). At each CID,
serum concentrations of ACE were significantly corelated
with weight (LF6 p=0461, HF1 p=0474, HF6 p=0423;
P<0001), height (LF6 p=0.362, HF1 p=0.389, HF6
p=0.354; P<0.001), and thus also with BMI (LF6 ~=0.315,
HF1 r=0.289, HF6 =0.302; P<0.01), whereas no significant
comelations were noted between ACE and systolic or
diastolic blood pressure despite a weak corelation between
ACE and systolic blood pressure at HF6 (=0.234, P=0.025)
and between ACE and pulse pressure at HF6 (p=0.228,
P=0.029).

Both LDL and total cholesterol were not correlated with
ACE concentrations (LF6 P=0.765 and P=0.420). However,
the increase in ACE (AACE, HF6-LF6) was modestly but
significantly comrelated with the increase in LDL cholesterol
(p=0.296, P=0.004). Furthermore a modest negative corela-
tion was shown for ACE concentrations and HDL cholesterol
(LF6 p=—0.278, HF1 p=—0.277, HF6 p=—0.350; P<0.01).

Effect of HF Diet on ACE mRNA Expression in
Subcutaneous Adipose Tissue

Adipose tissue ACE gene expression was significantly
increased in response to the HF diet HF6 vs LF6 1.412-
fold; ANOVA P=3.8x 10", post hoc HF6 vs LF6 P=0.023, and
HF6 vs HF1 P=0.007; Figure 4A).

To confirm microamay data, we performed quantitative
real4ime PCR where ACE mRNA expression was again
significantly increased under HF diet conditions (repeated-
measures ANOVA, P=0.005; Figure 4B).

Table 1. Characteristics of the Participants Overall and Stratified for ACE rs4343 at Baseline in the NUtriGenomic Analysis in

Twing Study

n I IE

0se

Malafemale 3458 1021 1430 107 AV
Ay K)ERL] 30414 KJEQ) K %] 0764
BM, kg/? 228427 228422 29427 29435 099
S8, mm Hg 118413 116412 116414 12548 004
D8P, mm Hy 1449 1347 7449 80410 0035
PP, mm Hg 4349 4348 Q49 &110 0452
Total cholesteml, mmal/L 4584093 4554091 4544093 4494104 082
HOL cholsterol, mmoll 1384035 1384030 1454039 104027 0043
LDL cholestarol, mmolL 2.140.7 2.1340.75 2674076 2904088 0500
Trigheasdzs, mmolL 0994044 0974047 101043 097403 0935

Values are shown 2 maan=50. BWI indcates bady mass ndex; D7, dias tolie blood pres sure; HOL, high density Tpoprotain LDL, lowdenaly pogratain, PP, pulse pressure 537, s yatolic

Hoad presaue.
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Table 2. Characteristics of the Participants After the

. 250 -
Standardization (LF6) and After 1 and 6 Weeks of High- -
SaturatedFat Diet HF1, HF6) e
200 o
(L] HFl HF6 FVake
Weight, i 6664117 | 6654116 | 67.0411.8' | <0001 =
BM kym? | 225427 | 225426 | 226427 | <0001 § 150 1
SepmmHg | 110412 109412 | 110412 | 0881 §
D8P, mm Hg | 7049 6919 7049 0709 100 4
PP, mm Hg 4149 4048 4048 8% 2
Totl 4294085 | 44740871 | 4.704£091" | <0001
cholesten, 50 1
mmolL
HOL 1274033 | 1326034 | 1.410037" | <0001
cholesten, 0 .
mmolL |FA HF1 HFf
oL 250407 | 2140.73% | 2864079" | <0.001
chalestenl, Figure 3. ACE serum concentrations at LF6, HF1, and HF6
mmoldL (mean+SD; ***A<0.001). ACE Indicates angiotensin-converting
Taghyerides, | 0954043 | 089035 | 0914037 | 048 enzyme; LF6, investigation day after 6 weeks of the low-at det,

mmolL

Valies are shown 33 mean=50. BV ndicates body mass index; D3P, diastdic Hoad
pregaure; HDL, high-cengity Ipopratdin; o |, nvestjsion duy afer | wak of he high-
SuANGNL det HR, vestgaion Gy a%er 6 wesks o he hgh sXuraes fat Giet;
LDL, low-dengity lipopeoien; LF6, vestigation dy afer & waeks of e low-4 deg PP,
pdse prasure S3F, systdic Hood pressume.

Repeated measures ANOVA wih Bonfemon poat hat test: *F<0.05 compared to LF6,
TR<0.001 compared to LF6.

Heritability of Serum ACE

Figure 5 shows strong intrapair correlation of circulating ACE
concentrations in  monozygous twins (LF6 r=0.867,
P=3.3x 107" '; Figure 5A), whereas intrapair ACE concentra-
tions were not corelated in dizygous twins (LF6 =0.287,
P=0.366; Figure 5B). Based on the “ACE" structural equa-
tion model, estimated additive genetic effects contributed to
B6%, and shared environmental influences to 14% of the
variance of circulating ACE concentrations, respectively. ACE
concentrations appeared to be one of the most highly heritable
markers inthe NUGAT study, with similar heritability e stimates
seen for bone mineral content (BMC) and height (Figure 5C).

