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Obesity 

The prevalence of overweight and obesity has increased rapidly worldwide 
and not a single country has successfully reversed its epidemic in the last three 
decades [1-3]. According to the World Health Organization, overweight and 
obesity are characterized as abnormal or excessive fat accumulation and the 
most widely adopted surrogate measurement to assess obesity is the body 
mass index (BMI) [4]. The BMI is calculated by dividing a person’s body 
weight in kilograms by the square of his or her height in meters (kg/m2). 
Individuals with a BMI equal to or greater than 25 kg/m2 are defined as 
overweight, and those equal to or greater than 30 kg/m2 are defined as obese.  

 

 

 

 

 

 

 

 

It is uniformly accepted that the development of overweight and obesity is 
attributable to a very complicated mix of factors ranging from environmental 
influences to behavior and genetics [5]. Frequently, individuals develop 
overweight or obesity when there is a sustained positive balance between 
energy intake and energy expenditure (Figure 1) [6-8]. Accordingly, the 
human body starts to accommodate the energy surplus by expanding the 
adipose tissue and even depositing fat in other tissues when the maximum 
storage capacity of the adipose tissue is reached [9, 10]. As such, overweight 
and obesity are major risk factors for various health complications like type 
II diabetes, obstructive sleep apnea, cardiovascular diseases and certain types 

Figure 1. Positive energy balance between energy intake and energy expenditure in obesity. 
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of cancer [11]. For 2015 only, it was estimated that overweight and obesity 
contributed to 4 million deaths globally, which approximately accounted for 
7.1% of total deaths from any cause [3, 12].  

Weight loss and weight regain 

Weight loss is an indicated remedy for overweight and obesity that can reduce 
or even abolish the associated risk of health complications [13]. It has been 
demonstrated that losing 5% of body weight already results in significant 
improvement of health parameters like lower blood pressure and decreased 
plasma glucose and insulin levels [14]. Approaches towards achieving weight 
loss include dietary intervention, increased physical activity, pharmacological 
treatment and surgical treatment [15, 16]. Among these, a calorie restricted 
diet is a common practice for weight loss [17]. However, up to 80% of people 
who lost weight on a low energy diet, regain weight and often return to their 
original weight or even beyond it within one or two years [18]. The apparently 
inevitable phenomenon of weight regain after weight loss, reflected by the 
term “Yo-yo effect”, not only makes reduction of body weight less efficient, 
but also appears to induce an increase in the risk of metabolic complications 
[19]. Consequently, prevention of weight regain after weight loss is the core 
problem of body weight management. Studies indicating that remarkable 
adaptations in cellular metabolism in peripheral tissues occur in the dynamic 
process of weight loss and weight regain were recently reviewed [20]. For 
instance, it was reported that the mitochondrial biogenesis and fatty acid 
oxidation are promoted by calorie restriction, thereby shifting cellular 
metabolism towards fatty acid oxidation instead of glucose oxidation in 
mitochondria [21, 22]. However, a clear view on metabolic changes induced 
by calorie restriction is not well-established yet and the responsible molecular 
changes that underlie the dynamic process of weight regain after weight loss 
remain largely unknown.  
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The role of adipose tissue and adipocytes in obesity 

Adipose tissue is a loose connective tissue that fills up space between organs 
or tissues and provides structural as well as metabolic support for the human 
body. Although adipose tissue is distributed throughout the body, the capacity 
of expanding to accommodate excess energy in the form of accumulated 
lipids distinguishes the adipose tissue from other organs and tissues [23, 24]. 
Anatomically, adipose tissue is primarily located beneath the skin (called 
subcutaneous adipose tissue), but can also be found around the internal organs 
(called visceral adipose tissue) [25]. According to the characteristics of the 
morphology and function, adipose tissue can be mainly divided into two 
groups: brown adipose tissue (BAT) and white adipose tissue (WAT). In 
general, the BAT accumulates lipids for cold-induced adaptive thermogenesis, 
whereas the WAT functions as a key energy reservoir for other organs [24]. 
In this thesis, we mainly focus on the subcutaneous WAT and white 
adipocytes. 

WAT is a major player in the development of obesity and its complications. 
One factor is the fat storage capacity of WAT as it plays a crucial role in 
buffering the excess energy via the increase of adipocyte size (hypertrophy) 
and number (hyperplasia). If the chronic positive energy balance continues 
and gradually exceeds the maximum ability of fat storage in WAT, this leads 
to the problem of lipid overload with ectopic lipid accumulation in other 
peripheral tissues like skeletal muscle [26] and liver [27], which could result 
in insulin resistance [28]. Another role of the WAT in the link between 
overweight and health complications is due to the capability of adipocytes of 
secreting over 900 different peptide hormones [29], referred to as adipokines 
[30], which regulate whole body metabolism [31]. When people become 
obese, the profile of secreted peptide hormones changes as for instance is 
obvious from a decrease in the plasma level of adiponectin, a multifunctional 
adipokine that increases glucose uptake by skeletal muscle [32].  



General Introduction 

Page | 11  
 

WAT is composed of various cell types including fibroblasts, immune cells, 
nerves, endothelial cells and adipocytes, but most of the volume of WAT is 
occupied by adipocytes which are the chief energy storage depots [25]. As 
mentioned above, adipose tissue responds to excess energy through adipocyte 
hyperplasia and hypertrophy, which are regarded as a healthy and rather 
unhealthy expansion, respectively. The healthy expansion through adipocyte 
hyperplasia protects individuals against the metabolic complications, while 
unhealthy expansion through adipocyte hypertrophy promotes the 
development of obesity and obesity-associated complications [33]. Therefore, 
the adipocyte is the major object when studying obesity development and part 
of this thesis will focus on extending the knowledge on adipocyte morphology 
and on its molecular changes in response to calorie restriction and (re)feeding. 

Adipocytes and weight regain 

Human white adipocytes store the surplus of energy in the form of 
triacylglycerol (TG) in a single fat droplet which almost fills up the entire cell. 
As such, mature white adipocytes are characterized by spherical shape 
containing a big internal fat droplet, which distends the adipocyte so that the 
cytoplasm is compressed to a thin layer surrounding the fat droplet, and the 
nucleus is shifted to the outer edge of the cell [34]. Up to 90% of the volume 
of the mature adipocyte is filled by the lipid droplet, which is surrounded by 
a phospholipid monolayer and which makes the adipocyte vulnerable to 
breakage [35]. Therefore, each adipocyte is surrounded by a relatively thick 
extracellular matrix (ECM), referred to as basal lamina, to protect the 
adipocyte against disruption by mechanical forces [36]. To achieve this level 
of protection, adipocytes spend a large part of the metabolic energy into the 
maintenance and dynamics of their ECM [37].  

When obese individuals engage in a dietary intervention to lose weight, 
adipocytes release part of their fat content via lipolysis to provide energy 
during the periods of food deprivation [38]. Consequently, adipocytes shrink, 
which requires timely adjustment of the surrounding ECM to fit the new 



Chapter 1 

Page | 12 
 

adipocyte size. However, ECM remodeling is an energy-costing process and 
under conditions of a negative energy balance during weight loss, such energy 
is not available. It is hypothesized that the adaptation of the ECM cannot keep 
up with the shrinking of adipocytes, thus causing the increase of mechanical 
stress or traction forces between the adipocytes and their ECM [35, 39]. 
Probably, a most efficient way to get rid of this stress is to return to the 
original size by re-storing TG. In fact, adipocytes show an up-regulated 
capacity for glucose and fatty acids uptake in individuals after weight loss 
who return to an energy-balanced diet [40]. This may suggest that adipocytes 
after weight loss are in an urgent desire of energy. The re-absorbed energy 
could effectively flow into adipocytes and be stored as TG to release the 
mechanical stress. Thus, the increased mechanical stress between adipocytes 
and ECM appears a driving force for weight regain.  

It has been reported that after weight loss by calorie restriction and a short 
period of weight maintenance, adipose tissue exhibits an increased capacity 
for glucose uptake and lipid mobilization and oxidation [41]. This indicates 
that adipocytes prepare for renewed energy uptake immediately after the 
energy balance has been restored (such as upon termination of a low-calorie 
restriction) [39]. The increased mechanical stress and upregulated capacity 
for glucose and fatty acid uptake of adipocytes might be intertwined in 
contributing to weight regain. However, dynamic molecular processes in this 
respect have not been studied yet. 

Adipokines and weight regain  

Adipose tissue is capable of secreting a variety of signaling and mediator 
proteins, termed adipokines, which regulate body metabolism [42]. The 
secreted pattern of proteins is composed of hormones, neurotransmitters, 
cytokines, ECM related proteins as well as proteins involved in blood flow, 
vascularization, lipid and glucose metabolism [43]. For instance, leptin 
primarily controls satiety by acting on the hypothalamus [44]; adiponectin 
improves whole body energy homeostasis by stimulating fatty acid oxidation 
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in skeletal muscle and by inhibiting glucose production in liver [45]. Changes 
of the secretome profile during primary weight gain and during weight regain 
are suspected to contribute to the risk of obesity-related health complications. 
Yet, the importance of adipokines in weight regain after weight loss needs to 
be further investigated by fully interpreting the detrimental cascade of 
metabolic disturbances in weight cycling. Previous research has shown that 
adipocytes in obesity are characterized by hypertrophy, an unhealthy 
adaptation of the enlarged adipocyte size [46], which results in the 
modifications of the secretory profile of hormones and peptides [47, 48]. 
Furthermore, calorie restriction induced adipocytes to release TG and shrink, 
also accompanied by an altered secretome profile [49]. In line with this, it has 
been suggested that adipocyte size is an important determinant of adipokine 
secretion [50]. Therefore, further research focusing on the dynamic processes 
of fat loss and regain should include the changes of the adipocyte secretome 
profile during calorie restriction and refeeding.  

Proteomics 

As proteins are the effectors of biological functions, of which the expression 
levels are dependent not only on corresponding mRNA levels but also on 
posttranslational modifications, protein expression data are crucial to further 
understand the mechanisms of weight (re)gain [51, 52]. Proteomics is one of 
the most significant omics-technologies for the identification and 
quantification of the proteome in a single cell, tissue or organism under 
different conditions [53]. With the rapid evolution of proteomics core 
facilities and services, mass spectrometry (MS)-based approaches have 
become the “heart” of current proteomics [54, 55]. In general, MS-based 
proteomics can be classified into two categories: (i) gel based approaches, 
such as 1-dimensional gel electrophoresis (1-DE) or 2-dimensional gel 
electrophoresis (2-DE) combined with MS; (ii) gel-free approaches such as 
liquid chromatography (LC) coupled to MS or tandem mass spectrometry 
(MS/MS). Although the gel-based approaches are still applied and remain 
important in proteomics, they have unavoidable disadvantages such as being 
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labour intensive, having a limited dynamic working range and having a poor 
sensitivity for visualizing low abundant proteins [51]. Consequently, the 
burgeoning gel-free approaches are now the preferred options due to the 
advantages of multiplexing capacity and high sensitivity in quantification 
[56]. Among the gel-free strategies, LC-MS/MS provides superior sensitivity 
and a relatively large dynamic range of detection, making it the method of 
choice for proteome analyses [8].  

 

 

 

 

 

 

 

 

 

 

 

 

 

The LC-MS/MS analysis is mostly performed at peptide level and a typical 
workflow is shown in Figure 2. A classical proteomics experiment based on 
LC-MS/MS mainly contains four steps: (i) protein sample preparation from a 
cell culture, tissue or organism; (ii) protein digestion and peptide sample 
preparation for LC-MS/MS; (iii) LC-MS/MS-mediated acquisition of 
protein/peptide information for identification and quantification; (iv) 
database utilization and bioinformatics analysis for data interpretation. The 

Figure 2. Typical workflow of LC-MS/MS. LC-MS/MS: liquid chromatography tandem 
mass spectrometry. 
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exact physical scheme and workflows of LC-MS/MS acquisition are 
described in detail elsewhere [57-60]. According to the protein/peptide 
sample preparation process, quantitative LC-MS/MS approaches can be 
classified into two groups: label-based methods and label-free methods.  

 

 

 

 

 

 

 

 

 

 

 

Label-based LC-MS/MS is widely used in proteomics quantification due to 
the outstanding performance in terms of high accuracy. This approach can be 
classified into metabolic labelling and chemical isotope tag labeling. 
Metabolic labelling is based on the fact that the labels are introduced in vivo 
in the metabolically active cells, while in chemical labelling the labels are 
introduced at protein or peptide level after the protein sample has been 
isolated [61, 62]. In order to better monitor the conditions of the biological 
process and to decrease the external interference, the chemical labeling 
method was selected here in the project. In chemical labeling, commercially 
available tandem mass tags (TMT’s) are widely used [61]. The workflow of 
TMT labeling is shown in Figure 3 based on the TMT 10plex Mass Tagging 
Kits (Thermo Fisher Scientific). For each sample, a different reporter mass 

Figure 3. Workflow of TMT labeling based on the 10plex Mass Tagging Kits from 
Thermo Fisher Scientific. 
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derived from the tag determines the relative protein expression level after 
peptide fragmentation. Thus, peptide pools are differentially tagged and have 
good multiplexing capability for subsequent fractionation and MS utilization 
[51]. Although label-based LC-MS/MS with peptide tagging received much 
attention and gained popularity in quantification, this approach is not without 
drawbacks. The drawbacks mainly refer to three aspects: (i) the moderate 
proteome detecting coverage, (ii) the unsuitability for in vivo labelling and 
(iii) the high costs of the labeling reagents [62]. 

In this respect, label-free quantitation methods are a promising alternative to 
label-based approaches. Currently there are two major, fundamentally 
different label-free strategies: (i) a spectral counting method by counting the 
number of fragmentation spectra of identified peptides from a given protein 
and (ii) an intensity-based method by measuring the peaks of peptide ion 
intensities as a read-out of protein abundance [63, 64]. These label-free 
strategies are cost-efficient with excellent proteome coverage and are 
relatively easy to handle. As label-free quantification does not require a 
chemical derivatization step, it is applicable to various types of sample (cells, 
tissues or biological fluids) both in vivo and ex vivo for direct comparison of 
various conditions, and also there are no limitations on sample numbers [62, 
65]. However, this does not mean that the label-free quantitation method is 
without cons. The major drawbacks are the lower accuracy and the 
considerably longer data acquisition time compared to labeling methods. 
Moreover, label-free methods do not support multiplexing of samples 
meaning that each sample is measured separately. This requires highly 
reproducible workflows and a strict normalization [65]. 

Altogether, no method is perfect in proteomics and every strategy has its own 
pros and cons. Therefore, a suitable method to answer a specific research 
question should be carefully selected based on a consideration of the 
proteome coverage, sensitivity, accuracy as well as labour-intensity and costs.   
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Human SGBS cells   

Simpson Golabi Behmel Syndrome (SGBS) is a complex X-linked congenital 
overgrowth syndrome with manifestations associated with visceral and 
skeletal abnormalities [66, 67]. The preadipocytes, originating from the 
stromal cell fraction of subcutaneous adipose tissue of an infant with SGBS, 
were first introduced as human SGBS cell strain in 2001 [68]. Since then, the 
SGBS cell strain has been widely used as a representative model of primary 
human white subcutaneous adipocytes with unique superiorities over other 
adipocyte cell models. In contrast to the mostly used murine 3T3-L1 
adipocytes, SGBS cells are human which prevents a species difference 
problem [43, 69-71]. In contrast to primary human pre-adipocytes SGBS cells 
display an efficient in vitro adipogenic differentiation capacity that is retained 
for up to 50 generations while being indistinguishable from human primary 
adipocytes in morphology, physiology and biochemistry [68, 72]. In addition, 
in vitro differentiated SGBS adipocytes behave as typical human adipocytes 
in functions such as insulin-stimulated glucose uptake, de novo lipogenesis 
and lipolysis [68, 73]. Moreover, based on their origin and from gene 
expression profile comparison, differentiated SGBS adipocytes turn out to be 
a valid model for subcutaneous white adipocytes [72, 74]. Therefore, SGBS 
cells have been widely accepted and used for in vitro human adipocyte 
experiments. 

Outline of the thesis 

This thesis describes a proteomics approach towards understanding weight 
regain by profiling molecular changes of human adipocytes during glucose 
restriction and (re)feeding. The first part of this thesis composed by Chapter 
2, 3 and 4 is mainly focused on the proteome changes of human SGBS 
adipocytes in response to glucose restriction and (re)feeding. In that way, a 
human in vitro surrogate model for weight regain after weight loss was 
established. In Chapter 2, SGBS cells were used to reveal the proteome 
alterations accompanying the development of hypertrophic adipocytes. This 
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in vitro model provides insight into the molecular and metabolic changes of 
mature adipocytes under conditions of high glucose and insulin, which may 
help to understand the process of in vivo development of human adipocyte 
hypertrophy in the context of obesity. In Chapter 3, SGBS cells were used 
to create an in vitro model system based on glucose restriction and refeeding 
to uncover cellular proteome differences between glucose restriction plus 
refeeding versus normal feeding. The aim was to find mechanistic leads at 
genomics/proteomics level for weight regain by comparing the data from the 
in vitro model with in vivo data. In Chapter 4, the same in vitro model system 
was used to study changes of the human adipocyte secretome upon refeeding 
after glucose restriction and compare it with normal feeding, again to find 
leads for in vivo processes related to weight regain.  

The second part of the thesis describes an in vivo study in overweight/obese 
persons exploring influences of selected factors on weight regain during the 
follow-up period after dietary intervention (also known as the ‘Yoyo study’). 
Adipocyte size together with a number of biomarkers and factors, which were 
previously suggested to be linked with or had been demonstrated to exert 
influence on weight regain, were selected. For the first time the detailed 
information of these factors during the weight regain phase was analyzed to 
investigate their potential relation to weight regain. The revealed associations 
between these factors and weight regain are reported in Chapter 5. 

Finally, in Chapter 6, the findings from the studies in this thesis are 
summarized and discussed in relation to their potential roles towards weight 
regain.  
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Abstract  

Obesity is the consequence of a positive energy balance and characterized by 
enlargement of the adipose tissue, which in part is due to hyperplasia and 
hypertrophy of the adipocytes. Not much is known about the transition of 
normal mature adipocytes to the hypertrophic state, which in vivo is very hard 
to study. Here, we have maintained mature human SGBS cells as a surrogate 
for adipocytes, changes of morphological and molecular metabolism of the 
adipocytes were monitored over the first 4 days and the last 4 days. In total, 
393 cellular proteins and 246 secreted proteins were identified for further 
analysis. During the first 4 days of high glucose and insulin the adipocytes 
seemed to prefer pyruvate as energy source, whereas beta-oxidation was 
down-regulated supporting lipid-loading. Over time, lipid droplet fusion 
instead of lipid uptake became relatively important for growth of lipid 
droplets during the last 4 days. Moreover, ECM production shifted towards 
ECM turnover by the upregulation of proteases over eight days. The present 
in vitro system provides insight into the metabolic changes of adipocytes 
under conditions of high glucose and insulin, which may help to understand 
the process of in vivo adipocyte hypertrophy during the development of 
obesity. 

  

Key words: SGBS adipocytes; overfeeding; proteome; secretome; cell 
metabolism; extracellular matrix. 
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1. Introduction 

Overweight/obesity is major risk factors for various health complications like 
type II diabetes, cardiovascular diseases and certain types of cancer [1] and 
therefore provide a serious burden to health and social healthcare systems. To 
date, the prevalence of overweight/obesity is still increasing and not a single 
country has successfully reversed its epidemic [2]. According to the World 
Health Organization, obesity is characterized by “abnormal or excessive fat 
accumulation” [3]. Adipose tissue (AT) is the main lipid storage depot and 
plays a central role in buffering the daily balance between energy intake and 
energy expenditure [4]. Excess energy intake by overeating is one of the 
causes of obesity [8]. It leads to an increase in body weight [5, 6], body fat 
mass [6-9], fat-free mass [8], energy expenditure [10] and AT remodeling by 
adipocyte hypertrophy or hyperplasia [11]. Hypertrophy is accompanied by 
adipocyte dysfunction with disturbance of the lipid handling processes [12]. 
In addition, obesity development is often paralleled by a decrease of whole 
body insulin sensitivity characterized by increased plasma levels of glucose 
and insulin, which is ascribed to the limits of AT expandability accompanied 
by ectopic lipid deposition [ 13. 14. 16].  

Human intervention studies by overfeeding (OF) are a way to shed light on 
the cellular and metabolic changes of the AT in relation to the development 
of obesity [13]. Gene expression analysis indicated that after 7 or 28 days OF, 
changes in the expression profile of AT already can be observed [14, 15]. 
Recently, Alligier et al. showed that on OF subcutaneous AT shows different 
responses over time. Changes of genes expression after 14 days OF indicated 
a significant impact on the lipid metabolism and storage pathways, whereas 
after 56 days of OF changes related more to pathways of extracellular matrix 
(ECM) and inflammation [16].  

Another approach to study changes in cellular and metabolic behavior of AT 
during OF is to use an in vitro culture system. Although such a model system 
does not reflect the in vivo situation directly, valuable clues to biological 
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processes could be obtained, which specifically pertain to the development of 
hypertrophic adipocytes. Simpson Golabi Behmel Syndrome (SGBS) cells 
have been well-accepted as an excellent in vitro surrogate for human white 
subcutaneous adipocytes with similarity in morphology, physiology and 
biochemistry [17-20]. Here we subjected mature SGBS adipocytes to a high 
glucose and high insulin condition for 4 and 8 days and studied the changes 
of the cellular and secreted proteome. Comparing the changes of the first 4 
days with those of the second 4 days OF showed a clear shift in the cellular 
processes. 

2. Materials and methods 

2.1. Cell culture 

Human SGBS (pre)adipocyte culturing has been described in detail 
previously [21]. In short, pre-adipocytes of passage 9 were seeded in 6-well 
plates (Corning, Sigma-Aldrich, Zwijndrecht, The Netherlands) with 3 × 104 
cells per well. The culture medium was Gibco™ Dulbecco’s Modified Eagle 
Medium: Nutrient Mixture F-12 (DMEM/F-12 (1:1); Life Technologies) 
supplemented with 66 mmol/L biotin. 34 mmol/L D-pantothenate (Sigma-
Aldrich), 10% fetal calf serum (Bodinco BV, Alkmaar, The Netherlands) and 
1% penicillin and streptomycin (Life Technologies). Once pre-adipocytes 
reached a confluence of about 90%, it was shifted to differentiation procedure 
as previously described [21]. In detail, the medium was changed to serum-
free DMEM/F12 differentiation medium containing 2 mg/mL human 
transferrin, 200 µmol/L human insulin, 5 mmol/L cortisol, 20 µmol/L 
triiodothyronine, 1 mmol/L 3-isobutyl-1-methylxanthine and 5 mmol/L 
rosiglitazone (Sigma-Aldrich). After 4 days the medium was changed to 
serum-free DMEM/F12 medium containing 2 mg/mL human transferrin, 200 
µmol/L human insulin, 5 mmol/L Cortisol, 20 µmol/L triiodothyronine. 
Every second day, the medium was refreshed. After 14 days, 85-88% of pre-
adipocytes were differentiated into mature adipocytes.  
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Since day 14, the medium of the mature adipocytes was changed to 
DMEM/F12 (1:1) without phenol red (Cell Culture Technologies), which 
contains 20 nmol/L human insulin and 17.5 mmol/L glucose. Cells were 
cultured for another 8 days, and samples for the cellular proteome and 
secretome were taken at T14 (timepoint of day 14), T18 (timepoint of day 18) 
and T22 (timepoint of day 22).  

2.2. Morphology monitoring and Oil Red O staining 

The morphology changes from day 14 onwards were closely recorded using 
a Nikon Eclipse TS100 microscope equipped with a Digital Sight microscope 
camera control unit (DS-L3, Nikon). The mean diameter of the five biggest 
fat droplets was recorded and Oil Red O (ORO) staining was performed as 
parameters to monitor the turnover of the stored fat as previously described 
[21]. 

2.3. Protein sample collection 

For secreted protein isolation, the medium was collected at T14, T18 and T22 
from each well separately. The collected medium (4 mL per well) was 
centrifuged at 5000 rpm for 10 minutes (Universal 30 RF, Hettich Benelux 
B.V., Netherlands). Thereafter, the supernatant was gently transferred to a 
new tube, snap-frozen in liquid nitrogen and stored at -80 ˚C for further 
analysis. 

For cellular protein collection, wells with cultured cells were washed twice 
with PBS buffer and lysed with SDT buffer (2% sodium dodecyl sulfate/50 
mmol/L dithiothreitol/100 mmol/L Tris-HCl pH = 7.6), 300 µL per well. 
Cells were scraped off with scraper (Corning) and the lysate was collected in 
tubes, then heated at 95 °C for 5 min. After heating, samples were sonicated 
in three 20-second cycles and centrifuged at 16000 g for 5 min at 20 °C, then 
the supernatant was carefully transferred to another tube. All samples were 
stored at −80 °C for protein digestion and LC-MS/MS quantification. The 
entire experiment was performed three times and for each experiment 
triplicates were available for each protein isolation. 
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2.4. Cellular sample preparation for LC-MS/MS 

Amicon Ultra 0.5 mL centrifugal filter devices (Sigma-Aldrich) were pre-
treated by soaking overnight in 5% Tween 20, washing with Milli-Q for 10 
min with 600 rpm shaking, repeat the washing by centrifuge at 14000 g at 
20 °C for 25 min before use.  

