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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 µM 
AA was reversed by 5 µM nuclear factor-κB (NF-κB) inhibitor BAY117082. Moreover, 
the presence of 10 µM 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. 
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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-κB-dependent pathways. 
 

4. ZUSAMMENFASSUNG 

Das Angiotensin-Converting-Enzym (ACE) ist eine wichtige Komponente des Renin-
Angiotensin-Systems (RAS), das den Blutdruck reguliert und die Homöostase des 
Herz-Kreislauf-Systems aufrechterhält. Es hat auch metabolische Steuerungseinflüsse. 
Studien haben gezeigt, dass sich der zirkulierende ACE-Spiegel bei Adipositas und 
Gewichtsverlust ändert. In unserer NUGAT-Studie (NUtriGenomic Analysis in Twins) 
haben wir gezeigt, dass eine Ernährung mit hohem Gehalt an gesättigten Fettsäuren 
(HF) den ACE-Spiegel erhöhen kann. In dieser Studie erhielten 46 Paare gesunder, 
nicht adipöser homozygoter und heterozygoter Zwillinge 6 Wochen lang eine fettarme 
(LF, 55% Kohlenhydrate, 30% Fett, 15% Eiweiß) Diät, die reich an Kohlenhydraten 
war, gefolgt von einer fettreichen (HF, 40% Kohlenhydrate, 45% Fett, 15% Eiweiß) 
Diät für 6 Wochen unter isokalorischen Bedingungen. Nach 6 Wochen HF-Diät erhöhte 
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 Ernährung den 
zirkulierenden ACE-Spiegel erhöhte, ebenso wie den Blutdruck und die 
Glukosespiegel. Um den Mechanismus der HF-Diät zur Erhöhung der Expression des 
ACE-Gens im Fettgewebe weiter zu untersuchen, führten wir in-vitro-Studien mit 
humanen subkutanen Adipozyten durch. Dafür wurde subkutanes Gewebe von vier 
übergewichtigen 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-Aktivität in differenzierten Adipozyten wurden in Gegenwart 
verschiedener Stimuli gemessen. Nach einer Stimulation mit Palmitinsäure als 
Vertreter gesättigter Fettsäuren, gab es keine statistisch signifikante Änderungen der 
ACE-mRNA-Expression und der ACE-Aktivität. Die Stimulation mit Arachidonsäure 
(AA), als Vertreter ungesättigter Fettsäuren in verschiedenen Konzentrationen, führte 
zu einer dosisabhängigen Abnahme der ACE-mRNA Expression und der ACE-
Aktivität in Adipozyten .  
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Diese Effekte bei 100 µM AA konnten durch eine Zugabe von 5 µM Nuclear factor-
kappa B (NF-κB)-Inhibitor aufgehoben werden. Außerdem führte eine Zugabe von 10 
µM 20-Hydroxyeicosatetraensäure (20-HETE)-spezifischem Inhibitor HET0016 zur 
Verringerung der ACE-mRNA-Expression und der ACE-Aktivität. Zusammenfassend 
kann eine fettreiche Ernährung die Expression und Aktivität von ACE im menschlichen 
Körper erhöhen, was darauf hindeutet, dass ACE ein potenzielles molekulares 
Bindeglied zwischen der fettreichen Ernährung und dem Bluthochdruck sowie den 
Herz-Kreislauf-Erkrankungen (CVD) darstellen kann.  Die Existenz des ACE rs4343-
Genpolymorphismus könnte dazu führen, dass Personen mit unterschiedlichen 
Genotypen unterschiedlich anfällig für das Risiko von Bluthochdruck, Herz-Kreislauf-
Erkrankungen und Diabetes sind, die durch eine fettreiche Ernährung mit hohem Anteil 
gesättigter Fettsäuren verursacht werden.  
In humanen differenzierten Adipozyten kann die AA, als eine ungesättigte Fettsäure, 
die ACE-mRNA-Expression und die ACE-Aktivität über den NF-κB-abhängigen 
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 
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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 (ACEIs) 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-I is further converted to the vasoactive angiotensin II (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-
II than Ang-I[13]. In human endothelial cells, the expression of ACE is increased 
through the nuclear factor-kappaB (NF-κB) pathway[14]. Many genes involved in 
cardiovascular diseases (CVDs) are regulated by NF-κB. The in-vitro experiments 
showed that the activation of NF-κB 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-Universitätsmedizin, 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/m2. 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, Düren, 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 TaqMan SNP Genotyping Assay 
(ViiA7 System; Applied Biosystems, Foster City, CA, USA) was used for 
genotyping[21, 22]. 
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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/m² or BMI > 
35 kg/m² 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 5mg adipose tissues 
using sharp scissors. The minced tissues were poured through a 250μm 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 250μm mesh, and the 
flow containing ASCs was captured into a 50mL 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, 500μM 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 200μM. 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 500μM, 
AA 50, 100, or 200μM. Next, based on the experimental results and other research 
reports, 100μM AA was selected for further experiments[27, 28]. To investigate the 
inhibitory effects of the NF-κB pathway, 5μM NF-κB inhibitor BAY117082[29] was 
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added into the cell culture medium for 1 hour, and then DMEM with the supplemental 
0.1% BSA and 100µM 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 II Kit (Macherey-Nagel, Düren, 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 1μg 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 P0 (RPLP0). 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 µL 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 µL 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]). 

 
Figure 1. ACE mRNA expression in adipose tissue by qRT-PCR. Data are presented 
as mean ± SEM, P value is shown above. CID1, 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 



9 
 

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: PSBP = 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. 

 
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]. 

 
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 < 0.05, ** P < 0.01, *** P < 0.001 

 
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) Δ Fasting blood glucose 
(HF6−LF6). All values are expressed as mean ± SD of three experiments; *P < 0.05, 
** 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 5F[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 100μM, thereby reducing the activity of ACE in the culture 
medium (Figure 6e, f[24]). For further experiment of the AA effect, the 100μM 
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 500μM of PA. (c, d) The 
expression of ACE mRNA (c) and ACE activity (d) treated with different 
concentrations of AA (50μM, 100μM, 200μM) significantly decreased with increasing 
concentration of AA (n = 3). (e, f) The effect of 100μM 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-κB pathway in the inhibition of ACE in adipocytes  

 
 
Figure 7. Effects of NF-κB inhibitor BAY117082 (NI) and 20-HETE inhibitor 
HET0016 (HET) on ACE mRNA expression and activity in the presence of 100μM AA. 
(a) 5μM NI reversed the inhibitory effect of 100μM AA on ACE mRNA expression (n 
= 3). (b, c) Reversal of the AA-induced inhibition of ACE mRNA expression (b) and 
ACE activity (c) by 10μM HET0016 (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-κB pathway[29]. Based on this, we investigated whether ACE expression changes 
when NF-κB pathway is inhibited. NF-κB pathway inhibitor BAY117082 was used to 
treat the cultured adipocytes in the presence of AA. Compared with the control cells, 
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BAY117082 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 
HET0016 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-κB 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 1631μM[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 42.7μM to 
882.8μM[32]. Interestingly, 50μM to 150μM 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-II[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 (0.1–1μM) 
increases lipogenesis in a dose-dependent manner[47]. Previous studies confirmed that 
20-HETE can activate NF-κB[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-κB pathway and 
promoted the expression of ACE[49]. Therefore, we also introduced an inhibitor of NF-
κB in this study. As a result, inhibition of the NF-κB 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 5F 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 
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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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