Influence of the ACE rs4343 Polymorphism on
ACE Concentrations and Blood Pressure in
Response to the HF Diet

Because heritability is linked to genetics, we stratified our
analysis by genotypes of the ACE rsd343 variant; due to
strong linkage disequilibrium,'® this serves as a surrogate
marker for the ACE /D polymorphism, where A2350
corresponds to the kallele and 2350G coresponds to the
D-allele.'”'® Genotype frequencies for ACE rs4343 polymor-
phism were AA=31, AG=44, and GG=17 and did not deviate

HF 1, Investigation day after 1 week of the high-saturated-fat det,
HF6, investigation day after 6 weeks of the high-satuated-fat
diet.

from values predicted by the Hardy-Weinberg equilibrium
(1*=0.08, P=0.842). As shown in Figure 6A, ACE serum
concentrations significantly differed depending on the geno-
type, with the lowest concentrations for homozygous noncar-
riers (AA), intermediate concentrations for heterozygous (AG),
and highest concentrations for homozygous carmiers of the
variant (GG, respectively (ANOVA, LF6 P=47x10™" HF1
P=5.1x10""% and HF6 P=1.0x10~"). The rs4343 genotype
accounted for 47% of the variance in ACE serum concentra-
tions (adjusted R™=0.466, P=4.2x107'%). After sex
(P=4.5x 10°%) and BMI (P=0.031) had been included in the
model, rs4343 accounted for 60% of the variance (adjusted
R*=0.602, P=3.4x 10~"%). Anincrease in ACE serum concen-
trations in response to the HF diet was confirmed indepen-
dently of genotypes (repeated-measures ANOVA; AA
P=1.6x107", AG P=2.6x107"% and GG P=3.1x107"),
although the increase was doubled for GG carriers compared
to AA or AG carriers [Figure 6B; P=2x107%, Pvalue adjusted
for sex, age, and BMI Pag=1x 1079).

We further performed a bootstrap analysis to exclude bias
due to relatedness of twins, randomly assigning both subjects
of a twin pair to 1 of 2 data records, and both records were
analyzed separately. Random assignment of the twins was
repeated 10 000 times to prevent a bias, and group means,
standard deviations, and mean P-values were calculated. The
increase in circulating ACE levels differed significantly
between rsd 343 genotypes in both separately analyzed data
records (recessive model AA/AG vs GG: 18+1 ng/mlL vs
38+4 ng/mL, P,=0.038 and P;=0.039).
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Figure 4. Results of ACE gene expression In subcutaneous
adipose tissue by (A) microarray analysis and (B) quantitative reak
time PCR. A, Values are presented as fold changes (HF1 vs LF6 and
HF6 vs LF6). Pvalues are shown after Benjamini-Hochberg
correction(*A<0.05,* *<0.01). B, Values are shown as mean+SD.
Bonferroni post hoc test was used tocompare maineffects (HF6 vs
LF6, P<0.010) of repeated-measures ANOVA [P=0.005). ACE
indcates angiotensin-converting enzyme; LF6, investigation day
after 6 weeks of the lowdat diet; HF 1, investigation day sfter
1 week of the high-satwated-fat det; HF6, investigation day after
6 weeks of the highsaturatedat diet.

In Table 1, clinical characteristics at screening are sum-
marized, stratified by genotype. Compared to AA/AG carriers,
homozygous carriers of the polymorphism had lower HDL
cholesterol (recessive model, P=0.019, P,4=0.028) and
higher systolic and diastolic blood pressure (recessive model,
P=0.012 and P=0.011, Pu=0.087 and Pay;=0.033, respec-
tively). This difference in systolic and diastolic blood pressure
did not persist at LF6 (AA/AG vs GG, 109+13 mm Hg vs
11529 mm Hg, P=0.077, P=0.296; 699 mmHg s
727 mm Hg, P=0.154, P,,4=0.346) and HF1 (AA/AG vs
GG, 109+12mmHg vs 113=11 mm Hg, P=0.120,
Pag0.434; 699 mm Hg vs 718 mm Hg, P=0.304,
Pag=0.562). However, after the 6week HF diet, systolic
blood pressure differed significantly between genotypes (AA/
AG vs GG, 108+12 mm Hg vs 117+9 mm Hg, P=0.008,

A Serum ACE (ng/mL) in monozygous twins

r=0.867*
9 M % W % W
Twin 1
8 Serum ACE (ng/mL) In dizygous twins
300 4
250

L]
0
0.287 n.s.
50 100 15 200 25 30
Twin 1
C
I}
ACE mEmc
e
[
Height
M ne ne nn na in

Figure 5. Intrapair comrelation of ACE serum concentrations in
monazygotic (A] and dizygotic (B) twins (**P<0.01). Estimated
heritability (C) for ACE serum concentrations in comparison with
estimates for bone mineral content (BMC) and height: *A* additive
genetic effects, *C* common environmental infuences, and t*
unique environmental influences. ACE indicates angiotensin-
converting enzyme.

Pag=0.033), whereas no differences in diastolic blood pres-
sure were detected (AA/AG vs GG, 69+9mmHg ws
737 mm Hg, P=0.105, P,4=0.158). Genotype-dependent
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Figure 6. A, ACE serum concentrations at LF6, HF 1, and HF6
stratified for ACE rsd343 genotype and (B) AACE (HF6-LF6)
stratified for ACE rs4343 genotype {mean+SD; ***£<0.001). ACE
indicates anglotensinconverting enzyme; LF6, investigation day
after 6 weeks of the low-fat diet; HF1, investigation day after
1 week of the high-saturated<at diet; HF 6, investigation day after
6 weeks of the high-saturatedat det.

differences in pulse pressure (PP) values failed to reach
statistical significance after adjustment for sex, age, and BMI
(AA/AG vs GG, 39+B mm Hg vs 44+7 mm Hg, P=0.026,
Pyq=0.081).