Cellular protein sample digestion has been described in detail previously [21]. 
In short, after induction and alkylation, 42 µg protein of time point T14, T18 
and T22 was supplemented with 1 µg trypsin/Lys-C Mix (Thermo Fisher 
Scientific) and incubated for 9-14 hours at 37 °C. After overnight digestion 
the peptide samples were cleaned from residual sodium deoxycholate and 
SDS by precipitation with an equivalent volume of 4 mol/L potassium 
chloride, acidified to pH= 1-2 with 100% formic acid (FA). Then peptide 
samples were desalted with a column made by stacking three layers of a 3 M 
Empore C18 column (Thermo Fisher Scientific) in a P20 pipet tip. After the 
column was pre-rinsed with 50 µL 70% acetonitrile (ACN) and equilibrated 
with 50 µL 100% FA by air pressure, the cellular samples were loaded on the 
column and eluted with 30 µL 70% ACN/5% FA, and the desalted sample 
was collected in a clean LoBind tube (Eppendorf, Sigma-Aldrich). Peptides 
were dried under vacuum and labelled with TMT 10plex Mass Tagging Kits 
(Thermo Fisher Scientific; 90111) according to the manufacturer’s protocol. 
In short, 42 µg cellular peptides diluted into 84 µL of 50 mmol/L triethyl 
ammonium bicarbonate were transferred into the reaction tube, which 
contained the labelling reagents dissolved in 41 µL anhydrous acetonitrile per 
tube. The labeling reaction was incubated for 1 hour at room temperature and 
quenched 15 min by adding 8 µL of 5% hydroxylamine. Equal amounts of 
combined samples were transferred into a new micro-centrifuge tube for LC-
MS/MS with a final concentration of 0.33 µg/µL. The entire experiment was 
performed three times and as such generated nine samples per time point. 
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2.5. Secretome samples preparation for LC-MS/MS 

For secreted proteins, the digestion was on the filter [22]. In general, the 
medium of each vial was added to the pre-rinsed filter device, centrifuged at 
4000 g at 20 ˚C for 30 minutes. The concentrated sample on the filter was 
washed with 3.5 mL of 50 mmol/L ammonium bicarbonate and centrifuged 
at 4000 g at 20 ˚C for 30 minutes. For reduction, 15 µL of 200 mmol/L 
dithiothreitol was added and the filter was incubated at room temperature for 
45 minutes. Next, to accomplish alkylation 18 µL of 400 mmol/L 
iodoacetamide solution was added and incubated in darkness for another 45 
minutes. To stop the alkylation, 30 µL of 200 mmol/L dithiothreitol was 
added and incubated for 45 minutes. Then samples on the filter were washed 
once with 50 mmol/L ammonium bicarbonate at 4000 g at 20 ˚C for 40 
minutes. Subsequently, trypsin/Lys-C was added in the ratio of 1 µg/25 µL 
sample. After gentle mixing, the filter device was incubated at 37 ˚C 
overnight. Peptide concentration was measured by the Pierce Quantitative 
Colorimetric Peptide Assay according to the manufacture’s protocol (Thermo 
Fisher Scientific, #23275). Then, digested peptides were diluted to the final 
concentration of 0.25 μg/μL with 50 mmol/L ammonium bicarbonate. The 
whole experiment was performed three times with triplicate samples. The 
triplicate samples from the first-time experiment were pooled to serve proper 
protocol assessment. Therefore, totally seven samples were generated per 
time point from the three independent experiments. Compared with cellular 
proteins, the peptide concentration of the secretome samples was much lower, 
which made the secretome quantification more challenging and more 
sensitive method was needed. As TMT labeling yields lower peptide 
identification rates [23] and lowered accuracy when quantified on MS2 level 
[24], therefore, TMT labeling was omitted and label-free quantification was 
used for secretome samples.  
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2.6. Protein identification using LC-MS/MS 

A nanoflow HPLC instrument (Ultimate 3000, Dionex) was coupled on-line 
to a Q Exactive mass-spectrometer (Thermo Fisher Scientific) with a nano-
electrospray Flex ion source (Proxeon). For cellular samples, 5 µL of the 
TMT labeled cellular peptide samples were loaded. For secreted samples, an 
equal amount of Pierce Digestion Indicator peptides was added to all peptide 
samples as internal standard. then 5 µL of this mixture were loaded as well. 
Samples were loaded onto a C18-reversed phase column (Acclaim PepMap 
C18 column, 75-μm inner diameter × 15 cm, 2-μm particle size). The peptides 
were separated with a 120 min linear gradient of 4-68% buffer B (80% 
acetonitrile and 0.08% FA) at a flow rate of 300 nL/min.  

MS data was acquired using a data-dependent top-10 method, dynamically 
choosing the most abundant precursor ions from the survey scan (280-1400 
m/z) in positive mode. Survey scans were acquired at a resolution of 70000 
and a maximum injection time of 120 ms. Dynamic exclusion duration was 
30 s. Isolation of precursors was performed with a 1.8 m/z window and a 
maximum injection time of 200 ms. Resolution for HCD spectra was set to 
30000 and the Normalized Collision Energy was 32 eV. The under-fill ratio 
was defined as 1.0%. The instrument was run with peptide recognition mode 
enabled, but exclusion of singly charged ions and charge states of more than 
five. 

The MS data were searched using Proteome Discoverer 2.2 Sequest HT 
search engine (Thermo Fisher Scientific) against the UniProt human database. 
The false discovery rate was set to 0.01 for proteins and peptides, which had 
to have a minimum length of six amino acids. The precursor mass tolerance 
was set at 10 ppm, the fragment tolerance at 0.02 Da and one miss-cleavage 
was allowed. For secreted and cellular samples, oxidation of methionine was 
set as a dynamic modification and carbamidomethylation of cysteines as fixed. 
TMT reagent adducts (+229.162932 Da) on lysine and peptide amino termini 
were set as fixed modifications for cellular samples. 
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2.7. Protein quantification 

For cellular proteins, quantification followed relative comparison of the TMT 
specific peaks in the MS2 spectrum. Label-free quantitation was conducted 
for secretome samples using the Minora Feature Detector node in the 
processing step and the Feature Mapper node combined with the Precursor 
Ions Quantifier node in the consensus step with default settings within 
Proteome Discoverer 2.2 (Thermo Fisher Scientific, XCALI-97808).  

2.8. Data normalization 

For cellular proteins, the data of each run was normalized to the total peptide 
amount in each channel and to compare between the runs scaled to time point 
T18.  

For secreted proteins the LC-MS analysis was done in seven runs, each run 
containing a sample from each time point (T14, T18 and T22). The total 
number of proteins that was identified in the medium was 1264. Data 
normalization was performed in two steps. First, to correct data for possible 
differences between runs, we chose the 476 proteins, which were present in 
all of the analyzed samples. We calculated the mean abundance of those 476 
proteins in all 7 runs (M) and also mean abundance per run (mx for run x). 
Normalization factor 1 for run x (f1x) = M ÷ mx. Data were corrected (D1) as 
follows: D1 = f1x × original protein abundance in run x. Also, the Pierce 
Indicator added to each sample was normalized by f1. The second 
normalization was then performed to stratify the protein abundances 
according to the Pierce Indicator. Normalization factor 2 for sample y (f2y) = 
Pierce’s mean abundance from all samples ÷ Pierce abundance in sample y. 
In general, the second normalization step was: D2 = f2 × D1.  

2.9. Validation of secreted proteins 

To verify the secreted nature of the identified proteins, their amino acid 
sequences were obtained from UniProt and analyzed with SignalP [25, 26] 
and Deeploc [27]. Proteins identified to contain a signal peptide by SignalP 
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or validated in the extracellular space by Deeploc were picked up as secreted 
proteins. Accordingly, around 26.58% of the identified proteins from the 
medium was finally confirmed as secreted proteins.  

2.10. Missing value handling 

Performing LC-MS analysis of proteins, values could be missing for various 
reasons [28]. For cellular proteins, only those having no more than four 
missing values per time point were selected. As for secreted proteins, only 
proteins recognized as secreted and with no more than 3 missing values were 
selected. The Multiple Imputation routine of SPSS was used to impute those 
selected protein’s missing values and further analysis was subsequently 
performed. 

2.11. Western blotting 

The protein concentration was determined as described before by using the 
BCA kit (Pierce, Thermo Fisher Scientific; 23252). 15 μg of extracted 
proteins was run on a 12% SDS-PAGE gel, then electro-transferred onto 
nitrocellulose membranes. After blocking with 4% non-fat milk for 2 h, the 
nitrocellulose membranes were incubated overnight at 4 °C with primary 
antibodies against Akt and p-Akt (AKT #9272, p-AKT#9271, all 1:1000, Cell 
Signaling Technology). After washing three times with Tris-buffered saline 
with 0.1% Tween 20 (TBST), each time for 10 min, the membranes were 
incubated with horseradish peroxidase (HRP) conjugated secondary 
antibodies (anti-Rabbit DAKO cat# P0399) for 1 h at room temperature. Then, 
after 3×10 min washing with TBST and 1×10 min with TBS alone, the protein 
blots were visualized with ECL detection reagent (Pierce; SuperSignalTM 
west Dura femto max sensitivity; Thermo Fisher Scientific; 34095). The 
density of protein bands was determined and quantified with local 
background correction by using the ChemiDoc XRS system (Bio-Rad). 
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2.12. Statistical analyses 

Data were described as mean ± SEM (the standard error of the mean, SEM), 
both cellular and secreted protein abundances were log2-transformed. 
Proteome changes were analyzed by using two-tailed dependent T-test with a 
cut-off for significance of P < 0.05. Statistical analyses were conducted using 
SPSS version 22.0.  

2.13. Functional analysis 

Clustering of protein interactions were visualized by STRING [29]. Enriched 
pathways were analyzed by DAVID [30], significantly changed cellular 
proteins and secreted proteins were pooled together to detect potentially 
affected processes by early feeding or late feeding.  

3. Results 

3.1. Morphologic characteristics of SGBS cells during eight days feeding 

After 14 days differentiation, approximately 85-90% SGBS preadipocytes 
had differentiated into mature adipocytes, which were largely occupied by fat 
droplets. The morphologic changes are recorded in Figure 1. During the early 
feeding period (T14-T18) the adipocytes did not change in size, while the 
diameter of fat droplets increased. During the late feeding period (T18-T22) 
the size of the bigger fat droplets continued to increase, while the number of 
visible fat droplets per cell decreased. Figure 1D shows the mean diameter 
of the five biggest fat droplets per cell over time [21, 31]. The diameter of 
biggest fat droplets increased 0.30 µm after the early feeding period (P=0.004) 
and further increased 0.35 µm after late feeding (P=0.078). It suggests that 
these fat droplets have more than doubled their fat content between T18 and 
T22. On the other hand, the fat content per adipocyte measured by ORO 
staining showed an increase in OD value 0.7 after early feeding (P<0.001), 
which was limited to a 0.4 OD increase after the late feeding (P=0.007). Fat 
droplets can grow by uptake of triglycerides into the cells and by fusion with 
other droplets [32]. The lower number of fat droplets, the increase in diameter 
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of the biggest droplets and the lower increase in fat content during the late 
phase seems in line with an increased contribution of fusion to the 
enlargement of fat droplets during the late feeding period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

3.2. Proteome and secretome changes during the early and late feeding 
period 

In total 1124 proteins were identified from cell lysates and 1264 proteins from 
collection medium, of which 393 cellular proteins and 246 secreted proteins 
were finally selected due to the lower missing value rate as well as secretome 
validation (Table S1). We then characterized the alterations of the proteome 
and secretome in the early and late feeding phase. After the early 4-day 
feeding (T14-T18), 82 cellular proteins (Table S2) and 62 secreted proteins 
were differentially expressed (Table S3). When it comes to the late 4-day 

Figure 1. Recording of adipocytes morphological changes since day 14. (A) Morphology 
of day 14 mature SGBS adipocytes, (B) after initial four days feeding (T18), and (C) 
after eight days feeding (T22). (D) Lipid accumulation was measured by Oil-Red-O as 
well as the mean diameter of the 5 biggest lipid droplets during T14, T18 and T22.  
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Figure 2. Subgroups of 
differentially changed proteins 
during early feeding (T14-T18) 
and late feeding (T18-T22) phase. 
For the cellular proteins, there 
were 82 proteins differentially 
expressed during early feeding and 
47 during late feeing, of which 21 
cellular proteins were overlapping. 
For the secretome, there were 62 
proteins differentially expressed 
during early feeding and 63 during 
late feeding, of which 24 secreted 
proteins were overlapping. 

feeding period (T18-T22), 47 cellular proteins (Table S2) and 63 secreted 
proteins (Table S3) significantly changed.  

3.3. Functional analysis of proteins changed during T14-T18 

Out of the 82 differential cellular proteins, 61 were unique for the early 
feeding period (T14-T18 (Figure 2), of which 20 proteins were up-regulated 
and 41 proteins down-regulated. In parallel, regarding the 62 differentially 
secreted proteins, 38 were unique for the early feeding period, of which 35 
proteins were up-regulated and only three proteins were down-regulated.  

 

 

 

 

 

 
 

 
 

Cluster analysis by STRING was performed of the 82 cellular and 62 secreted 
proteins, respectively (Figure 3). For the cellular proteins, a cluster of 
ribosomal proteins together with EIF4A1 and EIF5A showed up clearly. This 
cluster was linked to two smaller clusters, one formed by heat shock proteins 
(HSP90AB1, HSPA9, HSPA8, HSPB1) with HSPA8 as the node, and the 
other involving proteins for mitochondrial energy production (NDUFA3, 
NDUFAB1, NDUFS3, ATP5A1) linked through the ribosome cluster via 
EPRS (Figure 3A). For the secreted proteins, the predominant cluster was 
related to extracellular matrix modulation with collagen fibril formation 
(COL1A1, COL1A2, COL3A1, COL6A1, COL6A2, DCN, LUM, SPARC, 
VCAN, MGP). In addition, a cluster of complement factors was also observed 
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(C1R, C1S, C3, C4B, CFD, CLU) and a small cluster with secreted lysosomal 
cysteine peptidases (CTSB, CTSD, CST3, PSAP) (Figure 3B).  

  

 

 

 

 

 

 

 

 

 

 

 

 

Pooling the 82 cellular proteins and 62 secreted proteins, functional analysis 
using DAVID revealed 20 enriched pathways. The highest scoring pathways 
were “ribosome” and “ECM-receptor metabolism” (Table 1). 

Table 1. Pathways of significantly changed cellular and secreted proteins 

Sublist KEGG pathways during T14-T18 Count P-Value Benjamini 

1 Ribosome 10 4.9E-5 6.1E-3 

2 ECM-receptor interaction 7 7.7E-4 4.6E-2 

3 Legionellosis 5 4.7E-3 1.8E-1 

4 Staphylococcus aureus infection 5 4.7E-3 1.8E-1 

5 Protein digestion and absorption 6 5.0E-3 1.4E-1 

6 Amoebiasis 6 1.1E-2 2.4E-1 

7 Complement and coagulation cascades 5 1.1E-2 2.1E-1 

8 Carbon metabolism 6 1.4E-2 2.2E-1 

9 Pertussis 5 1.5E-2 2.0E-1 

Figure 3. Functional clusters of differential proteins during early feeding (T14-T18). (A): 
The 82 significantly changed cellular proteins during the early feeding period. (B): The 
62 significantly changed secreted proteins during the early feeding period. Potential 
clusters are indicated by a dashed line. 
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10 Biosynthesis of antibiotics 8 1.7E-2 2.1E-1 

11 Lysosome 6 1.8E-2 2.0E-1 

12 Protein processing in endoplasmic reticulum 7 2.0E-2 2.0E-1 

13 Renin-angiotensin system 3 3.4E-2 3.0E-1 

14 Metabolic pathways 23 4.7E-2 3.7E-1 

15 Glycolysis / Gluconeogenesis 4 5.2E-2 3.8E-1 

16 PPAR signaling pathway 4 5.2E-2 3.8E-1 

17 Galactose metabolism 3 5.5E-2 3.7E-1 

18 Alzheimer’s disease 6 6.1E-2 3.9E-1 

19 Antigen processing and presentation 4 7.1E-2 4.2E-1 

20 Systemic lupus erythematosus 5 8.9E-2 4.7E-1 

21 Pyruvate metabolism 3 9.1E-2 4.6E-1 

22 Huntington’s disease 6 9.5E-2 4.6E-1 

Sublist KEGG pathways during T18-T22 Count P-Value Benjamini 

1 Protein processing in endoplasmic reticulum 9 8.6E-5 1.0E-2 

2 Lysosome 7 5.5E-4 3.3E-2 

3 ECM-receptor interaction 6 8.4E-4 3.3E-2 

4 Focal adhesion 7 8.1E-3 2.2E-1 

5 Pathogenic Escherichia coli infection 4 9.3E-3 2.0E-1 

6 Shigellosis 4 1.7E-2 2.9E-1 

7 Bacterial invasion of epithelial cells 4 2.9E-2 4.0E-1 

8 Protein digestion and absorption 4 3.9E-2 4.5E-1 

9 PI3K-Akt signaling pathway 7 7.4E-2 6.4E-1 

10 Leukocyte transendothelial migration 4 7.5E-2 6.1E-1 

11 Staphylococcus aureus infection 3 7.8E-2 5.9E-1 

Pathways were analyzed by DAVID. Pathways in bold are overlapping during the early and 
late feeding period. 
 

3.4. Functional analysis of proteins changed during T18-T22 

Regarding the late feeding period (T18-T22), 26 out of 47 cellular differential 
proteins were unique for the prolonged feeding period (Figure 2), of which 
18 proteins were up-regulated and 8 proteins were down-regulated. Of the 63 
secreted differential proteins, 39 proteins merely showed up during the late 
feeding period, of which 23 proteins were up-regulated and 16 proteins were 
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Figure 4. Functional clusters of proteins significantly changed during late feeding (T18-
T22). (A): The 47 differentially expressed cellular proteins during the late feeding period. 
(B): The 63 differentially expressed secreted proteins during the late feeding period. 
Potential clusters are indicated by a dashed line. 

down-regulated. Notably, according to the subcellular localization recorded 
in UniProt [33], 10 out of the 47 proteins were cytoskeletal proteins and 8 of 
those changed significantly during the late period (PFN1, SEPT2, RHOA, 
SPTBN1, STOM, TUBA1C, MVP and VCL).  

Using STRING, the 47 cellular and 63 secreted proteins were arranged into 
functional clusters. As can be seen in Figure 4A, only a small cluster of 
cytoskeletal proteins linked to focal adhesion was observed with the cellular 
proteins (MME, RHOA, SEPT2, FPN1, SPTNB1, VCL, ITGB). For the 
secreted proteins, the most obvious cluster was collagen and collagen 
modification (COL1A1, COL6A1, COL15A1, MMP2, MMP8, TIMP4, 
SERPINH1) that linked to the small cluster with lysosomal peptidases (CTSA, 
CTSB, CTSD, PSAP) (Figure 4B). 
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After pooling the cellular and secreted proteins. the outcome of analysis with 
DAVID revealed as most significantly enriched pathways “protein processing 
in endoplasmic reticulum”, “lysosome”, “ECM-receptor interaction” and 
“focal adhesion” (Table 1).  

3.5. Comparing metabolic processes between early and late feeding 

Of the differentially secreted proteins of T14-T18 92% was up-regulated 
(35/38), whereas for T18-T22 this was 56% (23/39). However, of the 24 
overlapping proteins, the vast majority was up-regulated during both periods. 
Notably, 20 of the 24 proteins had a significant but lower fold change (FC) 
during T18-T22 than during T14-T18 (Figure 5). The four proteins that 
behaved differently were ADAM9, C4B, SEMA7A and PDIA4. It suggests 
that there is a leveling off of protein secretion over time.  

 

 

 

 

 

 

 

 

 

 

 

 

Proteins involved in the metabolism of glucose and fatty acids which 
significantly changed during the early feeding or late feeding period, are 
given in Table 2. Overall, 16/20 proteins (80%) changed during T14-T18 
whereas 7/20 proteins (35%) during T18-T22. Only 3 proteins were 

Figure 5. Secreted proteins (n=24) which significantly changed during both the early 
(T14-T18) and late (T18-T22) feeding periods.  
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differentially regulated in both periods. Overall this suggests that more 
metabolic regulation is happening during the early period, and that over time 
different regulatory mechanism are active. During T14-T18 seven proteins 
were identified related to the glucose metabolism. Another seven proteins 
play a role in lipid metabolism with the highest change for CPT2, which was 
1.41 × down-regulated suggesting a decreased import of fatty acids into the 
mitochondria. During T18-T22 only two of the seven proteins of the glucose 
metabolism changed with a 2.2 × up-regulation for ACLY. Four proteins of 
the lipid metabolism were observed to change including a 1.34 × down-
regulation of GPAM and a 1.21 × down-regulation of NDUFAB1. 

Table 2. Changes of metabolic proteins during early and late feeding period 

Items T14-
T18 

T18-
T22 Symbol Metabolism 

Glucose metabolism 

Hexokinase-1 ↓ ≡ HK1 Glycolysis: conversion of 
glucose to glucose-1-P 

Pyruvate kinase PKM ↑ ↑ PKM Glycolysis: conversion of PEP to 
pyruvate 

Pyruvate dehydrogenase E1 
component subunit beta ↑ ≡ PDHB Mitochondrial conversion of 

pyruvate to acetyl-coA 

Phosphoglucomutase-1 ↓ ≡ PGM 
Glycogen turnover: reversible 
conversion of glucose-1-P to 
glucose-6-P 

ATP-citrate synthase ↓ ↑↑ ACLY Cytoplasmic production of 
acetyl-coA from citrate 

NADP-dependent malic 
enzyme ↑ ≡ ME1 

Cytoplasmic conversion of 
malate to pyruvate and NADPH 
for FA synthesis 

Ethylmalonyl-CoA 
decarboxylase ↑ ≡ ECHDC1 

Conversion of ethylmalonyl-coA 
to butyryl-coA and acetyl-coA 
(ACACA byproduct) 

Fatty acid metabolism 

Very-long-chain enoyl-CoA 
reductase ≡ ↓ TECR FA synthesis: elongation of long 

chain FA 

Acyl-CoA desaturase ≡ ↑ SCD FA synthesis: desaturation of FA 

Glycerol-3-phosphate 
acyltransferase 1 ≡ ↓↓ GPAM 

TAG synthesis at sn1 site of 
phosphoglycerate (prefers 
saturated FA) 

Acyl carrier protein, 
Mitochondrial ↓ ↓↓ NDUFAB1 FA synthesis. also subunit of 

complex I 
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Acyl-coenzyme A 
thioesterase 13 ↑ ≡ ACOT13 

Converts Facyl-coA into FA and 
CoA (balances FFA and FA-
coA) 

Carnitine O-
palmitoyltransferase 2 ↓↓ ≡ CPT2 Import of FA into mitochondrial 

Very long-chain specific 
acyl-CoA dehydrogenase ↓ ≡ ACADVL Mitochondrial beta-oxidation 

Long-chain fatty acid 
transport protein 1 ↓ ≡ SLC27A1 Peroxisomal FA to FA-coA for 

beta-oxidation 

Fatty acid-binding protein ↓ ≡ FABP5 Fatty acid binding and transport 

Fatty acid-binding protein ↑ ≡ FABP7 Fatty acid binding and transport 

Others 

ATP synthase subunit O, 
mitochondrial ≡ ↑ ATP5O Complex V ATP production 

ATP synthase subunit 
alpha, mitochondrial ↓ ≡ ATP5A1 Complex V ATP production 

Catalase ↓ ≡ CAT Peroxisomal hydrogenperoxide 
conversion 

The changes of metabolic proteins were calculated via fold change (FC). DuringT14-T18 and FC 
was calculated by the abundance of T18 ÷ T14. Similarly, during T18-T22 and FC was calculated 
by T22 ÷ T18. ↑ means significantly up-regulated and ↓ means significantly down-regulated. ≡ 
means the change was not significant. The double arrow means the FC was above 2 (↑↑) or below 
2 (↓↓). 

 

4. Discussion  

In the present study we investigated the changes over time of the cellular 
proteome and of the secretome of human SGBS adipocytes under conditions 
of high glucose and high insulin. We identified 393 cellular proteins and 246 
secreted proteins for further analysis. Pathway analysis, functional clustering 
analysis, metabolic proteome changes and morphologic characterization of 
the adipocytes allowed us to determine time-dependent changes in the 
molecular and metabolic processes of the adipocytes.  

Early feeding of mature adipocytes with high glucose in the medium seemed 
to promote the production of pyruvate (upregulation of PKM, ME1) and of 
mitochondrial acetyl-CoA (up-regulation of PDHB). Cytoplasmic production 
of acetyl-CoA was decreased (downregulation of ACLY). Regarding the lipid 
metabolism, seven proteins were differentially expressed during the early 
feeding period. Changes of protein abundances were in line with a lowering 
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of beta-oxidation in mitochondria (downregulation of CPT2, ACADVL and 
NDUFAB1) and in peroxisomes (downregulation of SCL27A1 and CAT) 
accompanied by increased de-esterification of fatty acyl-CoA (up-regulation 
of ACOT13). Altogether, this indicates that during T14-T18 the adipocytes 
prefer to use glucose as fuel and prefer to store the lipids in agreement with 
the increase of the lipid content and size of the biggest fat droplets. The 10 
clustered ECM proteins in the secretome with the addition of LAMB2 and 
DAG1 are all up-regulated, which is in line with an increased fat load causing 
vulnerability of adipocytes for mechanical disruption and the need to 
synthesize a protective ECM. Despite the increased capacity of pyruvate 
production, down-regulation of HK1 (FC=-1.07, P=0.008) suggests a down-
grading of glycolysis, which seems to be accompanied by a decreased 
mitochondrial production of ATP (down-regulation of NDUFA3, NDUFAB1, 
NDUFS3, ATP5A1). A reduction of the available energy could explain the 7% 
- 28% down-regulation of translation indicated by the clustered ribosomal 
proteins, translation initiation factors EIF4A1 (FC=-1.13, P<0.001) and 
EIF5A (FC=-1.07, P=0.02), and the down-regulation of SARS (FC=-1.09, 
P=0.03). Under those circumstances, the increased abundance of ECM 
proteins could either be the consequence of increased post-translational 
processing of precursor proteins induced by high insulin [34] or may 
represent a funneling of translational energy consumption towards the 
production of ECM proteins essential for survival of the adipocytes [35, 36]. 
Because several important collagen-modifying enzymes (PCOLCE, 
PCOLCE2, P3H1, P4HA4, PLOD1, PLOD3) do not significantly change 
during the early nor the late feeding, a funneling of the translational energy 
consumption seems more likely, but this has to be further investigated. 