By performing a bootstrap analysis to exclude bias due to
relatedness of twins, we could prove that systolic blood
pressure differed significantly between genotypes in bothdata
sets (recessive model: 1081 mm Hg vs 1172 mm Hg,
P,=0.039 and P,=0.038). However, pulse pressure did not
differ significantly between genotypes [recessive model:
39+1 mm Hg vs 44+2 mm Hg, P,=0.179 and P;=0.176).

Validation of ACE rs4343 Genotype Effects on
Blood Pressure in the MeSyBePo Study

A group of 1885 participants (1256 female and 629 male, age
52+ 14, BMI 29.4+6.3 kg/m?) of the cross-sectional MeSy-
BePo cohort were included in the analysis to further validate

the interaction of dietary fatintake and ACE rs4343 genotype.
ACE rsd4343 genotype frequencies were AA=346, AG=1023,
and GG=516, which differed significantly from values pre-
dicted by the HardyWeinberg equilibium (3*=16.77,
P=4.2x10'5). Neither systolic nor diastolic blood pressure
(SBP, DBP) nor pulse pressure (PP) was significantly assock
ated with ACE genotype (additive model: Pgg=0.524,
Poar=0.391, and Ppe=0.309; recessive model Psar=0.300,
Poar=0.973, and Pre=0.144).

Possible misreporting of dietary intake was evaluated for a
total of 671 participants among whom 136 participants
(20.3%) underreported, 365 (54.4%) reported normally, and
170 (25.3%) overreported El.

ACE rs4343 genotype frequencies for participants with
plausible reported energy intakes (=365 were AA=66,
AG=197, and GG=102, which did not differ from values
predicted by the HardyWeinberg equilibrium (=296,
P=0.09). ACE rs4343 genotype was again not associated
with differences in SBP, DBP, or PP.

To examine the effects of dietary fat intake, we stratified
subjects into HF diet consumers with total energy from fat
greater than or equal to 37% (representing the awerage fat
intake in Western countries'’) and normal or LF diet
consumers (<37% energy from fat). Mean total fat intake
accounted for 41% in the HF group and 31% in the normal/LF
group, respectively. Also, in this case, genotype frequencies
did not deviate from the HardyWeinberg equilibrium
(Table 3). For a reported dietary fat intake of <37%, no
genotype-specific differences were found, whereas for sub-
jects with dietary fat intake >37%, increased systolic blood
pressure and pulse pressure values were seen for GG carriers
compared to AA/AG carriers (additive model: Psg=0.011 and
Pop=0023, respectively, Table 3; recessive  model:
Pog=0.008, AA/AG w GG 12216 mmHg vs
131+21 mm Hg, respectively, Ppe=0.017 AA/AG vs GG
46+12 mm Hg vs 5214 mm Hg, respectively). In a linear
regression model adjusted for sex, age, and BMI, the
association of the ACE rs4343 polymorphism with systolic
blood pressure and pulse pressure was highly significant
(recessive model: Psgp=0.25 and Pgga=0.002; fs=0.24 and
Pa=0.002). This model explained 27% of the variation in
systolic blood pressure (Izw=0.270) and 29% of the variation
in pulse pressure (r’p=0.291). As expected, age (Bsar=0.418
and Pegp=3.45x 1077; Pap=0.469 and Pe=1.09%10~%) and
BMI (B3ge=0.208 and Psge=0.010; fre=0.179 and Ppe=0.025)
had a significant effect on systolic and pulse pressure,
whereas sex had no effect. The association of the ACE rsd343
polymorphism with systolic blood pressure and pulse pressure
remained significant after further adjustment for total energy
intake, alcohol intake, smoking, and activity energy expendi
ture (recessive model: fsg=0.26 and Pggr=0.002; Pre=0.26
and Ppe=0.003).
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Table 3. Dietary Fat Modified ACE rsd343 Genetic Effects on Blood Pressure in the Metabolic Syndrome Berlin-Potsdam Study

n K| 131 68 0070 /) 6 K 062
S8, mm Hg 127417 123417 124419 0.385 126417 120415 131421 0.0n
D8P, mm Hy an 7810 78410 0885 10 7548 N10 0132
PP, mm Hg 50411 &40 46413 0.051 8413 L-FA )] 2414 0.023

Vaues are shown & maan=50. ACE indicates angotensn convertng enzyme 08P, dasnolie bicod preaure; PP, pdse prassurg 539, systole bicod preasure.

Discussion

The NUGAT study demonstrated that circulating ACE concen-
trations increase in response to a 6week, high-saturated-fat
diet in healthy, nonobese subjects with a parallel increase in
adipose tissue ACE mRNA expression. To our knowledge, this
is the first study reporting increased circulating ACE concen-
trations independent of body weight gain or obesity. Thus,
next to the welkknown HF diet-induced increases in LDL-
cholesterol as an established CVD risk factor, we identified
ACE as a second parameter that is closely linked with
cardiovascular risk and that increases in response to HF diets.

Perhaps even more importantly, we identified the ACE
54343 polymorphism as a strong nutrigenetic marker that
powerfully modulates the extent of HF dietinduced increases
in ACE with parallel increases in blood pressure even in
healthy, nonhypertensive subjects. The frequent ACE rsd 343
variant might therefore be linked to an increased risk of
cardiovascular disease, whereas ACE itself might constitute a
molecular link between total and saturated fat intake and
cardiovascular disease. Thus, our study shows that a nutri-
genetic approach offers real potential for providing person-
alized nutritional advice for disease prevention.