The adjusted levels of most of the glucose converting enzymes do not further 
change during T18-T22. Only the final step of glycolysis by PKM is further 
increased. Notably, ACLY is significantly up-regulated (FC=2.20, P=0.05), 
which could boost the production of cytoplasmic acetyl-CoA. This can be 
used by the adipocytes for de novo fatty acid synthesis by the enzyme acetyl-
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CoA carboxylase (ACACA, ACACB). Both ACACA and ACACB do not 
change significantly during each of the feeding periods. Yet, some degree of 
de novo fatty acid synthesis is supported by the up-regulation of ECHDC1 
during T14-T18, which breaks down ethylmalonyl-coA as a by-product of 
ACACA, and by the upregulation of SCD during T18-T22. On the other hand, 
the abundance of fatty acid synthase (FASN) did not change during the early 
and late feeding period (FC=-1.01, P=0.75 and FC=1.03, P=0.70 
respectively). Notably, during the late feeding period the more advanced steps 
of lipid synthesis seem to be reduced by downregulation of TECR (FC=-1.18, 
P=0.03) which catalyzes the final step of very-long-chain fatty acid synthesis, 
and of GPAM (FC=-1.34, P=0.01) which catalyzes the first step of 
triglyceride synthesis, for which it prefers saturated fatty acids. The reduced 
production of triglycerides is in line with the lower increase of the lipid 
content of the adipocytes. Because the fat droplets still grow considerably 
bigger during this period, there seems to be a transition from uptake of lipids 
into the droplets to the fusion of small to big droplets [37]. In line with this, 
far less ECM proteins were up-regulated during this period (COL1A1, 
COL6A1, COL15A1, NID2) in a cluster with up-regulated ECM-processing 
enzymes (MMP2, MMP8, TIMP4, SERPINH1). In addition, over time the 
small cluster with lysosomal proteases changed towards a more active profile. 
During early feeding, CTSB and CTSD cluster with CST3, which is an 
inhibitor of cysteine proteases, and with PSAP which can ameliorate the 
inhibitory activity of CST3 [38]. In the late stage, CTSB, CTSD and PSAP 
are further up-regulated but the inhibitor CST3 is not. Therefore, it is no 
longer part of the cluster, but another protease CTSA becomes part of it. It 
suggests that during the late feeding phase the ECM does not anymore have 
to grow, but needs to be maintained.  

Since adipocyte overgrowth in vivo may be accompanied by the development 
of insulin resistance [12, 39, 40], we checked the insulin sensitivity of our 
cells by determining the phospho-AKT/AKT ratio at T14, T18 and T22. The 
ratio at T22 was reduced by 35% as compared to T14. Although this was not 
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significant (P=0.14; Supplemental Figure S1), it suggests that the cells are 
developing insulin resistance over time. Notably, the above-mentioned 
measurement does not provide the real cell ability to respond to insulin as we 
did not compare it to insulin-starved cells. Therefore, it remains possible that 
already in the first four days there was a reduction of insulin sensitivity. This 
could explain why two insulin-stimulated enzymes, ACLY and HK1, are 
down-regulated during T14-T18. Partial insulin resistance could reduce the 
production of cytoplasmic acetyl-CoA from citrate released by the 
mitochondria, where it is produced from pyruvate. As such, lipid production 
is already reduced in the early feeding stage, which could be regarded as a 
cellular response to limit overgrowth.  

Notably, during both periods of high glucose and high insulin feeding various 
factors of the complement system were significantly altered in abundance. 
During T14-T18 we found C1R, C1S, C3, CFD, C4B and CLU strongly up-
regulated (FC=1.9-4.6), whereas during T18-T22 up-regulation of C3, C4B 
and CLU (FC=1.6-3.7) continued together with up-regulation of  CFB 
(FC=3.2) and down-regulation of CFH (FC=-1.7). For the moment, we do not 
know the biological relevance of these changes, but it is tempting to suggest 
that it somehow relates to the increased inflammatory nature of hypertrophic 
AT [41, 42]. 

It should be noticed that the culture conditions that we used here with high 
glucose and high insulin are not directly comparable with in vivo conditions 
observed in cases of glucose intolerance or diabetes. However, our in vitro 
system could shed light on the changes of adipocytes as they move from the 
mature state (T14) to a state with maximum lipid load (T22). As such, the 
observed changes could mimic what happens in vivo during the development 
of adipocyte hypertrophy.  

In summary, in the early stage the adipocytes seem to prefer pyruvate as 
energy source, whereas beta-oxidation is down-regulated supporting lipid-
loading. Also, glycolysis is being limited which is accompanied by reduction 
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of protein translation. Over time, lipid loading of the cells reduces paralleled 
by a reduction of the triglyceride synthesis capacity. Consequently, fusion 
becomes relatively more important for growth of lipid droplets during the late 
stage. Nevertheless, ECM formation is promoted probably to protect the lipid-
loaded cells against mechanical rupture.  

5. Conclusions 

In conclusion, the present in vitro system provides insight into the molecular 
and metabolic changes of mature adipocytes under conditions of high glucose 
and insulin, which may help to understand the process of in vivo adipocyte 
hypertrophy during the development of obesity. Here we have used SGBS 
cells, but similar studies can now be performed in primary adipocytes or 
induced adipose tissue-derived stem cells (iASCs) of both subcutaneous and 
visceral adipose tissue to link depot-specific proteome and secretome changes 
of overgrowing adipocytes to metabolic consequences in humans. 
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Abstract 

Long-term weight loss maintenance is a core problem of overweight and 
obesity management. Changes of gene expression during weight loss (WL) 
by calorie restriction (CR) are linked to the risk for weight regain (WR). 
However, detailed information on genes/proteins involved in the mechanism 
is still lacking. Therefore, we developed an in vitro model system for glucose 
restriction (GR) and refeeding (RF) to uncover proteome differences between 
GR with RF vs normal feeding, of which we explored the relation with WR 
after WL. Human Simpson-Golabi-Behmel Syndrome cells were subjected to 
changing levels of glucose to mimic the condition of CR and RF. Proteome 
profiling was performed by liquid chromatography tandem mass 
spectrometry. This in vitro model revealed 44 proteins differentially 
expressed after GR and RF versus feeding including proteins of the focal 
adhesions. Four proteins showed a persistent up- or down-regulation: liver 
carboxylesterase (CES1), mitochondrial superoxide dismutase [Mn] (SOD2), 
alpha-crystallin B-chain (CRYAB), alpha-enolase (ENO1). In vivo weight 
loss-induced RNA expression changes linked CES1, CRYAB and ENO1 to 
WR. Moreover, of these 44 proteins CES1 and glucosidase II alpha subunit 
(GANAB) during follow up were correlated with WR. Correlation clustering 
of in vivo protein expression data indicated an interaction of these proteins 
with structural components of the focal adhesions and cytoplasmic filaments 
in the adipocytes.  

 

Keywords: In vitro fat-regain; SGBS adipocytes; proteomics; weight regain; 
focal adhesion.  
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Introduction 

Overweight and obesity are major risk factors for various health 
complications like type II diabetes, cardiovascular disorders, sleep apnea and 
certain types of cancer [1-4]. The prevalence of overweight and obesity is 
increasing worldwide and to date not a single country has successfully 
reversed its epidemic [5-7]. Remedies to obesity are losing weight by dietary 
intervention, increased physical activity, pharmacological treatment or 
surgical treatment [1, 8-10]. However, up to 80% of individuals who lose 
weight on a low energy diet, usually regain weight and often return to their 
original weight or even beyond it, within one or two years [2, 11-17]. The 
common phenomenon of weight regain not only makes reduction of body 
weight less efficient, but also appears to induce an increase in the risk of 
metabolic complications [18]. As such, weight cycling is a core problem of 
overweight and obesity [5, 14, 19]. Therefore, it is important to gain more 
knowledge on the conditions and mechanisms of weight regain after weight 
loss in order to preserve reduced weight and the accompanying health 
improvements. 

Various factors such as psychosocial and lifestyle influences are involved in 
regaining weight [12, 20], but recent studies have led to a growing awareness 
on the involvement of physiological and molecular parameters related to the 
adipose tissue and the adipocytes [21-23]. Changes of gene expression during 
weight loss by calorie restriction (CR) and during the first weeks after return 
to energy balance were linked to the risk for weight regain. This involved in 
particular genes for components of the extracellular matrix or genes 
responsive to cell stress [24]. In order to find additional mechanistic leads we 
decided to study the proteome of adipocytes in vitro and compare normal 
feeding with refeeding (RF) after GR. Human Simpson-Golabi-Behmel 
Syndrome (SGBS) cells have proven to be an optimal and unique model for 
studying human adipocyte biology because of their morphological, 
biochemical and functional similarity to primary human adipocytes [25-27]. 
Here we have subjected SGBS adipocytes to glucose restriction (GR) and RF, 
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Figure 1. Schematic overview of the study design. SGBS pre-adipocytes at time point T0 
were differentiated for 14 days. Then, mature adipocytes were used to start a control group 
for normal feeding (4 days) and a test group for glucose restriction (4 days) and refeeding 
(4 days). GR: glucose restriction, RF: refeeding. 

and studied the changes of the cellular proteome in conjunction with changes 
in fat droplet size. Findings of proteins differentially regulated in this in vitro 
study were compared with data from a previous in vivo study, referred to as 
the Yoyo-study, in which weight regain after weight loss was investigated [19, 
24].  

Methods 

Study Design  

 

 

 

 

 

 

 

 

SGBS pre-adipocytes at time point T0 went through a 14-day differentiation 
process (Figure 1). Mature adipocytes on day 14 (T14) were randomly 
divided into 2 research lines: control group and test group. For the control 
group, SGBS adipocytes were cultured under normal feeding conditions for 
4 days till day 18 (T18). For the test group, SGBS adipocytes first went 
through a 4-day condition of low-glucose (glucose restriction till day 18, 
T18GR), subsequently the medium was switched to normal feeding 
conditions for another 4 days (RF till day 22, T22RF). Cell growth was 
closely monitored by microscopy and fat droplets were recorded every second 
day from T14 onwards to give information on morphologic changes during 
GR and RF. Cellular proteins were isolated at time points T14, T18, T18GR 
and T22RF. Finally, proteome profiling was performed by liquid 
chromatography tandem mass spectrometry (LC-MS/MS) to uncover cellular 
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processes involved in the different stages of the SGBS cells. The entire 
experiment was repeated three times and for each experiment cell culture was 
performed in triplicate. 

Cell culture and induction of differentiation 

Human SGBS pre-adipocytes of passage 7 were cultured in Gibco™ 
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) 
Media (Life Technologies) supplemented with 66 mmol/L biotin, 34 mmol/L 
D-pantothenate (Sigma-Aldrich), 10% fetal calf serum (Bodinco BV) and 1% 
penicillin and streptomycin (Life Technologies) as described before [27]. At 
passage 9 cells were seeded in 6-well plates (Corning Life Sciences, 
Amsterdam, The Netherlands) with the amount of 3 × 104 cells per well. 
Every two days, the medium was refreshed. Once the pre-adipocytes reached 
90% confluence (T0), the medium was changed to serum-free DMEM/F12 
differentiation medium containing 2 mg/mL human transferrin, 200 µmol/L 
human insulin, 5 mmol/L cortisol, 20 µmol/L triiodothyronine, 1 mmol/L 3-
isobutyl-1-methylxanthine and 5 mmol/L rosiglitazone (Sigma-Aldrich). 
After 4 days the medium was changed to serum-free DMEM/F12 medium 
containing 2 mg/mL human transferrin, 200 µmol/L human insulin, 5 mmol/L 
Cortisol, 20 µmol/L triiodothyronine. Every second day, the differentiation 
medium was refreshed. After 14 days, 85-88% of pre-adipocytes were 
differentiated into mature adipocytes (T14). To determine cell numbers, pre-
adipocytes were trypsinized and counted with a hemocytometer (Countess), 
adipocytes were counted using a raster ocular. 

Glucose restriction and refeeding 

For GR experiments, mature adipocytes (T14) were cultured in DMEM/F12 
(1:1) without glucose and phenol red (Cell Culture Technologies), 
supplemented with 20 nmol/L human insulin and 0.1 mmol/L glucose for 96 
hours (T18GR). As control, mature adipocytes (T14) originating from the 
same pre-adipocytes were cultured 96 hours in normal feeding medium: the 
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same DMEM/F12medium supplemented with 20 nmol/L human insulin and 
17.5 mmol/L D-glucose (T18) [28].  

For RF experiments, after 96 hours under GR, the cells were cultured in 
DMEM/F12 medium supplemented with 20 nmol/L human insulin and 17.5 
mmol/L D-glucose for another 96 hours (T22RF). From T14 onwards, 
medium was gently refreshed every second day.  

Monitoring fat droplet size 

The average diameter of all measurable fat droplets is an underrepresentation 
of the average diameter of all fat droplets. Therefore, we decided to determine 
the mean diameter of the five biggest fat droplets as a parameter related to 
turnover of stored fat during feeding, GR and RF [29]. In detail, cell growth 
was closely recorded from T0 onwards using a Nikon Eclipse TS100 
microscope equipped with a Digital Sight microscope camera control unit 
(DS-L3), (Nikon). After day 14, every second day approximately 300 
adipocytes were randomly chosen on the image. Meanwhile, in each figure 
recording at 400 × magnification, the five biggest fat droplets per cell were 
selected by eye and their diameters were measured. If selection by eye was 
not possible, the diameters of the eight biggest droplets were measured and 
the five biggest ones were selected based on the measured values. Finally, we 
calculated the mean diameter of the five biggest fat droplets.  

Oil Red O (ORO) staining  

Cells were washed twice with PBS, then incubated with 3.7% formaldehyde 
for one hour. During incubation, the number of adipocytes was determined 
using a raster ocular. After rinsing the cells with Milli-Q and 70% ethanol, 
the liquid was aspirated completely. 0.5-gram Oil Red O (Sigma-Aldrich) was 
dissolved in 50 mL isopropanol (Sigma-Aldrich), 30 mL of this solution was 
mixed with 20 mL Milli-Q water and filtered through a 0.2 µmol/L device. 
Aspirated cells were stained with this ORO working solution for 30 min. 
After staining, cells were washed 8 times 30 seconds with 70% ethanol, then 
washed twice with Milli-Q for 5 min and finally cells were dissolved in 2 mL 
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DMSO (Sigma-Aldrich). The OD value was determined at 540 nm. The ORO 
value was corrected for the number of cells as follows: OD corrected value = (OD 
measured value/amount of cells) × 105.  

Protein isolation   

For protein isolation, cells were collected at each of the above time points for 
both the control and test group. In detail, wells with cultured cells were 
washed twice with PBS buffer and lysed with SDT buffer (2% sodium 
dodecyl sulfate/ 50 mmol/L dithiothreitol/ 100 mmol/L Tris-HCl pH = 7.6), 
300 µL per well. Cells were scraped off with a cell scraper (Corning) and the 
lysate was collected in tubes, then heated at 95 °C for 5 min. After heating, 
samples were sonicated in three 20-second cycles and centrifuged at 16000 × 
g for 5 min at 20 °C, then the supernatant was carefully transferred to another 
tube. All samples were stored at −80 °C for protein digestion and LC-MS/MS. 
The entire experiment was performed three times and for each experiment 3 
wells of cells were available for each protein isolation at all the time points.  

Protein sample preparation and digestion  

Amicon Ultra 0.5 mL centrifugal filter devices (Sigma-Aldrich) were soaked 
overnight with 5% Tween 20. Filter devices were washed by immersion in 
Milli-Q for 10 min with 600 rpm shaking, then 500 µL Milli-Q was added 
and filter devices were centrifuged at 14000 × g at 20 °C for 25 min. 
Subsequently, the filter unit was inserted in a filtrate collection vial. Protein 
sample was added into the filter unit, centrifuged at 14000 × g at 20 °C for 30 
min. After the solution in the collection vial was discarded, the filter was 
inverted and centrifuged at 2000 rpm at 20 °C for 2 min. 

For alkylation, 50 µL of the filter-concentrated sample was mixed with 50 
mmol/L iodoacetamide in a volume of 500 µL and incubated for 30 min in 
the dark. The entire volume was transferred into the filter device and 
centrifuged at 14000 × g at 20 °C for 30 min. Next, several steps were 
undertaken to remove sodium dodecyl sulfate and dithiothreitol. 500 µL of 8 
mol/L urea supplemented with 4% sodium deoxycholate was added into the 
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filter device, and centrifuged at 14000 × g at 20 °C for 45 min. This step was 
repeated twice with 500 µL of 8 mol/L urea and then twice with 50 mmol/L 
ammonium bicarbonate. Next, the concentrated protein sample was collected 
by inverting the filter unit and centrifugation at 1000 ×g for 5 min. Protein 
concentration was determined using the microplate BCA protein assay 
according to the manufacturer’s protocol (Pierce, Thermo Fisher Scientific; 
23252). For protein digestion, 42 µg protein of time points T14, T18, T18GR, 
T22RF was supplemented with 1 µg trypsin/Lys-C Mix (Thermo Fisher 
Scientific; V5073) and incubated for 9-14 hours at 37 °C.  

Sample desalting 

After overnight digestion the peptide samples were cleaned from residual 
sodium deoxycholate and SDS by precipitation with an equivalent volume of 
4 mol/L potassium chloride, acidified to pH 1 to 2 with 2% formic acid. In 
detail, the samples were vortexed for 30 seconds, incubated for 5 min at room 
temperature to form precipitates, and subsequently centrifuged at 15700 ×g 
for 15 min to pellet the precipitate. The supernatant was carefully removed 
and transferred to new tubes and acidified with 100% formic acid (FA) to pH 
1 to 2 with pH paper. Then peptide samples were desalted with a StageTip 
C18 column [30]. Briefly, the column made by stacking 3 layers of a 3 M 
Empore C18 anion exchange disk (Thermo Fisher Scientific) into a 10 µL 
micropipette tip, was pre-rinsed with 50 µL 70% acetonitrile (ACN) and 
equilibrated with 50 µL FA by air pressure. Then the sample was loaded on 
the column and eluted with 30 µL 70% ACN/5% FA, and the desalted sample 
was collected in a clean LoBind tube (Eppendorf, Sigma-Aldrich). Peptides 
were dried under vacuum (Concentrator plus, Eppendorf) and labelled with 
TMT 10plex Mass Tagging Kits (Thermo Fisher Scientific; 90111) according 
to the manufacturer’s protocol. In short, 42 µg peptides were diluted into 84 
µL of 50 mmol/L triethyl ammonium bicarbonate. The labeling reaction was 
incubated for 1 hour at room temperature and quenched 15 min by adding 8 
µL of 5% hydroxylamine. Equal amounts of combined samples were 
transferred into a new micro-centrifuge tube for LC-MS/MS. 
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Protein identification using LC-MS/MS 

A nanoflow HPLC instrument (Ultimate 3000, Dionex) was coupled on-line 
to a Q Exactive mass-spectrometer (Thermo Scientific) with a nano-
electrospray Flex ion source (Proxeon). The final concentration of the TMT 
labeled digest/peptide mixture was 0.33 μg/µL and 5 µL of this mixture was 
loaded onto a C18-reversed phase column (Thermo Scientific, Acclaim 
PepMap C18 column, 75-μm inner diameter × 15 cm, 2-μm particle size). The 
peptides were separated with a 120 min linear gradient of 4-68% buffer B (80% 
acetonitrile and 0.08% formic acid) at a flow rate of 300 nL/min.  

MS data was acquired using a data-dependent top-10 method, dynamically 
choosing the most abundant precursor ions from the survey scan (280-1400 
m/z) in positive mode. Survey scans were acquired at a resolution of 70000 
and a maximum injection time of 120 ms. Dynamic exclusion duration was 
30 s. Isolation of precursors was performed with a 1.8 m/z window and a 
maximum injection time of 200 ms. Resolution for HCD spectra was set to 
30000 and the Normalized Collision Energy was 32 eV. The under-fill ratio 
was defined as 1.0%. The instrument was run with peptide recognition mode 
enabled, but exclusion of singly charged ions and charge states of more than 
five. 

Database search, quantification, normalization and pathway analysis 

The MS data were searched using Proteome Discoverer 2.2 Sequest HT 
search engine (Thermo Scientific), against the UniProt human database. The 
false discovery rate (FDR) was set to 0.01 for proteins and peptides, which 
had to have a minimum length of 6 amino acids. The precursor mass tolerance 
was set at 10 ppm and the fragment tolerance at 0.02 Da. One miss-cleavage 
was tolerated, oxidation of methionine was set as a dynamic modification and 
carbamidomethylation of cysteines, TMT reagent adducts (+229.162932 Da) 
on lysine and peptide amino termini were set as fixed modifications. The data 
of each run was normalized to the total peptide amount in each channel and 
to compare between the runs scaled to time point T18. Quantified changes of 
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identified proteins were used to perform pathway analysis and visualization 
by the PathVisio software version 3.3.0 [31, 32]. 

Data collection from in vivo study 

To compare the proteomic changes in vitro and in vivo and further explore 
the possible relation with weight regain, 53 human participants’ proteome 
quantification and microarray analysis data were extracted from the Yoyo 
study (registration number: NCT01559415, [33]). The process of data 
collection was shown in a flowchart (see Supplemental Figure 1). In short, 
the Yoyo study was a weight loss/follow-up intervention study on 61 
overweight/obese persons. Anthropometric measurements were done and 
samples including adipose tissue biopsies were taken before weight loss (T1), 
after a (very) low calorie diet for 5 weeks or three months to lose 
approximately 8% body weight (T2), after 4 weeks of being maintained on a 
balanced diet (T3), and after a 9 month follow-up period (T4). Protein 
quantification and microarray analysis were carried out as previously 
described [34]. Changes in RNA level from T1 to T3 were obtained from 
microarray analysis data. RNA data at T4 were not available. Changes in 
protein level from T1 to T4 were collected from protein quantification data.  

Statistical analyses 

Data were presented as mean ± SEM. Statistical analyses were conducted 
using SPSS version 22.0 for Windows 10 (SPSS Inc., Chicago, IL, USA). 
Fold change (FC) was calculated during continued feeding, GR and RF, 
respectively. All variables were checked for normal distribution by Shapiro-
Wilk’s test, P > 0.05 was considered as the threshold for normal distribution. 
For variables with normal distribution, paired t-test was used to compare 
values within a group at different time points; independent t-test was used for 
the comparison between control group and test group. For variables with a 
skewed distribution, Wilcoxon test was used. Spearman Rho’s correlation 
coefficients were calculated for relationships between parameters at different 
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time points. In statistical analyses, P < 0.05 was considered to be significant, 
unless otherwise stated. 

Results 

The morphology changes of adipocyte fat droplets during glucose 
restriction and refeeding 

Mature SGBS adipocytes were treated according to the experiment overview 
of Figure 1. On day 14 (T14) 85-88% pre-adipocytes had differentiated into 
mature adipocytes, which were occupied by fat droplets. The average 
diameter of the five biggest droplets per adipocyte was 0.83 ± 0.01 µm. The 
control group was maintained for 4 days on 17.5 mmol/L glucose, which led 
to an increase in fat droplet size. On day 16 the diameter had significantly (P 
= 0.01) increased to 0.97 ± 0.01 µm and it continued to increase significantly 
(P = 0.01) to 1.13 ± 0.01 µm on day 18 (T18). The test group underwent GR 
for 4 days with 0.1 mmol/L glucose. Despite the glucose restriction, the 
diameter increased slightly up to 0.88 ± 0.02 µm on day 16 and 0.93 ± 0.01 
µm on day 18 (T18GR). Both these changes (T14-T16GR and T16GR-
T18GR) were not significant (P = 0.26 and P = 0.24, respectively), whereas 
the 4-day change (T14-T18GR) reached borderline significance (P = 0.05). 
After 4 days GR, the medium was adjusted to 17.5 mmol/L glucose and the 
cells were cultured for another 4 days. In the first two days, the diameter of 
fat droplets took a sharp rise, going up from 0.93 ± 0.01 µm at T18GR to 1.13 
± 0.02 µm on day 20 (P = 0.007). It continued to increase to 1.30 ± 0.001 µm 
on day 22 (T22RF) (P = 0.036).  
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Figure 3. Diameter of fat droplets for the different stages from T14 onwards.  

Figure 2. Recording of mature SGBS adipocytes during the experiment. (A): mature 
adipocytes at time point T14, (B): adipocytes at T18, (C): adipocytes at T18GR, (D): 
adipocytes at T22RF. (A), (B), (C), (D) are all shown at 400 × magnification by the 
microscope camera system. GR: glucose restriction, RF: refeeding. 
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Figure 2 shows images of the cells at the different time points. The diameter 
values have been graphically depicted in Figure 3 (see also Supplemental 
Table 1). This analysis shows that the increase of fat droplet size follows 
similar kinetics during the 4-day feeding (T14-T18) and 4-day RF period 
(T18GR-T22RF) suggesting a rapid return to the normal metabolism after GR. 
The increase in diameter was 0.30 µm for T14-T18 and 0.37 µm for T18GR-
T22RF, respectively. Although not significant (P = 0.07), it may suggest that 
GR stimulates fat droplet size resulting in a larger diameter of the fat droplets 
after RF. In line with a higher fat droplet diameter after GR and RF, the OD 
values after ORO staining were 1.55 ± 0.03 at T18 after 4 days normal feeding 
and 1.69 ± 0.03 after 4 days GR and 4 days RF (P = 0.13) (Supplemental 
Table 1). 

Proteomics analysis of glucose restriction (T14 vs T18GR) 

Because during the 4-day GR, the diameter of the fat droplets still seemed 
somewhat to increase, we were curious to see if and how the cells had changed 
their metabolism. Proteomics analysis revealed that from a total of 393 
proteins, 73 proteins had changed significantly after 4 days GR, 39 increased 
and 34 decreased (Figure 4A, Supplemental Table 2). Using the log2 (FC) 
and P values of the 393 proteins for pathway analysis, 28 pathways were 
picked up according to the PathVisio over-representation analysis 
(Supplemental Table 3; Z score >1.96, P < 0.05) [31], but only 12 pathways 
had more than 1 measured protein. More detailed analysis of these data 
showed that beta-oxidation is up-regulated (Supplemental Figure 2) and de 
novo fatty acid synthesis is down-regulated (Supplemental Figure 3) during 
GR. Despite the slight increase of fat droplet size, after 4 days the metabolism 
of the adipocytes seems to have responded as expected to the restriction of 
glucose and adjusted the fatty acid handling. Further, we observed a 
significant up-regulation of various subunits of the F1-complex and Stalk of 
the Complex V ATP synthase (Supplemental Figure 4). An increase in the 
synthesis of ATP through the electric transport chain may compensate for the 
loss of ATP production during glycolysis. 
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Proteomic comparison of feeding and refeeding: T18 vs T22RF 

Since the 4-day RF shows similar kinetics as the 4-day feeding for the 
increase of the measured fat droplet size, it can be expected that the cellular 
metabolism after GR has re-adjusted to the normal feeding condition. As such, 
differences in protein abundance between T18 and T22RF will reflect 
sustained effects of GR after return to normal feeding. Proteome analysis of 
the RF phase showed that most proteins that were significantly up- or down-
regulated during GR, reversed their expression during RF in line with a return 
to the normal feeding state. For instance, fatty acid synthase (FASN), the 
driver of de novo fatty acid synthesis, was significantly down-regulated 
during GR and significantly up-regulated during RF. Comparing the 
proteome of T18 and T22RF revealed 44 significantly different proteins 

Figure 4. In vitro proteomic changes in adipocytes at different time period. (A): Proteins 
significantly changed during GR. (B): Proteins significantly changed during RF after GR 
versus feeding. Dependent T-test was used for normal distributed variables, otherwise 
Wilcoxon test was used. P < 0.05 was considered significantly different. GR: glucose 
restriction, RF: refeeding. 
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(Figure 4B, Supplemental Table 4). Over-representation analysis revealed 
six significant pathways with a coverage between 4% and 43% with at least 
two differential proteins. One of these pathways is ‘Integrin-mediated Cell 
Adhesion’. In fact, 5 of the 44 differential proteins are closely associated with 
focal adhesions: integrin beta-1 (ITGB1), vinculin (VCL), filamin-A (FLNA), 
plectin (PLEC) and profilin (PFN1). The first four are significantly up-
regulated, whereas profilin is down-regulated. It suggests a profound 
dynamics of the focal adhesions induced by GR preceding normal feeding.  

Of the 44 differential proteins, 9 proteins had a significant change in 
abundance during GR (T14-T18GR) as well as during RF (T18GR-T22RF). 
Five of them showed the opposite changes during GR and RF suggesting that 
they were in the process of readjusting to the normal feeding state. Of the 
other four proteins, three showed a constitutive up-regulation: liver 
carboxylesterase (CES1), mitochondrial superoxide dismutase [Mn] (SOD2), 
alpha-crystallin B-chain (CRYAB), and one showed down-regulation: alpha-
enolase (ENO1). As these four proteins appeared to have their expression 
reset by GR, we decided to investigate their relation with weight regain.  

Assessing the link between constitutively regulated proteins with weight 
regain in vivo 

In order to assess the link between these four proteins and weight regain, we 
examined gene and protein expression data of the Yoyo study [19] (see 
Methods section). As can be seen in Table 1 the change in RNA expression 
during the intervention (T3-T1) is significantly correlated with the percentage 
weight regain for CES1, CRYAB and ENO1. At the protein level, only CES1 
was significantly correlated with percentage weight regain (r = 0.397, P = 
0.012), not for the change during the intervention (T3-T1) but during the 
follow-up (T4-T3). In addition, 29 of the 44 proteins for which there was 
information in the Yoyo study, besides CES1 also Glucosidase II alpha 
subunit (GANAB) was correlated with WR during follow-up (r = 0.47, P = 
0.02).   
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Table 1. Correlations of RNA and protein changes with weight regain percentage 

 RNA (T3-T1)  Protein (T3-T1)  Proteins (T4-T3) 

Name of values r value P value   r value P value   r value P value 

CES1 0.56 < 0.001  0.24 0.13  0.397 0.01 

CRYAB 0.54 < 0.001  0.07 0.67  -0.10 0.53 

SOD2 0.15 0.31  0.04 0.82  -0.17 0.31 

ENO1 0.42 0.002   0.01 0.53   0.07 0.69 

Weight regain percentage: ((weight after follow up T4 - weight after WS T3）÷ weight 
after WS T3) × 100%.  Correlation coefficients (r value) was calculated by Spearman 
Rho's, P value < 0.05 was considered as significantly correlated. 

Correlation clustering of CES1, CRYAB, ENO1 and GANAB with 
adhesome proteins 

A function for CES1, CRYAB, ENO1 and GANAB in weight regain has not 
been proposed, but a role for focal adhesions has been suggested [24]. 
Therefore, we tried to find out whether there was a link between these proteins 
and the focal adhesion complex. For that purpose, we constructed a co-
correlation plot (T4-T3) between these four proteins and 37 proteins of the 
focal adhesome [35] that were identified in the Yoyo study (for gene names 
see Supplemental Table 5). Hierarchical clustering revealed several 
interacting groups. Focusing on significant correlations (Figure 5), this 
showed that CES1 and CRYAB correlate negatively with integrin beta-3 
(ITGB3), FLNA, alpha-actinin (ACTN1) and talin (TLN1). Other proteins 
that negatively correlated with these four proteins are sorbin and SH3 domain 
containing 1 (SORBS1), heat shock protein 27 (HSPB1/HSP27) and vimentin 
(VIM). Further, GANAB correlated positively with cofilin (CFL1) and 
negatively with tensin-1 (TNS1), SORB1 and VIM. Notably, ITGB3, FLNA, 
ACTN1 and TLN1 correlate positively with each other and with vinculin 
(VCL), PFN1, CFL1, beta-actin (ACTB), integrin alpha-2B (ITGA2B) and 
LIM zinc finger containing 1 (LIMS1). CRYAB correlates with 20 of the 37 
investigated adhesome proteins. CRYAB and ENO1 correlate positively with 
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Figure 5. Cluster of significant correlations of CES1, CRYAB, ENO1 and GANAB with 
adhesome proteins in Yoyo study. Red line indicates significant positive correlation, blue 
line indicates significant negative correlation. 

tubulin alpha 1A (TUBA1A), tubulin alpha 4A (TUBA4A), moesin (MSN) 
and TNS1. Other proteins that correlate positively with the latter four proteins 
are HSPB1/HSP27, VIM, SORBS1 and caveolin (CAV1). These correlations 
were used to construct an interaction plot (see Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

In the present study, we established an in vitro model of GR and RF of SGBS 
adipocytes, investigated morphologic characteristics of adipocytes and fat 
droplets and analyzed the proteome changes during GR and RF. We observed 
that the RF phase closely mimicked the feeding phase with respect to the 
growth rate of the largest fat droplets, allowing us to assess the influence of 
GR before RF. We intended to uncover proteins of which the abundance in 
adipocytes was significantly different between 4 days feeding and 4 days RF. 
These proteins can be regarded as candidates for metabolic consequences of 
CR in vivo including the risk for weight regain and cardiometabolic 
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complications. 44 differential proteins were detected and four of them 
significantly changed expression in the same direction during GR and RF. In 
vivo, significant positive correlations were detected with weight regain 
percentage for CES1, CRYAB and ENO1 at the RNA level during the diet 
intervention (T3 to T1), and for CES1 and GANAB at the protein level during 
follow up (T4 to T3). In fact, ENO1 and CRYAB have been reported earlier 
as part of stress gene interaction networks in relation to weight regain [19, 
36]. This supports our in vitro strategy to identify relevant factors for 
metabolic consequences of CR.  

Carboxylesterase 1 is a serine esterase which functions in the detoxification 
of xenobiotics [37]. Studies have indicated that environmental pollution could 
be a risk factor for obesity [38, 39], although the evidence is not conclusive 
[40]. It may therefore be hypothesized that certain pollutants or food 
contaminants may contribute to the risk for weight regain after weight loss. 
People living in a more polluted area may retain higher levels of CES1 in the 
adipose tissue than people in a cleaner environment. According to our present 
observations, this might result in a higher risk of weight regain. 

Besides xenobiotic detoxification, CES1 seems to have various functions in 
the normal physiology of mammals [41]. In the mouse, its homologue Ces3 
has been demonstrated to have triacylglycerol hydrolase activity [42]. Such 
an activity would be in line with the upregulation that we observed during the 
glucose restriction. However, Jernas et al. [43] have shown that in humans 
CES1 gene expression reduces during CR and is linked to body fat and 
adipocyte fat content instead of lipolytic activity. Similarly, in the Yoyo study 
during the dietary intervention (T3-T1) both the RNA (FC = -1.56, P < 10-4) 
and the protein (FC = -1.22, P < 0.001) decreased [19]. It suggests that 
individuals, in whom the CES1 RNA and/or protein is less reduced during the 
dietary intervention, have higher risk for weight regain. This fat-preserving 
activity of CES1 is in line with the fact that mRNA levels in adipose tissue 
positively correlate with BMI and triglycerides besides cardio- and 
glucometabolic parameters [44]. 
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CRYAB is known as a component of the eye lens and as a chaperone protein 
involved in the regulation of oxidative and endoplasmic reticulum stress [45], 
but it may still have other functions in adipocytes. Stefan et al. [46] validated 
CRYAB as a novel adipokine and illustrated that its expression is strongly 
induced during adipogenesis, reaching a 10 times higher level in mature 
adipocytes than in pre-adipocytes. In adipocytes from obese patients, its 
abundance increases with age suggesting that it may be involved in obesity-
related complications. 

ENO1 is a well-known enzyme of the glycolysis. Hexokinase 1 and glycogen 
phosphorylase are higher at T22RF, which suggests an upregulation of the 
glucose conversion after the GR. This is in keeping with a higher abundance 
of annexin 2, which serves in the GLUT4 translocation to the membrane [47]. 
Boosting the metabolism by glucose without supplying fatty acids may 
explain the significantly lower level of fatty acid binding proteins 4 and 7, 
with consequences for the cellular fatty acid metabolism. De novo fatty acid 
synthesis is down-regulated during GR, but recovers during the RF phase. 
The persistent decrease of ENO1 during GR and RF seems in contrast to an 
increased glucose conversion. It suggests that ENO1 may serve yet another 
function in adipocytes. 

GANAB is a key glycoprotein quality control protein in endoplasmic 
reticulum, where it removes glucose residues from immature glycoproteins 
[48]. Mutations in the gene can cause polycystic kidney disease, but its roles 
for weight regain hasn’t been raised yet. 

Based on the annotated functions of CES1, CRYAB, ENO1 and GANAB, it 
is not clear what processes they favor during GR and RF in vitro or during 
weight regain after weight loss in vivo. Arguments have been presented that 
adipocyte stress which accumulates during fat loss, is a driving factor for fat 
regain during follow-up after return to energy balance [23]. This mechanical 
stress is concentrated at the focal adhesions linking the stress-fibers of the 
cytoplasm to the extracellular matrix [49-52]. In the present in vitro study, we 
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also observed a higher level of components of the focal adhesion when RF 
was compared to normal feeding. For instance, higher levels were seen of 
VCL, FLNA, ITGB1, PFN1, plectin and actin-related protein 2/3 complex 
subunit 2. Whereas VCL, FLNA and ITGB1 are core proteins of the focal 
adhesion complex, the other proteins bind to it. In 3T3L1 adipocytes and to 
some extend in SGBS cells, plectin has been shown to be part of the nesprin-
3/plectin/vimentin complex that forms a network around lipid droplets [53].  

We wondered if we could find a link between CES1, CRYAB, ENO1 and 
GANAB on one hand, and focal adhesions on the other. Using changes of 
protein abundance (T3-T4) of the Yoyo study, a network of significant 
correlations was constructed from these four proteins and 19 proteins 
belonging to intrinsic or peripheral components of the adhesome (Figure 5). 
This led to two positive clusters, of which one seems in function closer to the 
focal adhesion whereas the other has more components of structural filaments. 
These two clusters are mainly linked by negative correlations. Interestingly, 
CES1, CRYAB, ENO1 and GANAB interact with these clusters: CES1 
correlates negatively with the adhesion cluster, ENO1 positive with the 
filament cluster, CRYAB negatively with the adhesion and positive with the 
filament cluster, GANAB negatively with cytoskeletal filaments. This 
suggests that CES1, CRYAB, ENO1 and GANAB function in the 
intracellular reorganization of focal adhesions and cytoskeletal filaments. It 
can be hypothesized that in response to CR these proteins modify the 
adipocyte structural organization with an impact on the risk for weight regain.  

It should be noticed that CR in the present in vitro study was merely the result 
of GR. In addition, we kept the glucose concentration during the feeding 
(T14-T18) and RF (T18GR-T22RF) states at 17.5 mmol/L, which is the 
optimal level for SGBS differentiation and growth, but which poorly reflects 
the human physiological situation. Despite the rather strict conditions of GR, 
the diameter of the five biggest fat droplets per adipocyte slightly continued 
to grow. This may be due to nutrient resources available in the cells, but also 
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may reflect droplet-fusion [54]. Nevertheless, pathways of fatty acid and 
glucose handling responded as expected to CR and RF.  

Conclusions 

In this paper, we have reported on the in vitro identification of proteins of 
human SGBS adipocytes with a GR-modified expression level. CES1, 
CRYAB and ENO1, which are persistently up- or down-regulated during the 
GR-RF intervention. Correlation clustering revealed that, together with 
GANAB, these proteins interact with core and peripheral proteins of the focal 
adhesion complex and structural filaments. It suggests a role of these proteins 
in structural remodeling of the adipocytes. In vivo data analysis links these 
proteins to weight regain after weight loss. Since these findings are only 
suggestive, further research is needed to investigate their function in 
adipocytes in more detail and also their relevance for weight regulation.   
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(the list of genes and proteins names from in vitro and in vivo study involved 
in the whole study can be found in Supplemental Table 5 via the link, others 
supplemental material can also be found below). 

 

 

 

 

Supplemental Table 1. Changes of fat droplets diameter and OD value during GR and RF 

Time 
point Normal feeding  GR  RF 

(day) diameter 
(µm) OD value  diameter 

(µm) OD value  diameter 
(µm) OD value 

14 0.83 ± 0.01 0.88 ± 0.01  0.83 ± 0.01 0.88 ± 0.01  — — 

16 0.9 ± 0.01# —  0.88 ± 0.02 —  — — 

18 1.14 ± 0.01# 1.55 ± 0.03#*  0.93 ± 0.01* 1.24 ± 0.02 #*  0.93 ± 0.01* 1.24 ± 0.02 #* 

22 — —  — —  1.30 ± 0.001# 1.69 ± 0.03# 

Values were mean ± SEM. Glucose restriction (GR) started from day 14 to day 18, refeeding (RF) started on day 
18. *P < 0.05, change at the same time point between normal feeding group and GR or refeeding group, independent 
T-test was used. # P < 0.05, change between this time point and previous time point within group, dependent T-test 
was used.  

 

https://www.tandfonline.com/doi/full/10.1080/21623945.2019.1608757
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Supplemental Table 2. Proteins significantly changed during GR 
Order Accession 

gene 
symbol Description log2 FC P value 

1 P42765 ACAA2a 3-ketoacyl-CoA thiolase, mitochondrial        0.13 0.02 

2 P16219 ACADSb 
Short-chain specific acyl-CoA 
dehydrogenase, mitochondrial        0.76 0.004 

3 P53396 ACLYa ATP-citrate synthase        -0.62 0.000 
4 Q86TX2 ACOT1a Acyl-coenzyme A thioesterase 1        0.10 0.032 
5 Q9NPJ3 ACOT13a Acyl-coenzyme A thioesterase 13        0.17 0.007 
6 Q9NR19 ACSS2a Acetyl-coenzyme A synthetase -0.19 0.003 
7 P15121 AKR1B1a Aldose reductase        0.33 0.002 
8 P05091 ALDH2a Aldehyde dehydrogenase, mitochondrial        0.15 0.001 
9 P25705 ATP5F1Aa ATP synthase subunit alpha, mitochondrial        0.23 0.001 
10 P06576 ATP5F1Ba ATP synthase subunit beta, mitochondrial        0.14 0.001 

11 P36542 ATP5F1Ca 
ATP synthase subunit gamma, 
mitochondrial        0.18 0.008 

12 P48047 ATP5POa ATP synthase subunit O, mitochondrial        0.61 0.049 
13 P04040 CATa Catalase        -0.27 0.04 
14 P23141 CES1a Liver carboxylesterase 1        0.41 0.009 
15 P23528 CFL1a Cofilin-1        -0.19 0.023 
16 O00299 CLIC1a Chloride intracellular channel protein 1        -0.09 0.03 
17 P02511 CRYABa Alpha-crystallin B chain        0.21 0.034 
18 Q16698 DECR1a 2,4-dienoyl-CoA reductase, mitochondrial        0.14 0.019 

19 P09622 DLDb 
Dihydrolipoyl dehydrogenase, 
mitochondrial        0.28 0.008 

20 Q13011 ECH1a 
Delta (3,5)-Delta (2,4)-dienoyl-CoA 
isomerase, mitochondrial        0.06 0.033 

21 P30084 ECHS1b Enoyl-CoA hydratase, mitochondrial        0.26 0.004 
22 P68104 EEF1A1a Elongation factor 1-alpha 1        -0.12 0.03 
23 P60842 EIF4A1a Eukaryotic initiation factor 4A-I        -0.24 0.004 
24 P06733 ENO1b Alpha-enolase        -0.06 0.02 

25 P62495 ETF1a 
Eukaryotic peptide chain release factor 
subunit 1        -0.35 0.035 

26 P13804 ETFAb 
Electron transfer flavoprotein subunit 
alpha, mitochondrial        0.26 0.003 

27 P38117 ETFBa Electron transfer flavoprotein subunit beta        0.23 0.035 
28 P49327 FASNa Fatty acid synthase        -0.14 0.001 
29 P14324 FDPSb Farnesyl pyrophosphate synthase        -0.21 0.02 
30 P02751 FN1a Fibronectin        -0.09 0.043 
31 Q14697 GANABa Neutral alpha-glucosidase AB        -0.19 0.005 

32 Q9HCL2 GPAMa 
Glycerol-3-phosphate acyltransferase 1, 
mitochondrial        -0.27 0.017 

33 P21695 GPD1a 
Glycerol-3-phosphate dehydrogenase 
[NAD(+)]       -0.12 0.044 

34 P09211 GSTP1a GSTP1_HUMAN -0.16 0.016 

35 Q16836 HADHa 
Hydroxyacyl-coenzyme A dehydrogenase, 
mitochondrial        0.25 0.002 

36 P40939 HADHAa 
Trifunctional enzyme subunit alpha, 
mitochondrial        0.12 0.006 

37 P55084 HADHBa 
Trifunctional enzyme subunit beta, 
mitochondrial        0.20 0.006 

38 Q53GQ0 HSD17B12a Very-long-chain 3-oxoacyl-CoA reductase        -0.17 0.006 

39 Q6YN16 HSDL2a 
Hydroxysteroid dehydrogenase-like 
protein 2        0.31 0.012 

40 P14625 HSP90B1b Endoplasmin        -0.10 0.003 
41 P11021 HSPA5b 78 kDa glucose-regulated protein        0.16 0.04 
42 P11142 HSPA8a Heat shock cognate 71 kDa protein        -0.17 0.019 
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43 P61604 HSPE1b 10 kDa heat shock protein, mitochondrial        0.34 0.008 
44 P08729 KRT7a Keratin, type II cytoskeletal 7        -0.18 0.045 
45 P00338 LDHAa L-lactate dehydrogenase A chain        -0.12 0.034 

46 O95202 LETM1a 
LETM1 and EF-hand domain-containing 
protein 1  0.10 0.029 

47 P42704 LRPPRCa Leucine-rich PPR motif-containing protein  0.21 0.018 

48 Q96RQ3 MCCC1a 
Methylcrotonoyl-CoA carboxylase subunit 
alpha 0.22 0.014 

49 P40926 MDH2a Malate dehydrogenase, mitochondrial        0.16 0.002 
50 Q14165 MLECa Malectin        -0.21 0.025 
51 P08473 MMEb Neprilysin        0.11 0.015 
52 P53602 MVDa Diphosphomevalonate decarboxylase        -0.27 0.01 
53 Q14764 MVPa Major vault protein        0.18 0.025 

54 O75489 NDUFS3a 
NADH dehydrogenase [ubiquinone] iron-
sulfur protein 3 -0.23 0.012 

55 P22234 PAICSa Multifunctional protein ADE2        -0.27 0.01 
56 P11498 PCa Pyruvate carboxylase, mitochondrial        0.14 0.014 

57 P08559 PDHA1a 
Pyruvate dehydrogenase E1 component 
subunit alpha 0.27 0.014 

58 P11177 PDHBa 
Pyruvate dehydrogenase E1 component 
subunit beta    0.15 0.004 

59 P30101 PDIA3a Protein disulfide-isomerase A3        0.32 0.036 
60 Q96Q06 PLIN4a Perilipin-4        -0.17 0.046 

61 P30405 PPIFb 
Peptidyl-prolyl cis-trans isomerase F, 
mitochondrial        0.41 0.008 

62 P32119 PRDX2a Peroxiredoxin-2        0.15 0.038 
63 P49720 PSMB3a Proteasome subunit beta type-3        -0.08 0.014 

64 O75832 PSMD10a 
26S proteasome non-ATPase regulatory 
subunit 10        -0.24 0.022 

65 P11476 RAB1Aa Ras-related protein Rab-1A        -0.15 0.004 
66 P18621 RPL17a 60S ribosomal protein L17        -0.23 0.031 
67 P32969 RPL9a 60S ribosomal protein L9        -0.29 0.018 

68 P04844 RPN2b 
Dolichyl-diphosphooligosaccharide--
protein glycosyltransferase subunit 2        -0.33 0.015 

69 P46782 RPS5a 40S ribosomal protein S5        -0.21 0.044 
70 Q6PCB7 SLC27A1a Long-chain fatty acid transport protein 1        -0.34 0.005 
71 P04179 SOD2a Superoxide dismutase [Mn], mitochondrial        0.43 0.001 
72 P49411 TUFMb Elongation factor Tu, mitochondrial        0.31 0.04 

73 Q99536 VAT1a 
Synaptic vesicle membrane protein VAT-1 
homolog        0.24 0.001 

Proteins abundance were presented as mean ± SEM. Log2FC was calculated from the abundance log2(T18GR ÷ 
T14), values above 0 means the protein was up-regulated during GR, otherwise down-regulated. Normal 
distribution was tested by Shapiro-Wilk's and P >0.05 was considered normal distributed. a: For variables with 
normal distribution, dependent T-test was used when compared the changes during GR. b: Variables with non-
normal distribution, Wilcoxon test was used instead. P < 0.05 was considered to be statistically significant and 
proteins were listed above in the table. 
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Supplemental Table 3. Pathways which were significantly influenced by GR and RF 
Order Pathway analysis during GR (T14 to T18GR) 

positive 
(r) 

measured 
(n) total Z Score P value 

1 Fatty Acid Biosynthesis 10 16 37 4.43 0.00 
2 Prion disease pathway 3 3 36 3.54 0.00 
3 PI3K/AKT/mTOR - VitD3 Signalling 2 2 34 2.88 0.00 
4 Fatty Acid Beta Oxidation 8 19 71 2.55 0.02 
5 Lipid Metabolism Pathway 4 7 43 2.54 0.02 

6 
Sterol Regulatory Element-Binding Proteins 
(SREBP) signalling 5 10 77 2.47 0.02 

7 Tryptophan metabolism 4 8 133 2.2 0.02 
8 Ethanol effects on histone modifications 2 3 53 2.07 0.02 
9 Exercise-induced Circadian Regulation 2 3 49 2.07 0.02 

10 
Photodynamic therapy-induced NFE2L2 
(NRF2) survival signaling 2 3 24 2.07 0.01 

11 Triacylglyceride Synthesis 2 3 37 2.07 0.01 
12 Valproic acid pathway 2 3 36 2.07 0.01 
13 Acetylcholine Synthesis 1 1 18 2.04 0.01 
14 Amino acid conjugation of benzoic acid 1 1 14 2.04 0.00 
15 Butyrate-induced histone acetylation 1 1 11 2.04 0.00 

16 
Epithelial to mesenchymal transition in 
colorectal cancer 1 1 161 2.04 0.04 

17 Estrogen Receptor Pathway 1 1 16 2.04 0.00 
18 Fluoropyrimidine Activity 1 1 58 2.04 0.04 
19 Glycerophospholipid Biosynthetic Pathway 1 1 94 2.04 0.04 
20 Heroin metabolism 1 1 8 2.04 0.00 
21 Interferon type I signaling pathways 1 1 57 2.04 0.04 
22 Irinotecan Pathway 1 1 18 2.04 0.01 

23 
Mevalonate arm of cholesterol biosynthesis 
pathway with inhibitors 1 1 60 2.04 0.03 

24 miR-509-3p alteration of YAP1/ECM axis 1 1 19 2.04 0.01 
25 Overview of nanoparticle effects 1 1 41 2.04 0.03 
26 Phase I biotransformations, non P450 1 1 13 2.04 0.00 
27 Polyol Pathway 1 1 13 2.04 0.01 
28 Senescence and Autophagy in Cancer 1 1 112 2.04 0.04 

Order Pathway analysis during RF (T18GR to T22RF) 
positive 

(r) 
measured 

(n) total Z Score P value 
1 Amino acid conjugation of benzoic acid 1 1 14 2.67 0.00 
2 Butyrate-induced histone acetylation 1 1 11 2.67 0.00 

3 
Factors and pathways affecting insulin-like 
growth factor (IGF1)-Akt signaling 1 1 34 2.67 0.01 

4 Fluoropyrimidine Activity 1 1 58 2.67 0.01 
5 Glycerophospholipid Biosynthetic Pathway 1 1 94 2.67 0.02 
6 Heroin metabolism 1 1 8 2.67 0.00 

7 
Hypothesized Pathways in Pathogenesis of 
Cardiovascular Disease 1 1 27 2.67 0.01 

8 IL-4 Signaling Pathway 1 1 56 2.67 0.01 
9 Irinotecan Pathway 1 1 18 2.67 0.01 
10 Neural Crest Differentiation 1 1 102 2.67 0.02 
11 Phase I biotransformations, non P450 1 1 13 2.67 0.00 
12 Regulation of Microtubule Cytoskeleton 1 1 47 2.67 0.01 
13 Fatty Acid Biosynthesis 5 16 37 2.35 0.04 
14 PPAR signaling pathway 5 16 76 2.35 0.03 
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15 Ferroptosis 2 4 71 2.3 0.04 
16 Integrin-mediated Cell Adhesion 2 4 102 2.3 0.03 
17 Oxidative Stress 2 4 31 2.3 0.05 
18 Glycogen Metabolism 3 8 54 2.19 0.04 

Pathways were analyzed by PathViso 3.0 over-representation analysis, pathways with the Z score above 1.96 were 
shown in the table.  
 