The strong gene-diet interaction we have identified may help
to explain inconsistent results in the relationship between ACE
levels or ACE genotype associations and blood pressure and
CVD." %24 The assumption that ACE levels are associated
with blood pressure is due to the facts that ACE catalyzes the
production of angiotensin Il and ACE inhibitors effectively
reduce blood pressure; however, this is not consistently
supported by all studies.”® A stratification of total and
saturated fat intake by ACE genotype would be expected to
improve the risk estimates obtained in these studies. Remark-
ably, a recent epidemiological meta-analysis did not observe an
association between saturated/high fat intake and risk of
cardiovascular disease”® and therefore requested a change in
the dietary recommendations of the American Heart Associ-
ation. This data set should be particularly suitable for assessing
the interaction of ACE rs4343, diet, and cardiovascular risk.

With an estimated heritability of B6%, ACE appears to be 1
of the most heritable markers in our study, proving a high

genetic component in ACE concentrations. This heritability
estimate is considerably higher than the moderate values
being reported by both a family-based and twin-based
study™?® but is most likely explained by the controlled diet
conditions underlying our study and might, therefore, be more
accurate. Moreover, our study possibly increased the concor-
dance among the monozygous twin pairs by excluding twins
with significant differences in body weight.

A large proportion of the heritable variation of ACE
concentrations is strongly linked to the ACE gene, which
contains a series of frequent polymorphisms in strong
linkage disequilibrium with each other.”** The best known
is the ACE 1/D polymorphism, which accounts for almost
50% of the interindividual variance in circulating ACE levels
and represents a quantitative trait locus (QTL). "4
Numerous studies have explored associations of the ACE
I/D polymorphism, albeit inconsistently, with increased
blood pressure and increased risk for CVD."*¥% The
154343 SNP that was analyzed in our study is a silent
coding SNP expressed at the mRNA level and, due to
complete linkage disequilibrium, serves as a surogate
marker for the 1/D polymorphism.'®'® At baseline, homazy-
gous carriers of rsé343 (GG) had higher diastolic and by
trend higher systolic blood pressure compared to heterozy-
gous carriers and noncarriers (AA/AG). This difference did
not persist after 6 weeks of LF diet. This is most likely due
to the fact that blood pressure values improved in response
to the LF diet, which was in accordance to general national
dietary guidelines. After a challenge with the HF diet,
genotype-dependent  differences in  systolic blood reap-
peared again at HF6. These results were indicative of an
underlying gene-diet interaction. To validate these data, we
analyzed associations between rsd343 genotype and blood
pressure in a suboohort of the cross-sectional MeSyBePo
study for whom reliable nutritional data were available.
Indeed, whereas no associations between genotype and
blood pressure were detected for the whole cohort or for
subjects with normal fat intake, significant genotype
differences were found in subjects with high dietary fat
intake, with the GG camiers having significantly higher
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systolic blood pressure and pulse pressure in comparison
to AA/AG camiers. Thus, we provided an independent
confirmation of the gene-diet interaction.

The mechanism by which diets high in total and saturated
fat signal increases in ACE levels is unclear, but it was shown
that a diet with high lipid content actvates the renin-
angiotensin system with increased ACE expression in adipose
tissue in mice3? The high-lipid diet used was based on soy
bean oil, which is rich in unsaturated fatty acids, and therefore
stands in contrast to high{at diets with characteristic high
content of saturated fat. However, palmitic acid, the major
saturated fatty acid, was shown to induce activation of the
reninangiotensin system in 373-L1 adipocytes through tol-
like receptor 4 and NF-xB .r.ignarmg.33

Alimitation of our NUGAT intervention study is the moderate
number of participants with respect to genotype-elated data
analysis. Nevertheless, we reduced confounding factors by
including only metabolically healthy, nonobese, and rather
young participants in the study, and finally, we demonstrated
that a healthy cohort might be favorable to study gene-diet
interactions that affect metabolic and /or cardiovascular risks.
Nevertheless, the results might be different in obese subjects,
and the results may not be applicable in other ethnicities
because ACE genotypes are more variable in nonwhites 34

Furthermore, nutritional intake information of our MeSy-
BePo study cohort is limited in that only data on total fat
intake but not on saturated fat were awailable. Nevertheless,
consuming high{at diets typically stands for increased
saturated fat intake.

QOur data suggest that a high total and saturated fat intake
alters concentrations of ACE in a nutrigenetic manner and
provides a potential pathway through which high intake of
total and saturated fats contributes to the pathogenesis of
cardiovascular diseases. Presumably, dietary strategies to
lower LDL cholesterol, which are reducing dietary total and
saturated fat (DASH diet, Dietary Approaches to Stop
Hypertension'®), are equally efficient in reducing ACE con-
centrations. Next to lowered LDL cholesterol concentrations,
reduced ACE concentrations might contribute concomitantly
to beneficial effects.
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Effects of a Frequent ACE Gene
Variant on Glucose Tolerance with
‘association to Type 2 Diabetes

 Rita Schiller*, Martin A. Osterhoff(»***, Turid Frahnow()*?, Matthias Mohlig’,

- Joachim Spranger***, Darko Stefanovski®, Richard N. Bergman’, LiXu**,

© Anne-Cathrin Seltmann?, Stefan Kabisch***, Silke Homemann', Michael Kruse'* &
. Andreas F. . Pfeiffer

© Thefrequent ACE insertion/deletion polymorphism (I/D) is, albeit inconsistently, associated with

© impaired glucose tolerance and insulin resistance. We recently observed an enhanced upregulation of

. ACE by elevated fatintake in G G-carriers of the |/D-surrogate rs4343 variant and therefore investigated
. its potential nutrigenetic role in glucose metabolism. In this nutritional intervention study 46 heaithy

. and non-obese twin pairs consumed recommended low fat diets for 6 weeks before they received

. a6-week high fat (HF) diet under isocaloric conditions. Intravenous glucose tolerance tests were

. performed before and after 1 and 6 weeks of HF diet. While glucose tolerance did not differ between

© genotypes at baseline it significantly declined in GG-carriers after 6 weeks HF diet (o= 0.001) with

- higher 2h glucose and insulin concentrations compared to AA /AG-carmiers (p=0.003 andp = 0.042).