Supplemental Table 4. Proteins with a significantly different abundance between T18 and T22RF 
Order Accession   Log2 FC  P value 

1 P09110 ACAA1 3-ketoacyl-CoA thiolase, peroxisomal -0.18 0.019 
2 P53396 ACLY ATP-citrate synthase -0.35 0.001 
3 O60488 ACSL4 Long-chain-fatty-acid--CoA ligase 4 -0.18 0.005 
4 Q9NR19 ACSS2 Acetyl-coenzyme A synthetase, cytoplasmic -0.15 0.038 
5 P07355 ANXA2 Annexin A2 0.16 0.001 
6 P18085 ARF4 ADP-ribosylation factor 4 0.37 0.028 
7 O15144 ARPC2 Actin-related protein 2/3 complex subunit 2 0.25 0.047 
8 P06576 ATP5F1B ATP synthase subunit beta, mitochondrial 0.10 0.007 
9 O75947 ATP5PD ATP synthase subunit d, mitochondrial 0.24 0.009 

10 P04040 CAT Catalase -0.23 0.019 
11 P50991 CCT4 T-complex protein 1 subunit delta -0.13 0.011 
12 P23141 CES1 Liver carboxylesterase 1 0.67 <0.001 
13 P43155 CRAT Carnitine O-acetyltransferase 0.16 0.029 
14 P02511 CRYAB Alpha-crystallin B chain 0.35 0.006 
15 P00387 CYB5R3 NADH-cytochrome b5 reductase 3 -0.12 <0.001 
16 Q16698 DECR1 2,4-dienoyl-CoA reductase, mitochondrial 0.11 0.008 
17 Q16555 DPYSL2 Dihydropyrimidinase-related protein 2 0.12 0.050 
18 P06733 ENO1 Alpha enolase -0.13 0.011 
19 P15090 FABP4 Fatty acid-binding protein, adipocyte -0.20 0.042 
20 O15540 FABP7 Fatty acid-binding protein, brain -0.50 0.013 
21 Q9BRX8 FAM213A Redox-regulatory protein FAM213A -0.14 0.017 
22 P21333 FLNA Filamin-A 0.13 0.019 
23 Q14697 GANAB Neutral alpha-glucosidase AB -0.11 0.037 
24 P21695 GPD1 Glycerol-3-phosphate dehydrogenase [NAD (+)] -0.10 0.003 
25 Q9UBQ7 GRHPR Glyoxylate reductase/hydroxypyruvate reductase 0.18 0.050 
26 P19367 HK1 Hexokinase-1 0.18 0.004 
27 Q53GQ0 HSD17B12 Very-long-chain 3-oxoacyl-CoA reductase -0.20 <0.001 
28 P11021 HSPA5 78 kDa glucose-regulated protein 0.20 0.001 
29 P51553 IDH3G Isocitrate dehydrogenase [NAD] subunit gamma 0.29 0.003 
30 P05556 ITGB1 Integrin beta-1 0.19 0.042 
31 P30086 PEBP1 Phosphatidylethanolamine-binding protein 1 0.22 0.018 
32 P07737 PFN1 Profilin-1 -0.12 0.007 
33 Q15149 PLEC Plectin 0.19 0.001 
34 P30041 PRDX6 Peroxiredoxin-6 -0.14 <0.001 
35 P07602 PSAP Isoform Sap-mu-9 of Prosaposin 0.22 <0.001 
36 P06737 PYGL Glycogen phosphorylase, liver form 0.18 0.046 
37 P62820 RAB1A Ras-related protein Rab-1A 0.15 0.050 
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38 Q6NUM9 RETSAT All-trans-retinol 13,14-reductase -0.16 0.017 
39 P62280 RPS11 40S ribosomal protein S11 0.20 0.036 
40 Q6PCB7 SLC27A1 long-chain fatty acid transport protein 1 -0.24 0.003 
41 P04179 SOD2 Superoxide dismutase [Mn], mitochondrial 0.44 0.021 
42 P49411 TUFM Elongation factor Tu, mitochondrial 0.19 0.041 
43 P18206 VCL Vinculin 0.14 0.028 

44 Q9Y277 VDAC3 
Voltage-dependent anion-selective channel 
protein 3 0.11 0.019 

Proteins abundance were presented as mean ± SEM, for comparison abundances at T18 have been set to 100, log2FC 
were calculated from the abundance log2(T22RF ÷ T18). Normal distribution was tested by Shapiro-Wilk's and 
P >0.05 was considered normal distributed. a: For variables with normal distribution, independent T-test was used 
when compared the changes between feeding and RF. b: Variables with non-normal distribution, Wilcoxon test was 
used instead. P < 0.05 was considered to be statistically significant and proteins were listed above in the table. 
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Assessed for eligibility (n= 156) 

Excluded (n= 95) 
♦   Not meeting inclusion criteria (n= 48) 
♦   Declined to participate (n= 15) 
♦   Other reasons (n= 32) 

Analysed (n = 27) 
♦ Excluded from analysis due to insufficient 
biopsy material (n = 2) 
 

9 month follow up 
Lost to follow-up due to personal 
circumstances (n= 1) 

Allocated to intervention (n= 30) 
♦ Received allocated intervention (n= 30) 
♦ Did not receive allocated intervention (n= 0) 

9 month follow up 
♦ Lost to follow-up due to personal circumstances (n = 1) 
♦ Discontinued intervention due to diagnosis of cancer (n 
= 2) 

Allocated to intervention (n= 31) 
♦ Received allocated intervention (n= 31) 
♦ Did not receive allocated intervention (n= 0) 

Analysed (n = 26) 
♦ Excluded from analysis due to insufficient biopsy 
material (n= 1) 

♦ Gene expression results deviated strongly from 
the others (n = 1) 

 

 

Allocation  
(Dietary 

intervention) 
 

Analysis 

Follow-Up 

Randomized (n= 61) 

Enrollment 

Data collection (n= 53) 

5 weeks very low calorie diet 12 weeks low calorie diet 

4 weeks weight stable 4 weeks weight stable 

Supplemental Figure 1: Flowchart of the data selection from Yoyo study. 
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Supplemental Figure 2: Pathway of fatty acid beta oxidation during GR and RF. The 
gene box was divided into four boxes, first two boxes show the log2 FC and P value of 
GR, the last two boxes show the log2 FC and P value of RF. P < 0.05 was marked as 
green, otherwise white. The data which were not measured was marked as grey. 
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Supplemental Figure 3: Pathway of fatty acid biosynthesis during GR and RF. 
The gene box was divided into four boxes, first two boxes show the log2 FC and 
P value of GR, the last two boxes show the log2 FC and P value of RF. P < 0.05 
was marked as green, otherwise white. The data which were not measured was 
marked as grey. 
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Supplemental Figure 4: Pathway of electron transport chain during GR and RF. The 
gene box was divided into four boxes, first two boxes show the log2 FC and P value of 
GR, the last two boxes show the log2 FC and P value of RF. P < 0.05 was marked as 
green, otherwise white. The data which were not measured was marked as grey. 
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Abstract: Adipose tissue is a major endocrine organ capable of secreting 
adipokines with a role in whole-body metabolism. Changes in the secretome 
profile during the development of obesity is suspected to contribute to the risk 
of health complications such as those associated with weight regain after 
weight loss. However, the number of studies on weight regain is limited and 
secretome changes during weight regain have hardly been investigated. In an 
attempt to generate leads for in vivo studies, we have subjected human 
Simpson Golabi Behmel Syndrome adipocytes to glucose restriction (GR) 
followed by refeeding (RF) as an in vitro surrogate for weight regain after 
weight loss. Using LC-MS/MS, we compared the secreted protein profile 
after GR plus RF with that of normal feeding (NF) to assess the consequences 
of GR plus RF. We identified 338 secreted proteins of which 49 were 
described for the first time as being secreted by adipocytes. In addition, 
comparison between NF and GR plus RF showed 39 differentially secreted 
proteins. Functional classification revealed GR plus RF-induced changes of 
enzymes for extracellular matrix modification, complement system factors, 
cathepsins, and several proteins related to Alzheimer’s disease. These 
observations can be used as clues to investigate metabolic consequences of 
weight regain, weight cycling or intermittent fasting. 

 

Keywords: adipokines; SGBS adipocytes; glucose restriction; in vitro fat 
regain; weight regain; complement factors; cathepsins; extracellular 
remodeling. 
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1. Introduction 

Obesity has become a worldwide critical health issue because it is frequently 
accompanied by the development of health complications such as type II 
diabetes, cardiovascular diseases, respiratory problems and certain types of 
cancer [1]. Obesity is characterized by excess body fat mass, which is mostly 
stored in the adipose tissue. Additionally, adipose tissue is known as a major 
endocrine organ capable of secreting various signaling and mediator proteins, 
termed adipose-derived secreted proteins or adipokines [2]. Studies have 
shown that the secreted proteins are hormones, cytokines, extracellular matrix 
related proteins as well as proteins involved in cardiovascular, lipid and 
glucose metabolism [3]. These adipokines have a variety of effects on 
homeostasis and metabolism by autocrine, paracrine and endocrine activity, 
which could contribute to the development of obesity and obesity-associated 
complications [4, 5]. 

For overweight and obese people, weight loss is an indicated remedy that can 
reduce the risk for comorbid conditions [6]. A calorie restrictive diet is part 
of a common practice to try and lose weight. Losing 5% of body weight 
already results in significant improvement of health parameters such as lower 
blood pressure, plasma glucose and insulin levels [7]. In parallel, in vitro 
studies have illustrated that calorie restriction (CR) results in an altered 
secretion profile of adipocytes, comprised of a less inflammatory phenotype 
and a reversed expression of detrimental adipokines [8]. However, weight 
loss is often followed by weight regain. Generally, up to 80% of people who 
lost weight on CR, regain weight and often return to their original weight or 
even beyond, within one or two years [9]. Moreover, it has been suggested 
that weight regain after weight loss could worsen metabolic health [10], 
possibly mediated by changes in the adipose tissue secretome. Consequently, 
prevention of weight regain after successful weight loss is a critical challenge 
for obesity management and it is essential to obtain more knowledge on the 
causes and consequences of weight regain [11]. So far, the number of 
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biological studies on weight regain has been limited and secretome changes 
during weight regain are largely unknown. 

A growing body of data suggests that Simpson Golabi Behmel Syndrome 
(SGBS) cells are an excellent tool to study adipokine secretion [3, 12-15]. 
SGBS cells display a much more active differentiation capacity compared 
with primary pre-adipocytes in culture, and retain this capacity over at least 
30 generations while being similar to primary cells in morphology, 
physiology and biochemistry [12, 13]. Moreover, it has been reported that in 
vitro differentiated SGBS adipocytes behave similar to human primary 
adipocytes in functions such as glucose transport, lipogenesis and lipolysis 
[12, 15]. Based on their origin and gene expression comparison, differentiated 
SGBS cells are regarded as subcutaneous white adipocytes [13]. Therefore, 
SGBS cells have been widely accepted and used for in vitro adipocyte 
experiments. Using these cells, we have earlier reported on secretome 
changes induced by glucose restriction (GR) and found several novel 
adipokines [8, 16]. However, the effect of GR plus refeeding (RF) on 
adipokine secretion has not been investigated. Recently, we established a 
protocol for GR followed by RF for SGBS cells and examined the influence 
on the cellular proteome [17]. Here we report on changes in the in vitro 
secretome when normal feeding (NF) is compared with GR plus RF in an 
attempt to obtain leads on possible threats to metabolic health as a 
consequence of weight regain after weight loss. 

2. Materials and Methods 

2.1. Cell Culture 

Human SGBS cells were obtained from Prof. Dr. M. Wabitsch (University of 
Ulm, Germany) [12]. SGBS pre-adipocytes were cultured in 6-well plates 
(Corning, Sigma-Aldrich, Zwijndrecht, The Netherlands) with Gibco™ 
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12, 
1:1) media supplemented with 66 mmol/L biotin, 34 mmol/L D-pantothenate, 
10% fetal calf serum (Bodinco BV, Alkmaar, The Netherlands) and 1% 
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penicillin and streptomycin (Life Technologies, Thermo Fisher Scientific, 
Bleiswijk, The Netherlands) as described before [17]. Differentiation started 
once pre-adipocytes reached 90% confluence. During two weeks of 
differentiation (T0–T14), SGBS cells first went through four days with quick 
differentiation medium (serum-free DMEM/F12 medium containing 2 
mg/mL human transferrin, 200 µmol/L human insulin, 5 mmol/L Cortisol, 20 
µmol/L triiodothyronine, 1 mmol/L 3-isobutyl-1-methylxanthine and 5 
mmol/L rosiglitazone). The other 10 days cells remained in 3FC medium 
(serum-free DMEM/F12 medium containing 2 mg/mL human transferrin, 200 
µmol/L human insulin, 5 mmol/L Cortisol, 20 µmol/L triiodothyronine) as 
described before [17]. All chemicals were purchased from Sigma (Sigma-
Aldrich, Zwijndrecht, The Netherlands) unless otherwise stated. 

For GR, mature adipocytes on day 14 (T14) were cultured in basic 
DMEM/F12 medium (without glucose and phenol red (Cell Culture 
Technologies, Gravesano, Switzerland)), supplemented with 20 nmol/L 
human insulin and 0.1 mmol/L D-glucose for 96 h (T18GR). As the feeding 
control, mature adipocytes at T14 originating from the same pre-adipocytes 
were cultured for 96 h in NF medium (T18): DMEM/F12 medium without 
glucose and phenol red, but supplemented with 20 nmol/L human insulin and 
17.5 mmol/L D-glucose. 

For RF, after 96 h of GR, the cells were transferred to DMEM/F12 medium 
without glucose and phenol red (Cell Culture Technologies) but 
supplemented with 20 nmol/L human insulin and 17.5 mmol/L D-glucose for 
another 96 h (T22RF). From T14 onwards, the medium was gently refreshed 
every second day. Figure 1 provides an overview of the experimental 
approach. 
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2.2. Collection of Secretion Medium 

In order to avoid interference of phenol red with MS, for collecting the 
secretome at T14, adipocyte medium was changed to collection medium: 
basal medium (DMEM/F12 (1:1) without glucose and phenol red (Cell 
Culture Technologies, Gravesano, Switzerland)), supplemented with 20 
nmol/L human insulin and 17.5 mmol/L glucose for 48 h (T12–T14). The 
collection medium at T14 was collected in a separate vial for each well. For 
NF, GR and RF, the medium was already without phenol red from T14 
onwards. To collect the secretome after NF, GR and RF, the medium was 
collected at day 18 (T18 and T18GR) and day 22 (T22RF) from each well 
separately. The collected medium (4 mL per well) was centrifuged at 5000 

Figure 1. Workflow of the secretome profiling. Firstly, human SGBS adipocytes were 
cultured and after NF, GR and RF, medium was collected for all the time points. After 
sample preparation, proteins were identified and quantified by LC-MS/MS. Finally, 
bioinformatic and statistical analysis were performed for functional interpretation. NF: 
normal feeding, GR: glucose restriction, RF: refeeding. 
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rpm for 10 min (Universal 30 RF, Hettich Benelux B.V., Netherlands). 
Thereafter, the supernatant was gently moved to a new tube. The whole 
experiment was performed three times with triplicate samples. The first time 
the experiment was performed, the triplicate medium samples per time point 
were pooled to serve proper protocol assessment. For the second and third 
time that the experiment was performed, the triplicate samples were kept 
separately. This provided seven replicate samples per time point with in total 
28 samples. These were snap-frozen in liquid nitrogen and stored at −80 °C 
for further analysis. 

2.3. Sample Preparation 

All samples were treated similarly according to the FASP protocol as 
described by Wisniewski et al. [18]. In short, after thawing and brief 
vortexing, the medium of each vial was added to a pre-rinsed filter device 
(Amicon® Ultra−4 Centrifugal Filter Units, Sigma-Aldrich, Germany), 
centrifuged at 4000 g at 20 °C for 30 min. The fluid was discarded and the 
concentrated protein sample on the filter was washed with 3.5 mL 50 mmol/L 
ammonium bicarbonate and centrifuged at 4000 g at 20 °C for 30 min. For 
reduction, 15 µL of 200 mmol/L dithiothreitol was added and the filter was 
incubated at room temperature for 45 min. Next, to accomplish alkylation 18 
µL of 400 mmol/L iodoacetamide solution was added and the filter was 
incubated at room temperature in the darkness for another 45 min. To stop the 
alkylation, 30 µL of 200 mmol/L dithiothreitol was added and the filter was 
incubated at room temperature for 45 min. 

The alkylated protein sample on the filter was washed with 50 mmol/L 
ammonium bicarbonate at 4000 g at 20 °C for 40 min. To each concentrated 
protein sample 3 µg trypsin/Lys-C Mix was added, and after gentle mixing 
the filter device was incubated at 37 °C overnight. Peptide concentration was 
measured by the Pierce Quantitative Colorimetric Peptide Assay according to 
the manufacture’s protocol (Thermo Fisher Scientific (#: 23275), Bleiswijk, 
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The Netherlands). Then, digested peptides were diluted to the same final 
concentration of 0.25 μg/μL by 50 mmol/L ammonium bicarbonate. 

2.4. Label-Free Protein Identification and Quantification 

The mass analysis was performed using a nanoflow HPLC instrument 
(Dionex ultimate 3000, Thermo Fisher Scientific, Bleiswijk, The 
Netherlands), which was coupled on-line to a Q Exactive mass-spectrometer 
(Thermo Fisher Scientific, Bleiswijk, The Netherlands) with a nano-
electrospray Flex ion source (Proxeon, Thermo Fisher Scientific, Bleiswijk, 
The Netherlands). An equal amount of Pierce Digestion Indicator peptides 
was added to all peptide samples as internal standard. 5 μL of this mixture 
was loaded onto a C18-reversed phase column (Acclaim PepMap C18 column, 
75 μm inner diameter × 15 cm, 2 μm particle size, Thermo Fisher Scientific, 
Bleiswijk, The Netherlands). The peptides were separated with a linear 
gradient of 4–68% buffer B (80% acetonitrile and 0.08% formic acid) at a 
flow rate of 300 nL/min for 120 min. 

MS data were acquired using a data-dependent top-10 method, dynamically 
choosing the most abundant precursor ions from the survey scan (280–1400 
m/z) in positive mode. Survey scans were acquired at a resolution of 70000 
and a maximum injection time of 120 ms. The dynamic exclusion duration 
was 30 s. Isolation of precursors was performed with a 1.8 m/z window and 
a maximum injection time of 200 ms. The resolution for HCD spectra was set 
to 17500 and the normalized collision energy was 30 eV. The under-fill ratio 
was defined as 1.0%. The instrument was run with peptide recognition mode 
enabled, but exclusion of singly charged and charge states of more than five. 
The entire experiment was repeated three times. 

2.5. Database Search and Quantification 

The MS data were searched using Proteome Discoverer 2.2 Sequest HT 
search engine (Thermo Fisher Scientific, Bleiswijk, The Netherlands) based 
on the UniProt human database [19]. The false discovery rate was set to 0.01 
for proteins and peptides, which had to have a minimum length of six amino 
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acids. The precursor mass tolerance was set at 10 ppm and the fragment 
tolerance at 0.02 Da. One miss-cleavage was tolerated, oxidation of 
methionine was set as a dynamic modification as well as 
carbamidomethylation of cysteines as fixed. Label free quantitation was 
conducted using the Minora Feature Detector node in the processing step and 
the Feature Mapper node combined with the Precursor Ions Quantifier node 
in the consensus step with default settings within Proteome Discoverer 2.2. 

2.6. Data Normalization 

The LC-MS-analysis was done in seven runs, each run containing a sample 
from each time point (T14, T18, T18GR and T22RF). Data normalization was 
done in two steps. 

First, to correct data for possible differences between runs, we chose the 426 
proteins, which were present in all of the test samples. We calculated the mean 
abundance of those 426 proteins in all seven runs (M) and mean abundance 
of those 426 proteins per run (mx for run x). Normalization factor 1 for run x 
(f1x) = M ÷ mx. Data were firstly corrected (D1) as follows: D1 = f1x × original 
tested protein abundance in run x. 

Additionally, the Pierce Indicator added to each sample was normalized by 
f1. The second normalization was then performed to stratify the protein 
abundances according to the Pierce Indicator. Normalization factor 2 for 
sample y (f2y) = Pierce’s mean abundance from all 28 samples ÷ Pierce 
abundance in sample y. In general, the second normalization step was: D2 = 
f2 × D1. More specifically, the abundance of a protein in sample y of run x 
was normalized as f1x × f2y × original tested protein abundance. 

2.7. Validation of Secreted Proteins and Imputation of Missing Values 

To verify the secreted nature of the identified proteins, their amino acid 
sequences were obtained from UniProt and analyzed with SignalP and 
Deeploc. SignalP 4.1 Server [20, 21] was used to recognize classical secreted 
proteins by the fact that they contain a signal peptide for secretion, 
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Deeploc−1.0 [22] was used for prediction of the subcellular localization by 
creating a recurrent neural network relying on protein sequence information 
per se. Proteins containing a signal peptide or located in the extracellular 
space were chosen as secreted proteins for further analysis. 

Performing LC-MS analysis of proteins, values could be missing for various 
reasons [23]. When per time point three or less of the seven samples had 
missing values, the Multiple Imputation routine of SPSS was used to impute 
those values. Finally, only proteins recognized as secreted and with no more 
than three missing values were used for further analysis. 

2.8. Statistical Analysis 

Data were described as mean ± SEM, variable abundances were log2-
transformed. To determine possible effects over time between NF and RF 
after GR, two-tailed dependent T-test was carried out with a cut-off for 
significance of p < 0.05. Statistical analyses were conducted using SPSS 
(version 22.0 Chicago, Illinois, USA). Fold changes (FC) from T18 to T22RF 
were calculated as follows: FC = 2 (log

2
 T22RF − log

2
 T18). 

3. Results 

3.1. Proteins Secreted from Human SGBS Adipocytes 

In total, 1326 proteins were identified from the collection medium. By 
filtering these proteins, SignalP 4.1 detected the presence of a signal peptide 
in 328 proteins. Deeploc recognized 230 secreted proteins by predicting the 
extracellular location. In total these two groups represented 337 different 
proteins (Figure 2A; Table S1). 221 out of 337 proteins both contained a 
signal peptide and were located in the extracellular space, nine proteins 
(membrane primary amine oxidase (AOC3), cysteine and glycine-rich protein 
1 (CSRP1), galectin-1 (LGALS1), D-dopachrome decarboxylase (DDT), 
trypsin-3 (PRSS3), metallothionein-1G (MT1G), proteasome inhibitor 
subunit 1 (PSMF1), ectonucleotide pyrophosphatase/phosphodiesterase 
family member 2 (ENPP2), small proline-rich protein 2G (SPRR2G)) were 
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Figure 2. Secreted proteins identified in human Simpson Golabi Behmel Syndrome 
(SGBS) adipocytes. (A) The number of identified secreted proteins by SignalP or 
Deeploc. (B) Pie graph on functional categories of overall identified secreted proteins. 

only predicted by the extracellular space and 107 proteins only had a signal 
peptide for secretion (Figure 2A). In addition, we manually checked the list 
of proteins which were not recognized as secreted by SignalP or Deeploc, for 
proteins known by their function to be secreted. So far, only complement 
factor 1Q (C1q) was found to be missed by the programs. Thus, C1q was 
added to our analysis list with a total of 338 secreted proteins (Table S1). 