. Furthermore, the gene-diet interaction was confirmed in the cross-sectional Metabolic Syndrome

© Berdin Potsdam study (p = 0.012), with the GG-genotypes being significantly associated with prevalent

: type 2 diabetes for participants with high dietary fat intake >37% (GG vs.AA/AG, OR2.36[1.02-

© 5.49], p=0.045). In conclusion, the association between the rs4343 variant and glucose tolerance is

. modulated by dietary fatintake. The ACE rs4343 variant is a novel nutrient-sensitive type 2 diabetes risk
: marker potentially applicable for nutrigenetic dietary counseling.

© A large body of evidence supports the role of the renin-angiotenstn system (RAS) in modulation of glucose
- metabolism and its involvement In Insulin resistance’. Inhibitton of anglotensin-converting enzyme (ACE), and
. thereby antagonizing the RAS, has been shown to improve glucose homeostasls and, albett inconsistently, to
: reduce Incidence of type 2 diabetes mellitus in large-scale clinical triaks'-".

¢ Furthermore, the D allele of the frequent ACE insertton/deletion (/D) polymorphism, which s characterized
by the presence (1) or absence (D) of a 287-bp Alu repeat sequence 1n the 16* ntron of the ACF gene, was assoct
© ated with decreased Insulin sensittvity and Impatred glucose tolerance In a healthy cohort”,

© Qirculating ACE levels were shown to Increase In obesity and to decrease during welght loss™ ', Recently,
: we tdenttfied ACE as nutrition-responsive gene in the NUtriGenomic Analysts in Twins (NUGAT) study, with
© Increased ACE concentrations In response to an tsocaloric high fat diet in healthy and non-obese subjects Inde-
* pendent of weight gain”. Therefore, we Intended to Investigate potenttal etfects of a high fat diet on glucose toler-
: ance as well as Insultn sensitivity in our NUGAT study dependent on the frequent ACE rs4343 variant, a surrogate
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n 92 3l 4 17 0.512
Male/Female 358 1021 T 107 0.120
Age (years) 3= 014 31=11 ETFS) 0764
BM (kg'm’) 08427 [28:22 29427 N9:36 0.950

Fasting tnsultn (mU/T) 521368 1933 451336 6512523 0275
Fasting glucose (mmol/) 4311043 132043 4262041 1372051 0.659
HOMA-IR 101 £0.76 095059 054065 131116 0.2
HbA, (%) 50+04 51=05 4503 50+02 0.128

Table 1. Charactertstics of the participants overall and stratified for ACE rs4343 at baseline In the
NUtriGenomic Analysts in Twins study. Values are shown as mean + SD.

Weight (kg) 666117 [665+116 |670+118 |92 10"
BMI (kg/m”) 05227 |25+26 26227 |Lix10"
Fasting glucose (mmol) 5222081 |515£062 [5.24061 |0550
Fasting tnsultn (mU/M) 4712309 [55+366 |5114352 [0006
HOMA-IR 1092076 [1.25+090 | 1214091 [0012
2. ghacose (mamal/l) 14620469 (4384060 | 4432060 [0707
WUy (mmollimin ) |203£71 [25251  [29:72 0548
IAUC e (MU' min”*) 17484970 | 1890+ 1346 | 1780 + 1029 | 0235

Table 2. Charactertstics of the participants (n = 92) after the standardization (LF6) and after 1 and 6 weeks of
high-fat diet (HF 1, HF6). Values are shown as mean + SD. Repeated measures ANOVA with Bonferront pasthoc
test: *p< 0.001 and *p < 0.01 compared to LF6. 1AUC, Incremental area under the curve.

marker for the /D polymorphism, where the A allele corresponds to the I allele and the G allele corresponds to
the D allele**. Addittonally, the cross-sectional Metabolic Syndrome Berlin Potsdam (MeSyBePo) study, which
Includes nutritional assessments, was analyzed to evaluate the Influence of dietary fat Intake on the assoctation
between ACE genotype and type 2 diabetes prevalence In order to complement and valldate the analysis In the
NUGAT study.

Results

NUGAT study. The maln clinical characteristics at screening of the 92 subjects studled are presented In
Table 1. Rs4343 genotype frequencles were distributed according to Hardy-Welnberg equilibrium (Table 1). At
screening, no significant ditferences In markers of glucose metabollsm and Insulin senslitivity were observed
between rs4343 genotypes eite = 0275, P giccne = 0699, Praongn 1= 0204, Py, =0.128, Table 1).

During HF diet intervention 2), fasting glucose values and glucose tolerance as assessed by IvGTT did
not change, whereas fasting insulin values (repeated measures ANOVA; p= 0.006) and HOMA-IR Increased
(repeated measures ANOVA; p= 0.012) with significant ditferences In response to | week of HF diet (Bonferroni
posthoc analysis; LF6 (clinical investigation day (CID) after 6 weeks of carbohydrate-rich low-fat diet) vs. HFL
(CID after 1 week of high fat dlet): Piogy waise = 2.4 X 10, o, 1z = 0.002). However, we observed a significant
rs4343 genotype x HF Intervention Interaction on fasting glucose levels (repeated measures ANOVA, Interaction
term rs4343 (recesstve model) x. HF Intervention: p=0.001, p=0.004 adjusted for sex, age and BMI). Stratified by
rs4343 genotype (recesstve model), we observed a significant Increase In fasting blood glucose concentrations in
(:G-carriers by 0.5+ 0.1 mmol/] (mean + SEM), whereas no change was observed for AA/AG-carrlers (repeated
measures ANOVA; payac=0.191 vs. pee= 0.00%; Fig. 12). Changes In fasting blood glucose In response to the
HF duet also significantly difered between genotypes (Fig. 1b, p=4.5x 10-4). As shown In Fig. I¢, fasting insulin
concentrations significantly Increased Irrespective of genotypes (repeated measures ANOVA, py .= 0.038 and
P =0.039; Interaction term rs4343 (recesstve model x HF Intervention: p= 0.175), with significant ditferences
In response to | week of HF diet (Bonferront posthoc analysis p . = 0.008 and pg. = 0.005). However, after
6 weeks of HF diet fasting Insulin concentrations were significantly higher In GG-carriers compared to AA/
AG-carriers (p= 0.042). A significant Interaction between rsd343 genotype and the HF intervention was also
observed on HOMA-IR (repeated measures ANOVA, Interaction term rsd343 (recessive model) x HF Interven-
tion: p=0.008, p=0.028 ad)usted for sex, age and BMI). As shown In Fig. 1d, HOMA-IR values Increased In
(GG-carrlers (repeated measures ANOVA pic= 0.002) with significantly higher concentrations at HF6 (CID after
6 weeks of high fat dlet) compared to AA/AG-carriers (AA/AG vs. GG p=0.022), whereas HOMA-IR measures
dud not change for AA/AG genotypes during HF diet (repeated measures ANOVA p 0= 0.075).

A significant genotype x Intervention Interaction was also revealed for the incremental area under the curve
(1AUC) for glucose during vGTT (repeated measures ANOVA, Interaction term rsd343 (recessive model) x HF
Intervention: p=0.014, p= 0.025 adjusted for sex, age and BMI). In response to a 6-week 1socaloric high fat
diet, Incremental area under the curve (1AUC) for glucose during WGTT significantly Increased In GG-carrters

SCIENTIFICREPORTS | 7:9234 | DOI:20.1038/541598-017-00300-7 2
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Figure 1. Measured and calculated parameters of glecose metabolism at LF6, HF1 and HF6 stratified by

ACE rs4343 genotype (recesstve model): (a) Fasting blood glucose, (b) A Fasting blood glucose (HF6-LFs;
mean + SEM), (c) Fasting insulin and (d) HOMA-IR. Data are shown as mean + SI); *p< 0.05,**p < 0.01,
*44p< 0,001, "p < 0.05 vs. AA/AG at HF6. LF6: CID after 6 weeks of LF diet; HF1/HFé: CID after 1/6 weeks of
HF diet.

(Fig. 2b and ¢; repeated measures ANOVA, Pyyciucaee = 0.001), whereas no change was observed for AA/
AG-carrters (repeated measures ANOVA, Pycgucce = 0941; AIAUCy, . LF6-HF6, AA/AG vs. GG: p=0.00%;
ANAGVS GGIAUC o Pri =0.330, Pygs, = 0.999, Pygge = 0.028). IAUC for Insultn was also significantly higher
In GG-carriers after 6 weeks of HF diet compared to AA/AG-carriers (Fig. 2d, by = 0.027). Furthermore,
(:G-carrters responded with higher 2h glucose levels durtng WGTT compared to AA/AG-carrlers (GG:
4.8+0.7mmol'k AA/AG: 4.3+ 0.6mmol/l; p=0.003).

Indices for Insulin sensitivity (S1), glucose etfectiveness (Sg) and diposition Index (DI) did not duffer sig-
nificantly between the genotypes (AA/AG vs. GG; Styz, 11.6£7.7 vs 8.8+ 5.3 (mU/) " min %, pyype = 0.204;
Stirg 2.09-+ 1,03 vs. 1.97+ 0,95 100min ", Pyygs = 0.652; Dl 2759+ 1708 vs. 3311+ 2377, Py =0.317) and
did not change significantly In response to HF diet. The acute Insulin response to glucose (AIRg) significantly
differed between genotypes at HF1 and HF6 (AA/AG vs. GG; AIRg 5 236+ 118 vs. 298+ 159 mUx 1 x min,
Pre=0.081; AIRgyys, 244+ 111 vs. 3402 121 mU x I* x min, pyp, = 0.003; AIRgys, 257 £ 140 vs. 363 £ 155
mUx 1 'x mln.p";‘: 0.0]0).

Metabolic Syndrome Berlin Potsdam (MeSyBePo) study

To examine dietary fat Intake dependent effects, we stratified subjects Into high fat diet consumers with energy
from total fat >37% (cutoff value represents the average fat Intake in western countries)'” and normal/low fat dset
consumers (< 37% energy from fat). Genotype frequencies did not deviate from Hardy-Welnberg equilbrium
(rrespecttve of fat Intake p= 0.085, < 37% p= 0.074, »37% p = 0.584).