 

 

  

 

 

 

 

 

 

 

 

 

 

3.2. Newly Identified Secreted Proteins of Human SGBS Adipocytes 

Literature on secreted proteins from adipocytes or adipose tissue was 
searched online and in total 24 research papers and five reviews were found 
(Table 1) [2, 3, 8, 16, 24-48]. Comparing our secretome data set with the data 
reported in these papers, 49 secreted proteins were identified as novel secreted 
proteins that had not been described before for adipocytes or adipose tissue 
(Table 2). Of these proteins, 46 proteins were annotated as classical secreted 
proteins (S or S+D in Table 2) and three as non-classical secreted proteins (D 
in Table 2; MT1G, PSMF1, SPRR2G).  
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Table 1. Literature on profiling of adipocyte secreted proteins 
Order Reference Refs  Source Secreted Novel  

1 Wang et al. (2004) [18] Mice (3T3L1 cells) 26 15 

2 Chen et al. (2005) [19] Rat fat pad 84 53 

3 Molina et al. (2009) [20] Mice (3T3L1 cells) 147 NA 

4 Celis et al. (2005) [21] Human adipocytes 359 NA 

5 Mutch et al. (2009) [22] Human primary preadipocytes 213 NA 

6 Alvarez et al. (2007) [23] Human visceral fat tissue 108 68 

7 Zvonic et al. (2007) [24] Human adipose-derived stem 
cells 101 NA 

8 Lim JM et al. (2008) [31] 3T3L1 cell line; primary rat 
adipocytes 97; 203 54; 

132 

9 Roelofsen et al. (2009) [32] Human omental tissue (control; 
test) 155; 141 NA 

10 Kim et al. (2010) [25] Human subcutaneous adipose 
tissue 307 NA 

11 Rosenow et al. (2010) [3] Human SGBS cells 80 6 

12 Zhong et al. (2010) [26] Human adipocytes 420 107 

13 Lee et al. (2010) [27] Human adipose tissue derived 
stem cells 142 NA 

14 Rosenow et al. (2012) [16] Human SGBS cells 40 2 

15 Lehr et al. (2012) [28] Human primary adipocytes 263 44 

16 Roca et al (2011) [40] Rats (visceral; subcutaneous; 
gonadal fat)  188; 85; 91 NA 

17 Soichi et al (2014) [41] Mice (3T3L1 cells) 231 NA 

18 Roca et al (2015) [38] Human (visceral; subcutaneous) 136; 64 NA 

19 Hartwig et al (2018) [36] Human adipocytes 884 67 

20 Laria et al (2018) [37] Mice (3T3L1 cells) 839 80 

21 Renes, et al. (2014) [8] Human SGBS cells 57 6 

22 Li et al. (2014) [29] Human SAT/ VAT NA 1 

23 Ojima et al. (2016) [34] Mice (3T3L1 cells) 74 NA 

24 Ali et al. (2018) [30] Mice primary adipocytes 499 NA 

25 Mariman et al. (2010) [33] Review_Human and rodent’s 
adipocytes NA NA 

26 Lehr et al. (2012) [2] Review_Human adipocytes 928 NA 

27 Renes et al. (2013) [35] Review_Human and rodent’s 
adipocytes NA NA 

28 Pardo et al (2012) [39] Review_Human and rat 
adipocytes NA NA 

29 Lee et al (2019) [42] Review_Human and rat 
adipocytes NA NA 

The number belonging to secreted column showed the number of identified secreted proteins, the novel column 
showed the number of newly reported as novel adipokines by the authors. NA: there is no exact number for 
secreted proteins mentioned in the article or supplemental materials. 
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Table 2. List of 49 novel adipocyte secreted proteins 

Order S or 
D UniProt Symbol Protein name 

1 S O00763 ACACB Acetyl-CoA carboxylase 2    
2 S+D P04745 AMY1A Amylase, Alpha 1A (Salivary) 
3 S O43570 CA12 Carbonic anhydrase 12    
4 S P55287 CDH11 Cadherin-11    
5 S P19022 CDH2 Cadherin-2    
6 S+D Q9BWS9 CHID1 Chitinase domain-containing protein 1    
7 S P26992 CNTFR Ciliary neurotrophic factor receptor subunit alpha    
8 S+D Q9UI42 CPA4 Carboxypeptidase A4    
9 S+D O75629 CREG1 Protein CREG1    
10 S+D O00602 FCN1 Ficolin-1    
11 S Q10471 GALNT2 Polypeptide N-acetylgalactosaminyltransferase 2    
12 S P23434 GCSH Glycine cleavage system H protein, mitochondrial    
13 S+D P06280 GLA Alpha-galactosidase A    

14 S+D Q9UJJ9 GNPTG N-acetylglucosamine-1-phosphotransferase subunit 
gamma    

15 S O75487 GPC4 Glypican-4    
16 S+D P35475 IDUA Alpha-L-iduronidase    
17 S+D P08476 INHBA Inhibin beta A chain    

18 S+D Q96I82 KAZALD1 Kazal-type serine protease inhibitor domain-
containing protein 1    

19 S Q6GTX8 LAIR1 Leukocyte-associated immunoglobulin-like 
receptor 1    

20 S P38571 LIPA Lysosomal acid lipase/cholesteryl ester hydrolase    
21 S O75197 LRP5 Low-density lipoprotein receptor-related protein 5    
22 S Q8ND94 LRRN4CL LRRN4 C-terminal-like protein    

23 S Q5JRA6 MIA3 Transport and Golgi organization protein 1 
homolog    

24 S+D P22894 MMP8 Neutrophil collagenase    
25 D P13640 MT1G Metallothionein-1G    
26 S+D P41271 NBL1 Neuroblastoma suppressor of tumorigenicity 1    
27 S Q04721 NOTCH2 Neurogenic locus notch homolog protein 2    
28 S+D P48745 NOV Protein NOV homolog    
29 S+D O95897 OLFM2 Noelin-2    
30 S+D Q8NBP7 PCSK9 Proprotein convertase subtilisin/kexin type 9    
31 S P50897 PPT1 Palmitoyl-protein thioesterase 1    
32 S+D P42785 PRCP Lysosomal Pro-X carboxypeptidase    
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33 S+D P07477 PRSS1 Trypsin-1    
34 D Q92530 PSMF1 Proteasome inhibitor subunit 1    
35 S P10586 PTPRF Receptor-type tyrosine-protein phosphatase F    

36 S Q15274 QPRT Nicotinate-nucleotide pyrophosphorylase 
[carboxylating]   

37 S Q6NUM9 RETSAT All-trans-retinol 13,14-reductase    
38 S+D O00584 RNASET2 Ribonuclease T2    

39 S Q9H173 SIL1 Nucleotide exchange factor SIL1    
40 S Q99523 SORT1 Sortilin    
41 D Q9BYE4 SPRR2G Small proline-rich protein 2G    
42 S+D P10124 SRGN Serglycin    

43 S+D A1L4H1 SSC5D Soluble scavenger receptor cysteine-rich domain-
containing protein    

44 S Q8NBK3 SUMF1 Sulfatase-modifying factor 1    
45 S Q8NBJ7 SUMF2 Sulfatase-modifying factor 2    
46 S Q5HYA8 TMEM67 Meckelin    
47 S+D Q8WUA8 TSKU Tsukushin    
48 S Q06418 TYRO3 Tyrosine-protein kinase receptor TYRO3    
49 S P98155 VLDLR Very low-density lipoprotein receptor    

S: secreted proteins identified by SignalP, D: identified by Deeploc, S + D: identified by both 
software packages. 

 

3.3. Functional Categories of Identified Proteins 

To get information of the 338 proteins (Table S1) secreted by SGBS 
adipocytes, functional classification was done according to information on 
genes/proteins in databases: GeneCards [49], UniProt [50] and PubMed [51]. 
Generally, these proteins could be classified into nine categories according to 
biological function with “extracellular matrix (ECM) and cell adhesion” (80 
proteins, 24%) and “ECM modification” (65 proteins, 19%) representing the 
largest groups (Figure 2B). Notably, 12 of the 30 proteins in the immune 
system category appeared to be complement factors and seven of the 29 
proteins in the lysosome-based group were cathepsins. 
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3.4. Adipocyte Secretome Changes after GR Plus RF as Compared with 
NF 

Recently we have reported that the growth rate of fat droplets during NF and 
during RF after GR shows similar kinetics, which allowed us to investigate 
the combined influence of GR plus RF on the cellular proteome [17]. In the 
present study we focused on the secretome of those samples and searched for 
secreted proteins, of which the abundance was influenced by GR plus RF. For 
that, protein abundances were quantified by liquid chromatography tandem 
mass spectrometry (LC-MS/MS) after NF (T18) and after GR plus RF 
(T22RF). 39 proteins were significantly changed by GR plus RF compared to 
NF (Table 3) with 18 proteins being up-regulated and 20 proteins being 
down-regulated. These 39 proteins can be divided into nine functional 
categories, which seem to parallel the functional categories of the total 
identified secretome. 13 out of 39 proteins were related to the ECM with 
seven proteins belonging to the ECM and cell adhesion group and six proteins 
belonging to ECM modification group. It indicates that GR plus RF induces 
specific changes to the ECM. Four of the 39 proteins were up-regulated with 
a FC > 4: complement factor B (CFB), ADAMTS-like protein 1 
(ADAMTSL1), target of Nesh-SH3 (ABI3BP), liver carboxylesterase 1 
(CES1), and two were down-regulated with a FC > 4: sortilin (SORT1) and 
dermokine (DMKN). Changes of protein expression during GR plus RF could 
be due to different mechanisms with major changes either during GR and/or 
during RF. Therefore, we examined the changes of abundance of the 39 
proteins during the separate phases of GR and RF (Table S2). The results 
confirmed the existence of different regulatory mechanisms. For instance, 
ADAMTSL1 was up-regulated 10.47× during GR but remained at this level 
of expression during RF. A similar pattern of expression was observed for 
prostaglandin-H2 D-isomerase (PTGDS) that was up-regulated 8.44× during 
GR but only up-regulated 1.51× during RF. ABI3BP did not change during 
GR, but was 5.04× up-regulated during RF. SORT1 was only slightly down-
regulated (1.56×) during GR but 4.07× down-regulated during RF. 
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Table 3. Proteins significantly different between RF and NF 

Order Category Gene symbol Accession Description 
T18-T22RF 

FC P 
value 

1 Actin 
filaments GSN P06396 Gelsolin -1.73 0.007 

2 

Complement 
factors 

C1Q Q07021 Complement 1q subcomponent -2.94 0.030 

3 C4B P0C0L5 Complement C4-B        2.85 0.002 

4 CFB P00751 Complement factor B        4.06 0.018 

5 CFD P00746 Complement factor D        -1.93 0.002 

6 

ECM and 
cell 

adhesion 

CDH13 P55290 Cadherin-13        -2.06 0.044 

7 COL15A1 P39059 Collagen alpha-1 (XV) chain        1.83 0.012 

8 COL5A3 P25940 Collagen alpha-3 (V) chain        -1.69 0.047 

9 LUM P51884 Lumican        -1.48 0.025 

10 MCAM P43121 Cell surface glycoprotein 
MUC18        -1.91 0.028 

11 NRCAM Q92823 Neuronal cell adhesion 
molecule        -2.39 0.046 

12 SERPINE2 P07093 Glia-derived nexin        1.58 0.020 

13 

ECM 
modification 

ADAMTSL1 Q8N6G6 ADAMTS-like protein 1        9.57 0.006 

14 MMP2 P08253 72 kDa type IV collagenase        1.48 0.010 

15 MMP8 P22894 Neutrophil collagenase        3.72 0.001 

16 P4HA1 P13674 Prolyl 4-hydroxylase subunit 
alpha-1        -1.80 0.004 

17 PPIC P45877 Peptidyl-prolyl cis-trans 
isomerase C        -1.47 0.012 

18 SERPINH1 P50454 Serpin H1        -2.19 0.001 

19 

ER-based 

CALU O43852 Calumenin        -2.36 0.002 

20 HYOU1 Q9Y4L1 Hypoxia up-regulated protein 1        1.78 0.009 

21 RCN1 Q15293 Reticulocalbin-1        -2.23 0.002 

22 TXNDC5 Q8NBS9 Thioredoxin domain-containing 
protein 5        -1.39 0.024 

23 

Lipid 
metabolism 

ACACB O00763 Acetyl-CoA carboxylase 2        -1.90 0.044 

24 AZGP1 P25311 Zinc-alpha-2-glycoprotein        1.59 0.041 

25 PCSK9 Q8NBP7 Proprotein convertase 
subtilisin/kexin type 9        -1.90 0.003 

26 PTGDS P41222 Prostaglandin-H2 D-isomerase        3.67 0.000 

27 

Lysosome-
based 

CTSA P10619 Lysosomal protective protein        2.75 0.009 

28 CTSL P07711 Cathepsin L1        1.24 0.029 

29 DNASE2 O00115 Deoxyribonuclease-2-alpha        2.97 0.033 

30 SORT1 Q99523 Sortilin        -5.13 0.005 



Adipocyte secretome profiling upon refeeding 
 

Page | 101  
 

31 

Tissue 
homeostasis 

ABI3BP Q7Z7G0 Target of Nesh-SH3        5.71 0.008 

32 GRN P28799 Granulins        1.73 0.008 

33 MYDGF Q969H8 Myeloid-derived growth factor        -1.93 0.046 

34 NRP1 O14786 Neuropilin-1        1.74 0.029 

35 RBP4 P02753 Retinol-binding protein 4        -1.91 0.011 

36 

Remaining 

APP P05067 Amyloid-beta A4 protein        -1.44 0.033 

37 CES1 P23141 Liver carboxylesterase 1        4.05 0.008 

38 CHI3L2 Q15782 Chitinase-3-like protein 2        3.43 0.005 

39 DMKN Q6E0U4 Dermokine        -5.40 0.000 

NF: normal feeding. GR: glucose restriction. RF: refeeding. FC_RF/NF: fold change between RF (T22RF) 
and NF (T18). FC_GR: fold change during 4 days GR (from T14 to T18GR). FC_RF: fold change during 4 
days RF (from T18GR to T22RF). When FC > 1. the value was described as FC; otherwise. the value was 
described as -1/FC. 

 

4. Discussion 

In the present study, we performed GR followed by RF of SGBS cells as a 
simple in vitro surrogate for in vivo weight regain after weight loss and 
investigated the changes of human adipocyte-derived secreted proteins. 
Comparison between NF and GR plus RF was made to gain information on 
changes induced to the secretome that could serve as leads to get further 
insight into the consequences of weight regain for metabolic health. Our 
results show that GR plus RF induced adipocyte secretome changes involving 
biological pathways of ECM remodeling, lipid metabolism, complement 
system and tissue homeostasis. Furthermore, 49 secreted proteins were 
described here for the first time as being secreted by adipocytes.  

Harvesting secreted proteins from the culture medium inevitably leads to 
contamination with leaked cellular proteins. We have applied bioinformatics 
analysis to identify the secreted proteins either as classical secreted proteins, 
which are typically targeted to the endoplasmic reticulum by a signal peptide, 
and non-classical secreted proteins without a signal peptide. Till now, SignalP 
[20] has been a well-accepted method for sorting classical secreted proteins 
and SecretomeP [52] has been widely used for non-classical secretion. When 
we first used SignalP in combination with SecretomeP, this yielded 739 
potentially secreted proteins in the current study. However, recently Henrik 
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et al. [53] reported that SecretomeP induces more than 20% false positives. 
Instead, Deeploc obtained the highest accuracy (78% for subcellular 
localization; 92% for membrane-bound or soluble) on predicting non-
classical secreted proteins when compared with other methods [22]. 
Therefore, in the current study we used the combination of SignalP and 
Deeploc, which led to 337 secreted protein candidates, of which 66% (221) 
were ranked as secreted by both programs. Yet, it should be noted that even 
with our stringent method of selection, a certain level of misclassification 
cannot be avoided. Additionally, some proteins may be aberrantly classified 
as non-secreted as observed for complement factor C1q. 

The largest change in abundance induced by the combined effects of GR plus 
RF was the 9.57 × up-regulation of ADAMTSL1. This is a metalloproteinase 
located in the ECM and known to degrade aggrecan [54]. Two other 
metalloproteinases (MMP2 and MMP8) are up-regulated as well, suggesting 
that after GR plus RF. the ECM is in a catabolic state. Moreover, three 
proteins involved in the maturation of collagens, P4HA1, PPIC and 
SERPINH1, are down-regulated. Recently we have shown that inside the cells 
GR leads to an upregulation of certain focal adhesion proteins [17]. It 
suggests that upon GR plus RF adipocytes intensify the cell-cell interaction 
while going through a phase of increased ECM flexibility. At the moment, it 
is not clear whether this also occurs in vivo and whether it would influence 
weight regain or the metabolic condition after weight regain. Still, in a 
previous weight loss/follow-up intervention study, expression of the 
ADAMTSL1 and MMP2 genes were significantly up-regulated (FC = 1.09, q 
= 0.05; FC = 1.24. q < 0.0001. respectively) four weeks after return to a 
balanced diet [55]. This indicates that ECM adaptations occur also in vivo 
during weight loss and weight regain. 

It is well established that adipose tissue secretes various components of the 
complement system. During development of overweight and obesity, the 
secreted levels of complement factors change, which is thought to contribute 
to the chronic low-level inflammation of the adipose tissue and the 
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development of health complications such as insulin resistance, type II 
diabetes and cardiovascular disorders [1]. In this respect, it has been 
suggested that modulation of the complement system could be a target for the 
prevention and therapy of obesity-associated metabolic diseases [11, 56-59]. 
Twelve proteins with an influence on complement activation were identified 
in our in vitro system and eight of them were complement factors (Table 4). 
Of those proteins, complement factor B (CFB) and complement factor 4B 
(C4-B) were significantly increased by GR plus RF, whereas the abundances 
of C1q and complement factor D (CFD) were significantly reduced. Such 
changes in vivo after weight loss and weight regain might lead to systemic 
changes in complement activity, especially in people with a high fat mass [56]. 
More generally, it could have local effects in the adipose tissue itself. 
Reduction of C1q and of C1s (p = 0.13) indicates a lower classical 
complement pathway. Yet, the increase of C4-B and mannan-binding lectin 
serine protease 1 (MASP1) suggest an increase of the C3 convertase C4bC2b. 
Together with the strong increase of CFB, a local increase of C3a and C3b 
could be expected. C3a can be converted to C3adesArg (acylation-stimulating 
protein. ASP) by carboxypeptidases B and N [60]. Here we found that 
adipocytes secrete carboxypeptide E, which is similarly able to remove 
arginine from the carboxyterminal tail of proteins. An increase of C3desArg 
would stimulate triglyceride uptake and glucose transport into adipocytes [61]. 
In the mouse it has been shown that CFB promotes adipocyte maturation and 
growth of fat droplets [62]. It is tempting to speculate that GR plus RF could 
have the same consequence. In addition, C3a has immune-modulatory 
properties and is often regarded as a pro-inflammatory factor [63]. Factor C3b 
in interaction with CBb converts C5 into C5a and C5b. C5a has chemotaxis 
activity and attracts neutrophils, basophils and macrophages. C5b forms with 
C6-C9 the membrane attack complex, which could be counteracted by the 
increase of clusterin (FC = 1.40, p = 0.09) [64]. Altogether, our in vitro 
observations suggest that changes in the complement system through GR plus 
RF may trigger uptake of triglycerides and glucose by adipocytes and may 
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promote the attraction of immune cells (Figure 3). In fact, in the present study 
triglyceride content was measured by ORO staining and by measuring the 
diameter of the five biggest fat droplets [17]. The OD value was higher by 
about 10%, being 1.55 after NF and 1.69 after GR plus RF (p = 0.13). In line, 
the diameter was higher by about 14%, being 1.13 µm after NF and 1.29 µm 
after GR plus RF (p = 0.02). Although this is keeping with the proposed 
hypothesis, we have no absolute proof to attribute the increased fat content to 
the influence of complement factors. Regarding the involvement of the innate 
immune cells, gene expression studies in vivo have indicated that poor ability 
to reduce myeloid activity from the adipose tissue after weight loss is 
associated with increased risk of weight regain [11, 65]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Complement activation pathway comparing GR plus RF with NF. Secretome 
changes during GR plus RF vs NF indicate the up regulation of MBL and alternative 
pathways of the complement system, which may trigger the uptake of triglycerides and 
glucose by adipocytes on one hand and promote inflammation on the other, which both 
may have an effect on health after weight regain. Proteins in blue means that the expression 
was down-regulated (p < 0.1), red means up-regulated (p < 0.1), white are proteins that 
were not detected in our results. RF: refeeding. NF: normal feeding. GR: glucose 
restriction. MBL: mannose-binding lectin. MASP: mannose-binding lectin serine protease. 
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Various lysosome-based proteins were identified by our secretome profiling 
(Table 4). Lysosomes function as a key degradative compartment of cells, of 
which lysosomal cathepsins display an essential role in maintaining cell 
homeostasis by autophagy and extracellular matrix degradation [66-68]. 
Their extracellular function is mostly associated with pathology and disease 
including metabolic syndrome in people with obesity [69, 70].  
 

Table 4. Component factors and cathepsins 

Order UniProt Gene 
symbol Description  Category FC P value 

1 P00736 C1R Complement C1r 
subcomponent    Complement factor -1.00 0.716 

2 Q07021 C1Q Complement C1q 
subcomponent    Complement factor -2.96 0.011 

3 P09871 C1S Complement C1s 
subcomponent    Complement factor -1.53 0.131 

4 P01024 C3 Complement C3    Complement factor -1.03 0.840 

5 P0C0L5 C4B Complement C4-B    Complement factor 2.85 0.002 

6 P00751 CFB Complement factor B    Complement factor 4.06 0.018 

7 P00746 CFD Complement factor D    Complement factor -1.93 0.002 

8 P08603 CFH Complement factor H    Complement factor -1.15 0.277 

9 P13987 CD59 CD59 glycoprotein    Complement factor 1.10 0.634 

10 O00602 FCN1 Ficolin-1    Complement factor -4.42 0.578 

11 P05155 SERPING1 Plasma protease C1 inhibitor    Complement factor -1.83 0.190 

12 P48740 MASP1 Mannan-binding lectin serine 
protease 1    Complement factor 2.33 0.196 

1 P10619 CTSA Cathepsin A    Lysosome-based 2.75 0.009 

2 P07858 CTSB Cathepsin B    Lysosome-based 1.19 0.097 

3 P07339 CTSD Cathepsin D    Lysosome-based 1.16 0.309 

4 Q9UBX1 CTSF Cathepsin F    Lysosome-based 1.33 0.239 

5 P43235 CTSK Cathepsin K    Lysosome-based 1.45 NA 

6 P07711 CTSL Cathepsin L1    Lysosome-based 1.24 0.029 

7 Q9UBR2 CTSZ Cathepsin Z    Lysosome-based 1.08 0.466 

Fold change (FC) was calculated with the abundance of T22RF/T18. When FC > 1. the FC value was described as FC. 
otherwise the value was described as -1/FC. NA: data not available. RF: refeeding. NF: normal feeding. 

 

In the current study, we observed seven different cathepsins (A, B, D, F, K, 
L and Z) secreted by adipocytes. Five of the identified cathepsins were up-
regulated by trend (Table 4) and two cathepsins were significantly up-
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regulated (Tables 3 and 4) after GR plus RF versus NF. In detail, cathepsin 
A (CTSA) and cathepsin L (CTSL) were significantly increased while other 
cathepsins showed a trend (Table 4). CTSA is able to stabilize the 
extracellular beta-galactosidase/neuraminidase-1 complex, which is involved 
in the formation of elastic fibers [71]. In addition, it processes important 
vascular proteins including endothelin-1, bradykinin and angiotensin I, which 
are important for the regulation of blood pressure [72]. Pharmacological 
inhibition indicates a role of CTSL in adipogenesis/fat storage and glucose 
tolerance. Inhibition of CTSL reduced fibronectin degradation and increased 
the levels of the beta-subunits of the insulin receptor and insulin-like growth 
factor-1-receptor [73]. Studies have also shown that CTSL, like cathepsin S 
(CTSS), has proatherogenic properties [74]. However, those studies did not 
specifically look at the extracellular function of CTSL. Yet, a literature survey 
has shown that CTSL is one of the cathepsins involved in extracellular matrix 
degradation and tissue remodeling [67]. Serum levels of CTSL did not alter 
following 6-month CR in obese women [75], but were reduced after an 8 
week lifestyle intervention [76]. Here we show that GR plus RF significantly 
increased the extracellular CTSA and CTSL level. It seems therefore 
warranted to study the in vivo consequences of weight regain on plasma levels 
of cathepsins and assess the influence on fat storage, blood pressure and 
glucose tolerance. 

A number of proteins that change abundance significantly between GR plus 
RF and NF, has been described in relation to Alzheimer’s disease. Amyloid-
beta A4 protein (APP), which is a major component of the amyloid plaques 
in the brain of Alzheimer’s patients [77], is 1.43× down-regulated. 
Extracellular SORT1, which has been reported to be involved in plaque 
formation [78], is 5.13× down-regulated in our study. PTGDS was 3.67× up-
regulated due to GR plus RF. Interestingly, an up-regulation of the gene for 
PTGDS after ingestion of soybeans could lead to reduced amyloid-β 
accumulation and improved cognition [79]. A fourth protein, chitinase-3-like 
protein 2 (CHI3L2) is 3.43 × up-regulated as the consequence of GR plus RF. 
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CHI3L2 is known to bind to glycans, but lacks the required domain for 
chitinase activity [50]. Recently, it has been reported that the regional 
expression of CHI3L2 in the brain of late-onset Alzheimer’s patients is 
altered in comparison to healthy persons [80], but its function is presently 
unknown. Together, it would be worth to investigate whether weight cycling 
in humans could influence the expression of those proteins as well. 

It should be noted that there are limitations to the present study. Firstly, SGBS 
cells have widely been used in vitro as a substitute for human white 
subcutaneous adipocytes since 2001 [13], but a study by Yeo et al. [81] 
indicated that SGBS cells may also have browning potential. Secondly, 
arguments including the fact that MS data are based on multiple peptide 
quantifications per protein, make it convincing that MS quantification is 
highly accurate [82, 83]. Validation by another method has the risk of 
devaluating the quantitative data. Therefore, such validation was not 
performed. Thirdly, an in vitro model for weight loss and regain preferably is 
based on “obese”, hypertrophic fat cells. However, a hypertrophic phenotype 
of adipocytes differentiated in culture is difficult to define. For the present 
model it can be said that after 12 days of differentiation, SGBS cells contain 
4× as much triglycerides than differentiated primary adipocytes [81]. Here we 
used 14 days differentiated SGBS cells with a 24% higher diameter of the 
five biggest fat droplets as compared to day 12 indicating an even higher fat 
content on day 14. Therefore, we feel confident to regard our findings as 
valuable clues for the consequences of weight loss and regain in overweight 
people. This can now be examined in human intervention studies. 

5. Conclusions 

In summary, in this study we reported for the first time 49 proteins being 
secreted by adipocytes. In addition, our in vitro study demonstrated that GR 
followed by return to NF leads to changes in the secretome of adipocytes in 
comparison with NF alone. Major changes are related to extracellular matrix 
modification, factors of the complement system, extracellular cathepsins, and 
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several proteins relevant for Alzheimer’s disease. These observations can 
now be used as clues to investigate the metabolic consequences of weight 
regain, weight cycling or intermittent fasting. 

 

Supplementary Materials:  

Supplementary materials can be found at https://www.mdpi.com/1422-
0067/20/16/4055/s1, (the file contains Tables S1 and S2). 
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Abstract 

Long-term weight loss maintenance is the biggest challenge for overweight 
and obesity due to the poorly avoidable phenomenon of weight regain (WR) 
after weight loss. To investigate the relations of WR with the changes of 
adipocyte size and other biomarkers during the follow up of a dietary 
intervention, we examined the data of 48 overweight/obese participants of the 
Yoyo study. In this randomized controlled study, all participants underwent a 
(very) low calorie diet to lose weight, followed by a weight stable period of 4 
weeks and a follow-up period of 9 months. Anthropometric measurement and 
plasma metabolic parameters (FFA, TG, total cholesterol, glucose, insulin, 
HOMA-IR, IL6, ACE activity, RBP4) before and after the follow-up were 
analyzed. Our results show that changes of TG, IL6, HOMA-IR and ACE are 
significantly correlated with WR. In a multiple regression analysis, the 
changes of TG and IL6 remained significantly correlated with WR and fat 
expansion. Moreover, the change of HOMA-IR was tightly correlated with 
the change in TG. Surprisingly, the change of adipocyte volume during follow 
up was not correlated with WR nor fat expansion, but it was associated with 
HOMA-IR at the beginning and end of the follow up. These results suggest 
that TG and IL6 are directly linked to WR via separate mechanisms, and that 
HOMA-IR and adipocyte volume are indirectly linked to WR through the 
change of TG. 