Irrespective of dietary fat Intake no assoclation between the rs4343 vartant and type 2 diabetes was found
(recessive model: OR 1.11 [0.61-2.02], p=0.736 adjusted for age, sex and BMI). After stratification by fat
Intake, a significant assoctation of rs4343 polymorphism with type 2 diabetes was observed In subjects with a
reported dietary fat Intake >37% with a 2.7-fold higher risk for type 2 diabetes for GG-carriers as compared to
AA/AG-carriers (p= 0.035 after adjustment for age, sex and BMI), whereas for normal fat Intake no assoclation
was found (Table 3). Furthermore, GG-carriers with high dletary fat intake had 4.6-fold Increased risk for type
2 diabetes as compared to GG-carrlers with normal dietary fat intake (recesstve model: OR 4.61 [1.58-13.46),

SCIENTIFIC REPORTS | 7:9234 | DOI:10.1038/541598-017-08300-7 3
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Figure 2. Blood glucose concentrations during WGTT in (a) AA/AG-carriers and (b) GG-carrters. Increments
of (c) blood glucose and (d) Insulin at LF6, HF1 and HF6 (mean + SD; *p < 0.05 vs. AA/AG-carrlers at HF6).
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Table 3. Assoclation between ACE rs4343 genotype and type 2 diabetes In the cross-sectional MeSyBePo
cohort Binary logistic regression model adjusted for age, sex and BMI. n_,.,/n ., participants without/with
type 2 diabetes.

p=0.005 adjusted for age, sex and BMI). Also a multiplicative interaction term between genotype and dietary fat
Intake was significant (recesstve model: OR 1.45 [1.09-1.94], p= 0.012 adjusted for age, sex and BMI).

Discussion

The results of the NUGAT study showed that dietary fat intake decistvely modulated the assoctation of the ACE
rs4343 variant with impatred glucose metaboltsm and Insulin resistance In healthy and non-obese subjects.
Furthermore, we observed In the cross-sectional MeSyBePo cohort that the assoclation between the rsd343 van-
ant and prevalent type 2 diabetes was also Influenced by dietary fat intake, with an Increased risk for type 2 diabe-
tes In GG-carriers of the rsd343 polymorphism provided that dietary fat Intake was >37%.

The rs4343 varlant ts In nearly perfect linkage disequilibrium with the ACE I/D polymorphism ', whereby the
A-allele corresponds to the Insertion (1) varlant and the G-allele to the deletton (D) variant, which s character-
1zed by higher circulating enzyme levels'”. With regard to assoclations between the ACE 1/D polymorphism and
glucose metabolism, results have been contradictory. While In a study of Bonnet ef al. healthy subjects homozy-
gous for the D-allele were shown to have decreased Insulin sensitivity as measured via clamp and Increased 2h
plasma glucose concentrations during OGTT, they and others reported no assoctation between the ACE I/D
varlant and fasting concentrations of Insulin and glucose In non-diabetic subjects® ™ '*. Studles Investigating
the assoctation of the I/D vartant with risk for type 2 diabetes have also ylelded conflicting results™ . However,
two meta-analyses demonstrated an Increased type 2 diabetes risk for the D-allele™ *. Also treatment with ACE
Inhibitors 1s assoctated with Improvements in glucose metaboltsm and, albelt Inconsistently, reduced Incidence
of mellitus 1n large-scale clinical trtals'”.

SCIENTIFICREPORTS | 7:9234 | DOI:10.1038/541598-017-08300-7 4
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With regard to our observations in healthy subjects In the NUGAT study, we found no assoctation per se
between glucose tolerance assessed as Increments of ghecose and tnsulin during WGTT as well as fasting glucose
and Insulin concentrations confirming previous studies with regard to the I/D vartant. Nevertheless, after 6 weeks
of challenge with a HF diet significantly impaired values for glucose and Insulin concentration could be observed,
demonstrating that a nutritional challenge Influences the etfect of the genotype on those parameters. Also In our
second, Independent MeSyBePo cohort, type 2 diabetes was more prevalent among GG-carriers given that dietary
fat Intake was high. Our results show that constderation of dietary fat Intake may be required to eluctdate effects
of ACE rs4343 on glucose metabolism and may explain inconslstent results of previous studles.

The NUGAT study 1s ltmited by the relattvely small number of participants with respect to genotype-stratified
data analysis. Nonetheless, confounding was reduced by Including only metabolically healthy, normotenstve,
non-obese and rather young partictpants into the study. Moreover, all participants were Caucaslans; therefore
applicability to other non-Caucastan ethnicities needs to be eluctdated. In general, the molecular mechanism by
which altered ACE concentrations, ACE genotype and ACE Inhibitors affect glucose metabolism require clarifica-
tion, as they are poorly understood. A broadly based understanding will create the basts to eluctdate the Interplay
between ACE and dietary fat and its impact on glucose metaboltsm. Another aspect which deserves further tnves-
tigation Is the quality of fat. The high fat dietary pattern in the NUGAT study was charactertzed by the emphasls
on saturated fats (18% of 45% energy from total fat) from meat and whole-milk products. Dairy fat Intake was
Inversely assoctated with markers of glucose metabolism In a Swedish study®. Therefore, It would be Important
to evaluate the effects of fat quality on the gene-dlet Interaction.

Our data showed that markers of glucose metabolism and type 2 diabetes risk were significantly Influenced
by Interactions between the ACE rs4343 variant and dietary fat intake and suggested that homozygous carriers of
the G-allele responded unfavorably to high fat diets with Increased risk for altered glucose metabolism and type
2 diabetes.

Methods

NUGAT study design.  The NUGAT study was h:pnmd by the Independent ethics review committee of the
Charite-Untversitatsmedizin Berlin and conducted In accordance with the principles of the Helsinki Declaration
0f 1975, as revised in 2000. All partictpants provided written informed consent prior to the study.

Detalls of recruttment and phenotyping of study partictpants as well as dietary Interventions were published
recently”. 46 healthy and non-obese twin palrs (34 mono- andlzduygoucpms 58 female and 34 male subjects)
with a mean age of 31 + 14 years and a mean BMI of 22.8 + 2.7 kg/m” were Included tn the study. At screening a
standardized 3h, 75g OGTT (oral glucose tolerance test) with Insulin measurements was performed.