 
 

 

 

 

 

Key words: weight regain; adipocyte size; HOMA-IR; TG; IL6; fat mass; 
fat-free mass.   
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1. Introduction 

Overweight/obesity is a leading cause of health complications worldwide 
with its increasing incidence rates in children and adults [1, 2]. Weight loss 
(WL) can reduce the risk of obesity-associated complications and can be 
achieved by dietary intervention, increased physical activity, 
pharmacological or surgical treatment [3, 4], but unfortunately effective 
strategies to prevent weight regain (WR) are still not available. Thus, 
prevention of WR after successful WL has become a major challenge of body 
weight management, and studies focusing on the mechanistic analysis of WR 
are urgently needed. Presently, almost all researchers agree that the 
complicated mix of behavioral, socio-economical, physiological and genetic 
factors contributes to the risk of WR [5-7]. 

Adipose tissue, and especially the adipocytes in this tissue, has recently 
received attention as a prominent contributor to the risk of WR. Mariman et 
al. have proposed that increased stress between the extracellular matrix and 
shrunken adipocytes during diet-induced WL could be a driving factor for 
WR, as the most feasible remedy for the adipocyte to get rid of this 
mechanical stress is to return to their original state by restoring fat [5, 8]. In 
line, studies have shown that the expression of certain stress genes and 
extracellular remodeling genes links to the risk for WR [9, 10]. In addition, 
during WL the reduction in size of adipocytes seems to alter their metabolic 
and inflammatory characteristics that facilitate the storage and clearance of 
ingested energy. As integral part of the metabolic and inflammatory activity 
of the adipose tissue, this could influence WR after WL [5, 11]. Furthermore, 
a number of plasma factors have been identified as predictors for WR [12-
15]. This includes RBP4 [12, 16], ACE [16, 17] and FFA [16, 18]. Wong et 
al. reported that greater improvements in insulin sensitivity (decreased fasting 
insulin and HOMA-IR) during calorie restriction link to lower WR [19].  

The Yoyo study is a dietary WL intervention with a 9-month follow up 
executed to investigate factors predicting WR. Some of the factors mentioned 
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here were identified or confirmed in the Yoyo study as predictors of WR [16]. 
However, a detailed analysis of changes of these factors during the WR phase 
has not yet been performed. Therefore, in the present study we selected these 
and other parameters to study their possible relation to WR during the follow-
up period. It includes parameters linked to lipid handling (body fat mass, 
adipocyte volume, TG, FFA, and total cholesterol), glucose handling (glucose, 
insulin, HOMA-IR), previously identified WR predictors (FFA, ACE, RBP4), 
and IL6 as a proinflammatory marker.  

2. Methods 

2.1. Participants and study design 

The Yoyo study (Figure 1) was a weight loss/follow-up intervention study of 
61 overweight/obese persons. Anthropometric measurements were done as 
previously described [20], and samples including adipose tissue biopsies and 
blood samples were taken before WL (T1), after a low calorie diet (LCD) for 
5 weeks or very low calorie diet (VLCD) for 3 months to lose approximately 
10% body weight (T2), after 4 weeks of being maintained on a balanced diet 
to keep weight stable (T3), and after a 9-month follow-up period, where 
participants were asked to maintain their body weight loss (T4). They 
received advice about a healthy diet composition but no caloric advice. The 
WL and weight stable period together were named “dietary intervention 
period”. Throughout the whole study, four participants during dietary 
intervention and four during follow up withdrew due to personal 
circumstances or cancer, two participants started prescribed medication 
which could influence body weight during follow up, in three participants we 
could not collect enough biopsy material. These participants were therefore 
excluded. Accordingly, forty-eight participants aged 52.27 ± 8.30 years 
(mean ± SD, standard deviation) were included in the current study for further 
analysis.  
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This study was carried out according to the Declaration of Helsinki guidelines 
and was registered at clinicaltrials.gov (registration: NCT01559415). All 
procedures involving human participants were approved by the Central 
Committee on Human Research and by the Medical Ethical Committee of 
Maastricht University, Netherlands. Written informed consent from all 
participants was obtained before participation in the study. 

2.2. Adipose tissue biopsy  

Abdominal subcutaneous adipose tissue (AT) needle biopsies (approximately 
1 g) were collected 6–8 cm lateral from the umbilicus under local anesthesia 
(2% lidocaine) after an overnight fast at baseline, end of WL, end of weight 
stable and end of follow up. Biopsies were immediately rinsed with sterile 
saline and visible blood vessels were removed with sterile tweezers. Then a 
small sample of AT was fixed overnight in 4% buffered paraformaldehyde 
and embedded in paraffin for analysis of adipocyte size. 

2.3. Adipocyte size measurement 

Histological sections (8 µm) were cut from paraffin-embedded tissue, 
mounted on microscope glass slides, and dried overnight in an incubator at 
37°C. The sections were stained with hematoxylin and eosin. Digital images 

Figure 1: Schematic overview of study design. Variables were obtained and measured at 
baseline (T1), at the end of weight loss (T2), end of weight stable (T3) and end of follow 
up (T4). The dietary intervention period (from T1 to T3) was composed of the weight loss 
and weight stable periods. LCD: low calorie diet, VLCD: very-low calorie diet. 
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were captured with the use of a Leica DFC320 digital camera (Leica, Rijswijk, 
Netherlands) at 20 × magnification (Leica DM3000 microscope, Leica, 
Rijswijk, Netherlands). Computerized morphometric analysis (Leica QWin 
V3, Cambridge, United Kingdom) of individual adipocytes was performed in 
a blinded fashion as previously described [21]. Adipocyte volume (V) was 
calculated from the mean of diameter (d) and standard deviation (SD) of 

measurements of adipocyte diameter using Goldrick's equation: V = 1
6 

 πd 

×[3(SD)2 + d2)] [22, 23]. Approximately 400 adipocytes per sample were 
measured. 

2.4. Biochemical assays 

Biochemical analysis of blood samples was performed as described 
previously [16]. In short, blood samples were collected into EDTA and serum 
tubes and were centrifuged for 15 min at 1000g at 4°C and 21°C, respectively. 
Aliquots were immediately frozen in liquid nitrogen and subsequently stored 
at -80°C until analysis. Plasma glucose, FFA, TG and total cholesterol were 
analyzed with standard enzymatic methods (ABX Pentra 400 autoanalyzer, 
Horiba ABX, Montpellier, France). Plasma insulin concentrations were 
analyzed with commercially available radioimmunoassay (RIA) kits (Human 
insulin specific RIA, Millipore Corporation, Billerica, MA). Plasma 
concentrations of IL6 (Meso Scale Discovery, Gaithersburg, MD), RBP4 
(R&D systems, Minneapolis, MN) were determined by ELISA. Serum ACE 
activity was measured with a standard enzymatic assay (Bühlmann, Basel, 
Switzerland). 

2.5. Calculations 

To analyse WR during the follow up, we calculated the delta changes of body 
weight as follows: WR (kg) = Body weight at T4 – Body weight at T3. 
Similarly, during follow up the changes of absolute fat mass was named “fat 
mass expansion” and calculated as follows: fat mass expansion (kg) = 
Absolute fat mass at T4 - Absolute fat mass at T3. 
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In parallel, the changes of variables during follow up were described as delta 
values (Δ) and were calculated as follows: delta value (Δ) = absolute value at 
T4 – absolute value at T3.  

2.6. Insulin resistance assessment 

The homeostasis model assessment of insulin resistance (HOMA-IR) serves 
as a surrogate measurement of insulin resistance (IR) [24-27]. Therefore, the 
HOMA-IR was calculated as follows: HOMA-IR = [fasting insulin (µU/mL)] 
× [fasting glucose (mmol/L)] / 22.5 [27, 28], and was used as an index of 
central insulin resistance status in further analyses. 

2.7. Statistics analysis 

Variables are presented as mean ± SD. All variables were checked for normal 
distribution by Shapiro-Wilk’s test, P > 0.05 was considered as the threshold 
for normal distribution. Extreme outliers with values higher that 3× 
interquartile range calculated with SPSS were removed during statistical 
analysis. To determine possible effects over intervention and follow up, two 
tailed paired T-test was carried out. For relationships between parameters or 
with WR percentage, Spearman Rho was calculated. For the significant 
correlations, scatterplots were checked to see whether a linear relationship is 
applicable or not and then linear regression analysis was performed. In 
statistical analyses, P < 0.05 was considered to be significant, unless 
otherwise stated. Statistical analyses were conducted using SPSS version 22.0 
for Windows 10 (SPSS Inc., Chicago, IL, USA). 

3. Results 

3.1. Participant characteristics  

Clinical characteristics of all the participants (n=48) at baseline (T1), end of 
WL (T2), end of weight stable phase (T3) and follow up (T4) are displayed 
in Table 1. WL from T1 to T2 was similar in the LCD group (n=25, -8.37 ± 
2.67 kg) and the VLCD group (n=23, -9.32 ± 1.86 kg) (P=0.16). In addition, 
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body weight change was comparable in the two groups during the weight 
stable phase (from T2 to T3, P=0.91) and follow up (from T3 to T4, P= 0.81). 
  

Table 1. Characteristics of participants at baseline, end of weight loss, weight stable and follow up. 

Items Baseline (T1) End of WL (T2) End of WS (T3) End of follow up 
(T4) 

Diet (LCD/VLCD) 25/23    

Sex (female/male) 23/25    

Anthropometric parameters    

Weight (kg) 93.58 ± 10.04 84.76 ± 9.42* 84.48 ± 9.67# 88.82 ± 10.49* 

BMI (kg/m2) 31.05 ± 2.21 28.12 ± 2.25* 28.02 ± 2.29# 29.46 ± 2.42* 

Waist circumference 
(cm) 102.63 ± 9.86 94.64 ± 8.90* 94.92 ± 9.21# 98.38 ± 9.21* 

Hip circumference 
(cm) 110.64 ± 6.02 105.23 ± 6.15* 104.38 ± 5.88*# 105.88 ± 7.93* 

Waist-Hip ratio 0.93 ± 0.09 0.90 ± 0.09* 0.91 ± 0.08# 0.93 ± 0.09* 

Body fat (%) 39.13 ± 8.70 33.93 ± 10.21* 32.91 ± 10.18*# 35.66 ± 9.53* 

Fat free mass (kg) 58.07 ± 13.57 56.81 ± 12.77* 57.53 ± 13.24*# 58.12 ± 13.65* 

Plasma biomarkers    

TG (µmol/L) 1239.35 ± 
514.40 822.92 ± 304.46* 1047.87 ± 409.38*# 995.75 ± 398.94 

FFA (µmol/L) 476.48 ± 180.39 645.53 ± 234.37* 455.85 ± 229.32* 546.16 ± 196.21* 

Free glycerol 
(µmol/L) 91.44 ± 32.21 112.34 ± 37.42* 92.65 ± 36.96* 97.32 ± 35.58 

Total cholesterol 
(mmol/L) 6.01 ± 0.88 5.23 ± 0.89* 5.75 ± 0.85*# 5.9 ± 0.86 

Glucose (mmol/L) 5.29 ± 0.45 5.04 ± 0.50* 5.12 ± 0.53# 4.98 ± 0.47* 

Insulin (µU/Ml) 15.8 ± 5.94 11.25 ± 4.02* 12.18 ± 4.05# 10.82 ± 4.88 

HOMA-IR 3.8 ± 1.62 2.64 ± 1.20* 2.8 ± 1.09# 2.45 ± 1.28 

Adipokines     

IL6 0.58 ± 0.21 0.71 ± 0.33* 0.67 ± 0.29 0.59 ± 0.23* 

ACE 46.56 ± 18.98 41.95 ± 18.80* 44.77 ± 17.91* 47.17 ± 21.50* 

RBP4 27.83 ± 8.05 24.11 ± 8.59* 26.30 ± 7.54*# 27.55 ± 7.67 

Adipocyte size    

Adipocyte diameter 
(µm) 77.79 ± 5.86 69.77 ± 6.64* 74.78 ± 6.29*# 77.12 ± 6.06* 

Adipocyte volume 
(×105 µm3) 2.47 ± 0.57 1.78 ± 0.53* 2.19 ± 0.54*# 2.40 ± 0.58* 

All variables are described as mean ± SD. *: Significant change (p<0.05) between this time point and the 
previous time point with paired T test. #: Significant change (p<0.05) during diet intervention (from T1 to T3) 
period. BMI: body mass index; LCD: low calorie diet; VLCD: very-low calorie diet; WL: weigh loss; WS: 
weight stable; SD: standard deviation. 
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Thus, the rate of dietary intervention induced WL did not affect the 
subsequent WR during the 9 months in non-restricted free-living environment. 
Therefore, persons from both diet groups were pooled in the subsequent 
analyses.  

Regarding metabolic parameters, plasma triacylglycerol (TG) and total 
cholesterol both significantly decreased during WL and then significantly 
increased during the weight stable period, while free fatty acid (FFA) and 
glycerol increased during WL and decreased during the weight stable phase. 
During follow up, only FFA increased significantly, whereas the levels of TG, 
glycerol and total cholesterol remained unchanged. Fasting glucose had a 
persistent significant decrease during the dietary intervention and follow up, 
both fasting insulin level and the insulin resistance assessed by HOMA-IR 
decreased during the dietary intervention and stayed unchanged during follow 
up (Table 1).  

3.2. Adipocyte volume 

As we expected that adipocyte volume would be related to fat mass and as 
such to body weight and WR, extra attention was paid to adipocyte size. The 
volume of adipocytes during the whole study was recorded and the changes 
can be seen in Figure 2. It was observed that the average volume of 
adipocytes had shrunken 28% during WL (T1 to T2, P<0.001), rebounded 23% 
during the weight stable phase (T2 to T3, P<0.001) and increased 10% during 
follow up (T3 to T4, P=0.011). The average volume at the end of the dietary 
intervention (T3) was significantly lower (P<0.001) compared to the average 
baseline volume, whereas at the end of the follow up (T4), the adipocyte 
volume had already rebounded to the baseline level (P=0.486). Ironically, no 
significant correlations were observed between the delta changes of adipocyte 
volume and the changes of  body fat mass (r=-0.116, P=0.439) nor between 
the changes of the adipocyte’s volume and body weight (r=0.001, P=0.994) 
during follow up (T3 to T4).      
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Figure 2: Adipocyte volume at each time point and correlations with HOMA-IR. 
Scatterplots of adipocyte volume at the start of current study (T1), end of weight loss 
(T2), end of weight stable (T3) and end of follow up (T4) are shown with the mean ± 
standard deviation (SD). Two tailed paired t-test was performed to determine the 
possible effect over time. *: P<0.05, **: P<0.01, ***: P<0.001. 
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3.3. Correlations between the changes during follow up and weight regain 

On average, during the follow up (from T3 to T4) the participants gained 4.34 
± 3.45 kg of body weight. To determine which of the above-mentioned 
parameters were related to the weight change, correlation analysis was 
performed between the changes of these parameters during the follow up and 
the change of body weight. This showed that changes of glucose, insulin, 
HOMA-IR, TG, ACE and IL6 during follow up were significantly positively 
correlated with the changes of body weight (Figure 3), whereas no significant 
correlations were observed with adipocyte volume, FFA, total cholesterol and 
RBP4 (Table S1). Next, we tested for correlations between the parameters. 
This showed that the change of TG was significantly positively correlated 
with the change of HOMA-IR (Figure S1, r=0.478, P=0.001) during follow 
up. No other correlations between different parameters were detected (Table 
S1).  
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Subsequently, to see if and how WR attributed to the correlated parameters, 
multiple linear regression with backward elimination was performed. As 
HOMA-IR is calculated from fasting glucose and insulin, we imputed 
HOMA-IR instead of glucose and insulin. The changes of HOMA-IR, ACE, 
TG and IL6 were set as the independent factors, weight change during follow 
up was set as dependent factor. It showed that the changes of TG and IL6 
during follow up were associated with WR (P=0.020, P=0.014 respectively), 
whereas the changes of ACE and HOMA-IR were not (P=0.509, P=0.817 
respectively) (Table 2A). The backward model explained 27.1% (r=0.521) of 
the variation of WR and when corrected for sex explained 28.1% (r=0.530), 
which shows that changes of TG and IL6 were linked to WR both in males 
and females. 

Figure 3: Several factors during follow up significantly correlated with weight regain (WR). 
Scatterplots of the changes of parameters from T3 to T4 with the body weight changes: (A) 
glucose, (B) insulin, (C) HOMA-IR, (D) TG, (E) IL6 and (F) ACE, respectively.  
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Table 2A. Multiple regression analysis of 
factors with WR.  

Model B SE B Beta P value 

Model 1: R2=0.281, P=0.028, unadjusted model (The 
forced entry method) 

ACE_T4T3 -0.042 0.06 -0.13 0.509 

HOMA-
IR_T4T3 -0.116 0.50 -0.04 0.817 

IL6_T4T3 5.378 2.06 0.46 0.014 

TG_T4T3 0.005 0.00 0.53 0.020 

Model 2: R2=0.271, P=0.005, unadjusted model 
(Backward elimination) 

IL6_T4T3 4.763 1.78 0.40 0.012 

TG_T4T3 0.004 0.00 0.45 0.006 

Model 3: R2=0.281, P=0.012, adjusted for sex 
(Backward elimination) 

IL6_T4T3 5.103 1.87 0.43 0.010 

TG_T4T3 0.004 0.00 0.43 0.009 

Table 2B. Multiple regression analysis of 
factors with fat mass expansion.  

Model B SE B Beta P value 

Model 1: R2=0.277, P=0.030, unadjusted model (The 
forced entry method) 

ACE_T4T3 -0.042 0.06 -0.13 0.499 

HOMA-
IR_T4T3 -0.209 0.49 -0.08 0.672 

IL6_T4T3 5.680 2.03 0.49 0.008 

TG_T4T3 0.004 0.00 0.51 0.025 

Model 2: R2=0.266, P=0.005, unadjusted model 
(Backward elimination) 

IL6_T4T3 5.019 1.75 0.44 0.007 

TG_T4T3 0.003 0.00 0.41 0.011 

Model 3: R2=0.266, P=0.010, adjusted for sex 
(Backward elimination) 

IL6_T4T3 5.514 1.82 0.48 0.005 

TG_T4T3 0.003 0.00 0.38 0.018 

Although fat-free mass (such as fluids, muscle and bone) is involved in the 
development of WR as well, the most prominent part is the expansion of fat 
mass. Therefore, we were curious to see whether the factors were also 
associated with the changes of fat mass or not. Thus, multiple regression 
analysis was further performed by setting the changes of HOMA-IR, ACE, 
TG and IL6 as independent factors, and the change of absolute fat mass as 
dependent factor (Table 2B). The backward elimination method showed that 
the changes of TG (P=0.011) and IL6 (P=0.007) during follow up were 
associated with the changes of absolute fat mass. Moreover, TG and IL6 were 
independent to each other in the context of their relation to WR. This indicates 
that TG and IL6 may contribute to the development of WR via two distinct 
mechanisms based on the expansion of fat mass. 
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3.4. Adipocyte volume associates with HOMA-IR 

Although no correlations were observed between the changes of adipocyte 
volume and WR nor between changes of adipocyte volume and other 
parameters, we were still curious if there could be indirect links between 
adipocyte volume and WR through metabolic parameters. Therefore, we 
further explored the relations between the absolute values of adipocyte 
volume with the parameters for fatty acid and glucose handling at the 
beginning of follow up (T3) and end of follow up (T4). Insulin and HOMA-
IR significantly correlated with adipocyte size at both T3 (r=0.398, P=0.007; 
r=0.431, P=0.003 respectively) and T4 (r=0.359, P=0.018; r=0.390, P=0.010 
respectively).   

 

 

 

 

 

 

 

 

 

 
 

The plots between adipocyte volume and HOMA-IR at T3 and T4 are shown 
in Figure 4. Adipocyte volume positively correlates with HOMA-IR before 
and after the follow up (P≤0.01). To better understand the relations between 
volume and HOMA-IR, linear regression was performed with HOMA-IR as 
independent factor. In accordance with correlation analysis, volume is 

Figure 4: Correlations between adipocyte volume and HOMA-IR at the end of diet 
intervention (T3) and at the end of follow up (T4).  
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independently associated with HOMA-IR at T1, T3 and T4 (P=0.028, 
P=0.006, P=0.007, respectively) (Table 3). As it is known that body fat (%) 
might be confounder of insulin resistance, we adjusted the regression model 
for body fat (%) as well. After correction, significant positive associations 
between adipocyte volume and HOMA-IR remained (at T1, P=0.030; T3, 
P=0.008; at T4, P=0.009) (Table 3), which indicates that adipocyte volume 
associates with HOMA-IR at these time points.  

Table 3. Linear regression of adipocyte volume and HOMA-IR. 

Model B SE B Beta P value 

Model 1: unadjusted model 

Volume_T1 9.28E-06 4.07E-06 0.328 0.028 

Volume_T3 8.31E-06 2.85E-06 0.410 0.006 

Volume_T4 9.10E-06 3.19E-06 0.410 0.007 

Model 2: adjusted for body fat (%) 

Volume_T1 9.28E-06 4.07E-06 0.328 0.030 

Volume_T3 7.84E-06 2.88E-06 0.389 0.008 

Volume_T4 8.19E-06 3.14E-06 0.365 0.009 

4. Discussion 

In the present study, we selected factors that were previously shown to be 
associated with WR or the risk for WR, and further investigated their relation 
to WR during the 9 months follow-up of the Yoyo study (T3-T4). We report 
for the first time that the changes of TG and IL6 were associated with WR in 
overweight/obese participants, whereas HOMA-IR and ACE were not 
associated in the multiple regression analysis. The change of TG robustly 
correlated with the change in HOMA-IR. Furthermore, the adipocyte volume 
correlated with HOMA-IR at T3 and T4. These results suggest that changes 
in TG and IL6 are linked to WR via separate mechanisms, and that HOMA-
IR and adipocyte volume may be linked to WR through the change of TG 
(Figure 5).  
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4.1. Adipocyte size and weight regain 

Adipocyte size is a surrogate value for the adipocyte triglyceride content in 
line with the morphological changes of adipocytes [29]. Surprisingly, 
significant correlations between changes in adipocyte volume and WR or fat 
mass expansion were not detected in the current study. The volume was 
calculated from the measured diameter (d) of the cell and the SD of the 

measured diameter by using the Goldrick's formula of V = 1
6
 πd ×[3(SD)2 + 

d2)] [22]. When diameter was used instead of volume also no significant 
correlations could be found. Nevertheless, an independent positive 
association of adipocyte volume with HOMA-IR was observed at T1, T3 and 
T4, and HOMA-IR significantly correlated with WR. In the present study, 

Figure 5: Relations between various factors and weight regain (WR). HOMA-IR, TG, IL6 
and ACE during follow up are significantly correlated with WR, of which TG and IL6 are 
independently associated with WR and fat mass expansion. Adipocyte volume is not 
significantly correlated with WR but associated with HOMA-IR. HOMA-IR positively 
correlates with TG. This indicates that WR is influenced by TG and IL6 via separate 
mechanisms involving the fat mass, and that adipocyte volume and HOMA-IR have an 
influence on WR via TG. ACE may influence WR via fat-free mass. 
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subcutaneous adipose tissue was analyzed, which may differ from other types 
of adipose tissue. However, other studies have shown that both subcutaneous 
and visceral adipocyte size are positively correlated with whole body insulin 
resistance [30-32]. Even in early studies of human adipose tissue, increased 
fat cell size was shown to correlate with impaired whole body metabolic 
regulation [33] and systemic insulin resistance [34]. However, in these studies 
the relation between adipocyte size and WR has not been investigated. 
Interestingly, Bahceci et al. reported that enlarged adipocytes are not only less 
insulin responsive, but their size is also positively correlated with 
inflammatory factors such as NF-κB, TNF-γ and IL6 [35]. In the current study, 
IL6 was associated with WR, but we were unable to find a relation between 
IL6 and changes or the absolute values at different time points of adipocyte 
volume. Thus, although we could not demonstrate a direct relation between 
adipocyte volume and WR, our observations suggest that adipocyte size may 
have an indirect link with WR via relations with HOMA-IR.   

4.2. TG and weight regain 

In this study, the change of plasma TG was found to correlate positively with 
the development of WR and of fat mass. This has been observed also in other 
studies [36, 37]. Changes of TG also correlated significantly with HOMA-IR, 
but in a regression model with WR as the dependent factor and including TG 
and HOMA-IR as independent factors, TG was associated with WR and 
HOMA-IR did not. HOMA-IR is a parameter that can be used for whole body 
or peripheral insulin resistance because it strongly associates with the 
euglycemic clamp results (r=0.73, P<0.001) [38], but in principle it is 
intended to estimate insulin resistance of the liver [28, 39]. After weight loss, 
whole body insulin sensitivity usually improves as also indicated by the 
reduction in HOMA-IR after weight loss in this study. However, in 
individuals with a more pronounced insulin resistance after weight loss a 
higher production may occur of TG from free fatty acids released from 
adipose tissue and from dietary fatty acid intake, resulting in increased plasma 
TG levels [40, 41]. At the same time, increased levels of plasma glucose and 
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insulin will create an optimal condition for adipocyte and ectopic TG-derived 
fatty acid uptake and storage, i.e. insulin for promoting glucose uptake and 
glucose for providing intracellular glycerol-3-phosphate to allow 
esterification of fatty acids, all in line with an increased WR. A relation 
between insulin sensitivity and WR has been reported before [42, 43]. Here 
we propose that insulin resistance is indirectly involved in regaining weight 
by supporting TG levels in plasma and uptake by peripheral tissues.  

4.3. IL6 and weight regain 

IL6 is known as one of the major pro-inflammatory cytokines involved in 
various biological processes. Adipose tissue is a major source of circulating 
IL6 [44] and a positive correlation between circulating IL6 with adiposity has 
been repeatedly found [45]. There seems to be a positive relation between 
fasting IL6 concentration and fat mass, body fat (%) and waist circumference 
[46, 47]. In line, it has been shown that increased systemic IL6 levels are 
associated with elevated fat mass, not only in rodent models, but also in obese 
humans [48, 49]. Recently, human studies have identified IL6 as a factor 
associated with or predicting WR [50, 51]. Our study shows that IL6 during 
follow up is positively correlated with WR and with change of fat mass. 
Obesity is often accompanied by a low-grade inflammation [52, 53]. Data 
from our group based on the same cohort have suggested that risk for WR is 
related to the ability of people to reduce the inflammatory activity of the 
adipose tissue during the weight maintenance period (T2-T3) [54]. Persistent 
inflammation after weight loss will result in a higher WR. In this respect, 
higher IL6 plasma levels may be part of the mechanism as it has been shown 
that IL6 can act as a Th2 cytokine in obesity by stimulating macrophage M2 
polarization and local adipose tissue macrophage proliferation [55].  