The dietary intervention was carrled out In a sequentlal design and under tsocaloric conditions. Individual
energy requirements were calculated based on partictpants resting energy expenditure (REE) determined by
Indirect calorimetry and physical activity level assessed by questionnaire. Participants were standardized for thelr
nutritional behavior prior to the study viaa 6-week carbohydrate-rich low-fat diet (LF, 55% carbohydrate, 30% fat,
15% protein) before they switched to a 6-week HF diet (40% carbohydrate, 45% fat, 15% protein) with emphasis
on foods high in saturated fat. Particlpants were given Intensive, regular and detatled dietary guldance by a nutrl-
tionist over the entire pertod of Intervention to ensure compliance. Furthermore, all participants had to complete
5 dietary records during the 12 weeks of the dietary Intervention pertod. Dietary protocols had been analyzed via
Software PRODI 4.5 LE 2001 Expert (Firma Nutri-Sclence, Hausach, Germany) to quantify energy and macro-
nutrient composition to ensure the adherence to the dietary phases.

Clinical investigation days (CIDs) were performed after 6 weeks of LF diet (LF6) and after 1 and 6 weeks of HF
diet (HF1 and HF6). At each CID fasting blood glucose and insulin concentrations were measured and Intrave-
nous ghecose tolerance tests were performed.

Intravenous glucose tolerance test (ivGTT).  After 12 hours of fasting a bolus of glucose (11.4x body
surface area/0.5ml) was Infused as a 50% (w/v) solution (Braun, Melsungen, Germany) Intravenously within
1 min. Afterwards phystologic saline solution was Injected In order to prevent phlebitis. After 20 min, an insulin
bolus 0f 0.03 U per kg body welght was Injected (InsumanRaptd 40 [U/ml, Sanofi- Aventts, Frankfurt, Germany).
Blood for measurement of insultn and glecose concentration was drawn from a peripheral venous access catheter
placed Into a forearm veln at 0, 2, 3,4, 5,6, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 80, 90, 100,
120, 140, 160 and 180min.

We applied the linear trapezoid rule to calculate Incremental areas under the curve (IAUC) for plasma glucose
and insultn. Indices for Insulln sensitivity (S1), glucose effectiveness (Sg), acute Insulin response to glucose (AIRg)
and disposition Index (DI) were calculated using the mintmal model (MINMOD Millentum)®.

Blood Parameters. Blood glucose was measured by the glucose oxidase method (Super GL, Dr. Mller
Geratebau, Freltal, Germany). Insulin was determined In serum by ELISA (Mercodla, Uppsala, Sweden).
Homeostasis model assessment of Insulin resistance (HOMA-IR; [(fasting Insultn (mU/1))x (fasting glucose
(mmol/1))/22.5]) was cakulated to determine basal/hepatic Insulin sensitivity.

Rs4343 polymorphism genotyping. In the NUGAT study, genomic DNA was extracted from butfy coat
samples (NucleoSpin, Macherey-Nagel, Daren, Germany) and genotyped using HumanOmn1ExpressExome
BeadChips (Ilumina, Inc., San Diego, CA, USA) at the Interdisciplinary Center for Clinical Research (IZKE,
Letpzig, Germany). For the Metabolic Syndrome Berlin Potsdam study, genotyping was performed using a prede-
signed TagMan SNP Genotyping Assay (VILA7 System; Applied Blosystems, Foster City, CA).
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Metabolic Syndrome Berlin Potsdam Study.  The cross-sectional Metabolic Syndrome Berlin Potsdam
(MeSyBePo) study was approved by the ethics commissions of Berlin and Brandenburg, Germany. All particl-
pants provided written Informed consent.

The study Included 2364 participants, who were randomly recrulted from Berlin, Potsdam and surroundings,
Germany. All participants underwent physical examination and fasting blood test, as well as a standardized 3-h
75-g OGTT (unless no evident diagnosis of diabetes was existent) with Insulin measurements In nondlabetic
subjects. Diabetes was dlagnosed considertng the ADA criterta from 20027, Dietary Information was assessed
by a 4-day estimated food record which comprised 18 categories with 151 food ttems. Means of datly energy and
nutrient Intakes were calculated on the basis of the German Nutrient Database BLS version 2.3. Misreporting of
dietary intake was evaluated as recently published" and only subjects who reported normal energy intakes were
Included In the analyses. A complete set of data Including dietary Information (given normal dietary reporting)
was avallable from 381 participants (305 females and 76 males, mean age 53.4 years, mean BMI 28.7 kg/m?).

Statistical Analysis.  Varlables were assessed for normal distribution wsing the Kolmogorov-Smirnov test
and were natural logarithm (In)-transformed In case of skewed distributton. To compare mean values for contin-
uous data one-way or repeated measures ANOVA followed by Bonferron! posthoc test was used. Analyses were
adjusted for potenttal confounding variables such as sex, age and BMI. Significant results for non-normally dis-
tributed data were verified wsing the Kruskal-Wallls test as non- parametric equivalent of the ANOVA.

Genotype frequencies were analyzed for deviation from Hardy-Weinberg equiltbrium by chi-square test using
R 3.1.2 plus HardyWelnberg package 1.5.5. Chi-Square test was used to study assoclations between rsd343 gen-
otype and type 2 diabetes frequenctes. To estimate odds ratios in the MeSyBePo cohort unconditional logistic
regression analysls was performed, also with adjustment for age, sex and BMI. Statistical significance was desig-
nated at p < 0.05. Values are expressed as mean + SD), unless otherwise stated. SPSS 20,0 (SPSS Inc., Chicago, IL,
USA) was used for statistical analyses.
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