4.4. ACE and weight regain 

ACE is known as a component of the renin-angiotensin-aldosterone system. 
It regulates blood pressure by converting inactive angiotensin I to active 
angiotensin II, a potent vasoconstrictor, and it can break down the vasodilator 
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bradykinin [56, 57]. However, ACE serves in many other processes of the 
body including regulation of body fluid content and electrolyte concentrations 
[58]. A number of studies indicate that in rodents ACE modifies adipocyte 
growth and differentiation [59, 60]. In human adipocytes angiotensin II 
increases lipogenesis [61], but an inhibitory effect on adipogenesis has also 
been reported [62]. ACE could also influence tissue lipid content by 
modifying tissue blood flow. Genetic studies indicate a role for ACE in the 
risk of developing obesity [39, 40]. Moreover, change of the plasma 
concentration of ACE during weight loss has been proposed as predictor of 
WR in both males and females [13, 63]. Overall, there seem to be sufficient 
indications to suppose involvement of ACE in the risk of (re)gaining weight. 
In the present study, the concentration of ACE increases significantly during 
the follow up. At the same time, ACE was found to correlate positively with 
WR, although not as an independent factor. However, our data are not 
sufficient to reveal the underlying mechanism. Moreover, despite statistical 
significance, the distribution of the datapoints of Figure 3F are not very 
convincing, allowing for the possibility that the correlation between ACE and 
WR is a false positive finding. 

4.5. Limitations 

It should be noted that the present results are based on a limited number of 
subjects and that the results may depend on the design of the intervention. 
Therefore, more extensive studies using similar parameters should be 
undertaken to validate the present findings. In addition, our results are merely 
associations and do not provide evidence for a causal relationship [64]. In this 
respect, the model of Figure 5 remains hypothetical and causal studies are 
needed to consolidate it. Nevertheless, it can be used to point out what type 
of studies are most relevant and what parameters have to be measured.  

5. Conclusions 

In summary, the present study has demonstrated that changes of HOMA-IR, 
TG, IL6 and ACE during follow up are significantly positively correlated with 
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WR, of which TG and IL6 remain associated with WR and fat mass expansion 
in a multiple regression analysis. We found no evidence for an association 
between changes of adipocyte volume and WR, but adipocyte volume was 
associated with HOMA-IR. Moreover, changes of HOMA-IR positively 
correlated with changes of TG. These results suggest that TG and IL6 may 
influence WR directly via separate mechanisms, and that HOMA-IR and 
adipocyte volume are indirectly linked to WR, probably through TG. Changes 
of ACE were no longer associated with WR in the multiple regression 
analysis. These findings were compiled in the model of Figure 5. Additional 
studies are needed to validate the results and to confirm the proposed model. 
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Figure S1: Data plots of TG with changes of HOMA-IR during follow up. 
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Figure S1: Data plots of TG with changes of HOMA-IR during follow up. 

Spearman’s Rho was performed for the correlation analysis. 
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Table S1. Correlations of variables during follow up (from T3 to T4) to weight regain 

Spearman's rho Weight Fat 
(absolute) 

Adipocyte 
volume TG FFA Cholesterol Free 

glycerol Glucose Insulin HOMA-
IR RBP4 ACE IL6 

Weight 
r  1.000 0.883** 0.001 0.292* -0.032 0.122 -0.221 0.455** 0.369* 0.364* -0.095 0.325* 0.392* 
P   0 0.994 0.046 0.833 0.418 0.149 0.002 0.014 0.014 0.534 0.029 0.013 

Fat (kg) 
r  0.883** 1.000 -0.116 0.212 0.051 0.112 -0.127 0.486** 0.317* 0.292 -0.071 0.258 0.402* 

P 0   0.439 0.158 0.738 0.464 0.417 0.001 0.038 0.055 0.646 0.091 0.012 

Adipocyte 
volume 

r  0.001 -0.116 1.000 -0.023 0.071 -0.081 0.074 -0.315* -0.086 -0.158 0.001 -0.043 -0.116 

P 0.994 0.439   0.88 0.64 0.591 0.632 0.035 0.581 0.3 0.995 0.78 0.481 

TG 
r  0.292* 0.212 -0.023 1.000 -0.107 0.032 -0.054 0.122 0.492** 0.478** 0.25 0.089 -0.182 

P 0.046 0.158 0.88   0.477 0.832 0.728 0.425 0.001 0.001 0.098 0.562 0.266 

FFA 
r  -0.032 0.051 0.071 -0.107 1.000 0.092 0.630** 0.075 0.036 0.016 0.085 -0.055 -0.032 

P 0.833 0.738 0.64 0.477   0.544 0 0.627 0.82 0.92 0.581 0.722 0.849 

Cholesterol 
r  0.122 0.112 -0.081 0.032 0.092 1.000 0.118 0.283 0.033 0.041 0.207 0.236 -0.189 

P 0.418 0.464 0.591 0.832 0.544   0.445 0.062 0.834 0.793 0.172 0.124 0.25 

Free 
glycerol 

r  -0.221 -0.127 0.074 -0.054 0.630** 0.118 1.000 -0.02 0.134 0.123 0.031 -0.215 -0.385* 

P 0.149 0.417 0.632 0.728 0.000 0.445   0.902 0.403 0.439 0.844 0.171 0.019 

Glucose 
r  0.455** 0.486** -0.315* 0.122 0.075 0.283 -0.02 1.000 0.519** 0.606** 0.112 0.309* 0.043 

P 0.002 0.001 0.035 0.425 0.627 0.062 0.902   0 0 0.473 0.044 0.797 

Insulin 
r  0.369* 0.317* -0.086 0.492** 0.036 0.033 0.134 0.519** 1.000 0.983** 0.021 0.076 0.034 

P 0.014 0.038 0.581 0.001 0.82 0.834 0.403 0   0 0.893 0.632 0.845 

HOMA-IR 
r  0.364* 0.292 -0.158 0.478** 0.016 0.041 0.123 0.606** 0.983** 1.000 -0.054 0.054 0.055 

P 0.014 0.055 0.3 0.001 0.92 0.793 0.439 0 0   0.732 0.733 0.748 

RBP4 
r  -0.095 -0.071 0.001 0.25 0.085 0.207 0.031 0.112 0.021 -0.054 1.000 -0.068 -0.039 

P 0.534 0.646 0.995 0.098 0.581 0.172 0.844 0.473 0.893 0.732   0.665 0.818 

ACE 
r  0.325* 0.258 -0.043 0.089 -0.055 0.236 -0.215 0.309* 0.076 0.054 -0.068 1.000 0.226 

P 0.029 0.091 0.78 0.562 0.722 0.124 0.171 0.044 0.632 0.733 0.665   0.173 

IL6 
r 0.392* 0.402* -0.116 -0.182 -0.032 -0.189 -0.385* 0.043 0.034 0.055 -0.039 0.226 1.000 

P 0.013 0.012 0.481 0.266 0.849 0.25 0.019 0.797 0.845 0.748 0.818 0.173   

**. Correlation is significant at the 0.01 level (2-tailed), *. Correlation is significant at the 0.05 level (2-tailed). 
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Obesity has become a global epidemic with its increasing prevalence in the 
last decades [1]. Several obesity-associated health complications, such as 
cardiovascular disease, type II diabetes, nonalcoholic fatty liver disease and 
certain types of cancer, result in a global burden on public health [2-4]. 
Weight loss is an indicated remedy that can reduce obesity-related health 
complications. However, the common phenomenon of weight regain after 
weight loss not only makes the reduction of body weight less efficient, but 
also seems to result in a worse metabolic profile [5, 6]. Therefore, conditions 
which are responsible for the development of weight regain are of great 
importance to be revealed. As adipose tissue is a major player in the 
development of obesity and weight regain, it is crucial to understand the 
underlying mechanisms by profiling the molecular alterations of white 
adipose tissue (WAT) during these dynamic processes. Thus, in this thesis we 
developed in vitro model systems by using human Simpson Golabi Behmel 
Syndrome (SGBS) adipocytes, aiming to better understand weight regain 
development, and studied the molecular mechanisms involved by using 
proteomics technologies. 

Lessons from hypertrophic adipocytes  

WAT expansion is an adaptive response to a sustained surplus of nutrition 
that retains energy buffering capacity on one hand and protects other tissues 
from lipotoxicity on the other hand [7]. The expansion of WAT mainly 
manifests as hyperplasia (healthy adaptation) or hypertrophy (unhealthy 
adaptation). Studies found that the number of adipocytes is set during 
childhood and adolescence and stays constant irrespective of being lean or 
obese [8, 9], which indicates that hypertrophy is the major mechanism of 
weight gaining in adults. This is recognized as an essential hallmark of 
obesity [10]. When it comes to the process of hypertrophy, adipocytes 
morphologically tend to enlarge their depots by increasing the fat droplets as 
well as their cell size to store the excessive triglycerides (TG). As lipid 
droplets are the TG storage organelles, they are highly dynamic and coupled 
to the cycles of adipocyte expansion and shrinking [11, 12]. As such, 
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hypertrophic adipocytes hold useful clues for adipocyte development during 
weight regulation, which makes it a promising subject for more in-depth 
studies [13, 14]. The in vivo dynamic processes of adipocyte hypertrophy are 
poorly understood and cannot be monitored directly in real time due to current 
technical limitations. Therefore, we established an in vitro model system of 
hypertrophic human adipocytes (described in Chapter 2). The growing lipid 
droplets during adipocyte hypertrophy are attributed to TG synthesis via fatty 
acid uptake, or to fusion with other droplets [15]. In our observation, during 
the process of adipocyte hypertrophy lipid loading gradually slowed down by 
a reduction of the TG synthesis ability (Chapter 2). Although we cannot say 
that there is an increase of droplet fusion in absolute terms, these results 
suggest that droplet fusion instead of TG synthesis via fatty acid uptake 
becomes relatively more crucial for the growth of fat droplets over time. 
Consistently, most previous experiments observed the larger lipid droplets 
form by what appears to be a ripening process, in which TG molecules diffuse 
to the larger lipid droplet at a contact site driven by differences in Laplace 
pressures of the two lipid droplets [16]. This process is supported by the 
upregulation of a protein known as fat-specific protein of 27 kDa (FSP27), a 
member of the cell death-inducing DFF45-like effector (CIDE) family mainly 
expressed in adipocytes, which is involved in transferring lipids between two 
adjacent lipid droplets [17].  

In addition to the morphological changes, hypertrophy is tightly coupled to 
cellular metabolism and has various influences on adipocyte function. 
Previous studies have shown that hypertrophic adipocytes are considered as 
pathophysiological conditions not only associated with hypoxia, necrosis and 
inflammation [18, 19], but also with altered biological functions such as an 
altered adipokine secretion profile and enhanced basal lipolysis [20]. 
According to our proteome profile, adipocyte hypertrophy can be divided into 
an early stage and a late stage in parallel with the morphological changes. 
After the first feeding period, expression of proteins involved in lipogenesis 
(FABP7, PDHB, ACOT13) were increased and glycolysis (HK1) was limited, 
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which suggests an orientation of the cell metabolism towards storage of lipids 
during the early hypertrophy stage. Moreover, during the early feeding phase 
the high glucose/insulin condition promotes the production of pyruvate 
(upregulation of PKM, ME1) and of mitochondrial acetyl-CoA 
(downregulation of ACLY), which indicates that the adipocytes prefer to use 
glucose as fuel during the early feeding period. Over time, lipid-loading of 
adipocytes reduced which was paralleled by a reduction of TG synthesis 
capacity. This may in vivo be a trigger for ectopic lipid storage as the enlarged 
adipocytes have almost reached the threshold of their expansion. Moreover, 
we highlighted some crucial clusters/pathways for hypertrophic adipocyte 
development including “Lysosome”, “Complement factors”, “Protein 
processing in endoplasmic reticulum” and “ECM remodelling”. These 
pathways intertwine with each other to allow proper expansion of adipocytes 
during hypertrophy development. How exactly these pathways interact and 
how this relates to obesity complications requires further investigations. 

Glucose restriction and refeeding studies 

For our glucose restriction (GR) and refeeding (RF) studies in Chapters 3 
and 4, we extended the in vitro model as described in Chapter 2. In these 
studies, we started with day 14 differentiated, mature adipocytes of day 22 as 
the experimental model. Theoretically, GR and RF that originate from day 22 
hypertrophic adipocytes as the obesity in vitro model, would be more 
comparable to the in vivo obese situation. However, in practice, there is still 
no clear definition of a definite in vitro obesity model and culturing such 
hypertrophic adipocytes longer than 22 days is not feasible so far. Therefore, 
we established the in vitro GR and RF model with 14 days differentiated 
SGBS adipocytes as described in Chapter 2. In addition, in our GR and RF 
experiment, we established an in vitro condition to mimic the biological 
process of obesity development as a blank control, that is 4 days normal 
feeding from T14 to T18. To validate whether these adipocytes were still in 
the hypotrophy development stage, we monitored their changes in two ways: 
on one hand, we measured the mean diameter of the five biggest droplets per 
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cell as a surrogate value for the TG content in line with the morphological 
changes in the cell. On the other hand, we measured the total fat content by 
performing Oil Red O stainings. Regarding morphology, the mean diameter 
of the five biggest fat droplets per cell increased significantly (p=0.05) that 
coincided with increased total fat contents (p<0.001) after 4 days feeding. 
This means that from day 14 to day 18 adipocytes under normal feeding 
conditions are still in the hypertrophy development stage and are suitable as 
control for GR and RF studies. Therefore, we have confidence that our model 
systems are applicable for in vitro studies to understand more about the 
process of weight regain after calorie restriction. 

ECM remodeling involved in weight regain 

It has become increasingly clear that adipose tissue plays a crucial role in the 
risk for weight regain [21]. The central role of adipocyte hypertrophy in 
adipose tissue expansion during weight regain places specific demands on the 
cell structure of adipocytes. In biology, mature adipocytes are surrounded by 
a thick three-dimensional network of the extracellular matrix (ECM), mainly 
constructed of proteoglycans/glycosaminoglycans and fibrous proteins (such 
as collagen, elastin, fibronectin and laminins) [22, 23], which provide 
structural and biochemical support to protect the adipocyte against disruption 
by mechanical forces [24]. ECM connects with adipocyte cytoskeletal 
structures through focal adhesions, which are embedded in the membrane and 
serve as focal points for cellular stress induced by morphological changes of 
the cell.  

As mentioned previously, during weight loss adipocytes shrink by losing fat 
and the surrounding ECM must be remodelled to accommodate the change. 
ECM remodeling is an energy-consuming process [24] and under conditions 
of a negative energy balance during weight loss, such energy is not available. 
In this light, ECM reorganization was proposed to be involved in the risk for 
weight regain [25]. In accordance with the hypothesis, several studies showed 
that ECM genes (gene expression during weight loss or genetic variation) 
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were correlated with weight regain [26-28]. An increased level of cellular 
stress proteins was observed in the adipose tissue after induced weight loss in 
human subjects [29]. This stress is supposed to concentrate at the focal 
adhesions based on traction forces that build up between the shrinking 
adipocyte during weight loss and the surrounding rigid ECM [30-33]. In 
parallel, adipocytes were found to prepare for re-storing TG by increasing the 
ability of glucose and fatty acid uptake after losing weight and returning to 
energy balance [34, 35]. Together, this suggests that the cellular stress, which 
adipocytes experience after losing fat, could be the trigger for renewed fat 
storage. As such adipocyte stress, which accumulates during fat loss, could 
be a driving factor for weight regain after return to energy balance [36, 37]. 
Recently, Roumans et al. showed with an in vivo study that both ECM- and 
stress-related factors in WAT are independently and connectively associated 
with weight regain [38]. In our in vitro study, we also observed a high number 
of components of the focal adhesion to be differentially expressed during RF 
when compared to normal feeding (Chapter 3). Specifically, we identified 
four differentially expressed proteins (CES1, CRYAB, ENO1, GANAB), 
which are tightly related to the intracellular reorganization of focal adhesions 
and cytoskeletal filaments and are significantly correlated with weight regain 
(Chapter 3). These proteins may be potential targets for further research on 
mechanistic identifications in the regulation of weight regain. 

Furthermore, it can be expected that despite the reduced availability of energy 
during calorie restriction, ECM remodeling is undertaken by the cells to some 
extent. ECM remodeling is driven by signals from cellular metabolism 
changes and mediated by the secretome released by adipocytes. In our study, 
several metalloproteinases, of which the activity is low in normal conditions 
but increased during repair or remodelling processes [23, 39], showed an 
upregulation induced by the combined effects of GR and RF (Chapter 4). 
Meanwhile, enzymes involved in the maturation of collagens were found to 
be down-regulated. This suggests that the ECM is in a catabolic state during 
RF. In addition, the majority of the observed lysosome cathepsins, which 
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display an essential role in maintaining cell homeostasis by autophagy and 
extracellular matrix degradation [40-42], showed an upregulation by trend or 
significantly. Together, our in vitro study indicates that upon GR plus RF 
adipocytes are going through a phase of increased ECM flexibility which is 
involved in weight regain development. In parallel, an in vivo study showed 
that gene expression of the metalloproteinases ADAMTSL1 and MMP2 was 
significantly up-regulated four weeks after return to a balanced diet [38], 
which indicates that ECM adaptations occur also in vivo during weight loss 
and weight regain.  

Inflammation with weight regain 

Obesity is accompanied by a low-grade inflammation process in WAT that 
results from chronic mild activation of the innate immune system. The 
relationship between obesity and obesity-associated inflammation is 
predominantly modulated by bioactive products secreted by WAT. WAT is 
increasingly recognized as a significant source of inflammation that secretes 
numerous immunomodulatory factors. Examples of these factors are 
increased levels of pro-inflammatory adipokines such as interleukins (IL6 and 
IL8), tumor necrosis factor alpha (TNF-α) and monocyte chemoattractant 
protein 1 (MCP-1) coinciding with decreased levels of the anti-inflammatory 
cytokines such as adiponectin and IL10 [43]. The increased inflammation 
could subsequently lead to insulin resistance, impaired glucose tolerance and 
even diabetes [44]. Hypertrophy of adipocytes leads to enhanced secretion of 
many pro‐inflammatory adipokines by adipocytes and immune cells present 
in WAT [45]. Studies show that weight loss of 5% in children or 10% in adults 
could already result in significant improvements in circulating levels of 
inflammatory mediators in overweight and obese, irrespective of the 
intervention type (diet, physical activity and/or surgery) or length of 
intervention [46]. For instance, loss of 15% body weight resulted in a 32% 
decrease of plasma C-reactive protein (CRP) after 14 months in obese 
participants [47]. Another study showed a 25–30% decrease in plasma IL‐6 
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and TNF‐α levels after losing 30% of weight [48]. Previously, Goyenechea et 
al. reported that individuals with an increased pro-inflammation state after 
calorie restriction were more vulnerable to regain weight by demonstrating 
higher circulating TNF-α and mRNA levels of TNF-α and NF-κB subunits (in 
peripheral blood mononuclear cells) in weight-regaining participants [49]. In 
parallel, by using transcriptional profiling of liver and perigonadal fat of mice, 
Fischer et al. revealed an upregulation of pathways associated with immune 
function and cellularity and proposed that weight reduction leaves signs of 
inflammation, which may contribute to an increased risk for weight regain 
[50]. In our study, twelve proteins with an influence on complement 
activation or complement factors were identified, most of which had 
differential expression patterns during GR plus RF in our in vitro system. The 
changed secretome profiling of complement system induced by GR plus RF 
indicates the upregulation of mannose-binding lectin (MBL) and alternative 
pathways of the complement system, which may trigger the uptake of TG and 
glucose by adipocytes on one hand and promote inflammation on the other 
hand, which both may have an effect on health after weight regain (Chapter 
4).  

It is established that IL6 regulates multiple aspects of metabolism, including 
glucose disposal, lipolysis, oxidative metabolism, and energy expenditure 
[51]. In our in vivo study, IL6 and TG were found to be independent 
contributors in the development of weight regain (Chapter 5), which 
indicates that IL6 acts on separate underlying mechanisms next to metabolism 
of TG. Nevertheless, one of the main actions of IL6 is to promote the release 
of other acute-phase proteins, thereby further increasing the inflammatory 
status. Also, a recent study revealed that weight regain leads to an 
upregulation of gluconeogenesis and aggravated inflammation by showing 
the significantly upregulated levels of TNF-α, transforming growth factor-β1 
(TGF-β1) as well as ceramide and sphingomyelin, which are known to be 
related to obesity-induced inflammation [52]. In addition, inability to reduce 
shortly after weight loss the expression of inflammatory genes in WAT was 
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found to be associated with higher risk of weight regain [53]. Therefore, we 
assume a role of inflammation in the development of weight regain after 
weight loss.    

As mentioned previously, the cytoskeleton is a crucial factor in the 
development of stress in fat cells after weight loss [27, 29]. It was shown that 
deletion of adipocyte-specific focal adhesion kinase, which is essential for 
transmitting extracellular signals via integrin signaling, increases WAT 
inflammation by increased macrophage infiltration and adipocyte apoptosis 
[54]. Accordingly, it was proposed that activation of ECM binding to ECM 
receptor (specifically CD44) mediates intracellular signaling to regulate 
expression of genes that mediate inflammation and macrophage infiltration in 
WAT [55, 56]. Furthermore, Pellegrinelli et al. [57] indicated a direct effect 
of ECM on fibroinflammatory signaling in adipocytes by using a three-
dimensional culture system of human adipocytes conditioned with 
decellularized materials of subcutaneous adipose tissue (dMAT). A promoted 
fibro‐inflammation expression as well as decreased lipolysis and adipokine 
secretion by adipocytes was observed with dMAT prepared from obese but 
not from lean subjects. Thus, we assume that the compensatory reflex begins 
with the shape changes of fat cells. The increased mechanical stress caused 
by rigid ECM leads to the subsequent alterations in cellular metabolism and 
up-regulated inflammation in the aftermath of someone losing weight. 

TG and insulin resistance link to weight regain based on the in vivo study 

The development of obesity is also accompanied by elevated levels of TG and 
insulin resistance [58], while their causes and consequences to weight 
(re)gain are still unclear. In hypertriglyceridemia, circulating levels of TG are 
markedly elevated due to the inability to store fat in WAT upon a chronic 
positive energy balance [59]. It was shown that hypertriglyceridemia is 
frequently accompanied by excessive, ectopic accumulation of fatty acids and 
their intermediates in liver and skeletal muscle. This ectopic fat deposition is 
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thought to drive severe insulin resistance in those tissues and predisposes 
affected individuals to various metabolic disorders [60, 61].  

As insulin resistance is an insensitivity state of the peripheral tissues to the 
effects of insulin, an appropriate approach for assessing this condition is 
needed. The gold-standard method is the euglycemic–hyperglycemic clamp 
[62], a measure of peripheral glucose uptake under situations of elevated 
insulin concentrations. However, due to the fact that clamps are time 
consuming, costly and complex, it is difficult to apply these in larger 
population studies and clinical settings [63]. In this regard, the homeostasis 
model assessment of insulin resistance (HOMA-IR) index was developed as 
a surrogate for application in large epidemiological studies with its simple, 
reliable and reproducible characteristics in measuring insulin resistance [64, 
65]. Though HOMA-IR is intended as a parameter estimating insulin 
resistance in liver, it is highly correlated with the insulin insensitivity assessed 
by the euglycemic clamp (r=0.73, P<0.001) [66]. Therefore, HOMA-IR was 
used as a parameter to measure the insulin resistance condition in Chapter 5. 
Moreover, we noticed that plasma TG is positively correlated with HOMA-
IR. This is not surprising because fasting TG is mainly derived from liver-
secreted very-low density lipoprotein particles supported by adipose tissue 
lipolysis. Lipolysis tends to be higher when the adipose tissue is insulin 
resistant [67]. Excessive circulating TG may ectopically accumulate in 
insulin-sensitive tissues (such as liver) and impair insulin action. Supposing 
that the liver insulin resistance persists even after weight loss, then this will 
lead to an increased production of TG sourced by de novo fatty acid synthesis 
and dietary fatty acid intake, resulting in increased plasma TG levels [68, 69]. 

Intriguingly, though both TG and HOMA-IR are significantly correlated with 
weight regain, circulating TG tends to be the independent factor for weight 
regain while HOMA-IR is not (Chapter 5). This indicates that HOMA-IR 
plays an indirect role in weight regain, probably contributing via the bridge 
of TG. However, there is not much literature available to shed light on the 
underlying mechanism of the direct or indirect influence of HOMA-IR and 
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TG on weight regain. Supported by observations from our in vitro model 
systems (Chapters 2 and 3), weight regain is primarily proposed to be 
attributed to the increased ECM stress caused by changes of adipocyte shape, 
which induces an urgent desire of more energy in adipocytes. Accordingly, 
adipocytes respond to this signal by upregulating TG synthesis, which results 
in elevated TG storage and to some degree weight regain in the long term [70]. 
At the same time, increased levels of plasma glucose and insulin will create 
an optimal condition for adipocyte and ectopic TG-derived fatty acid uptake 
and storage, i.e. insulin for promoting glucose uptake and glucose for 
providing intracellular glycerol-3-phosphate to allow esterification of fatty 
acids, all in line with increased weight regain. Altogether, we propose that 
insulin resistance is not a major determinant of weight regain, but supportive 
condition for regaining fat and weight by sustaining high levels of glucose, 
insulin and TG. 

Conclusions 

This thesis mainly focused on a proteomics approach towards understanding 
weight regain by profiling molecular changes of human adipocytes during 
glucose restriction and (re)feeding. This insight can be used as a valuable first 
step to obtain leads on possible proteins for prevention of weight regain. The 
major conclusions of this thesis are the following: 

• In the early phase of simulated overfeeding the adipocytes seem to 
prefer glucose as energy source whereas glycolysis is being limited, 
which is accompanied by reduction of protein translation.  

• Along the time of overfeeding, the adipocytes shift from a lipogenic 
state to a hypertrophic state, accompanied by relatively more fusion 
of lipid droplets.  

• ECM formation of hypertrophic adipocytes is promoted to protect the 
lipid-loaded cells against mechanical rupture. 
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• Adipocyte abundances of CES1, CRYAB, ENO1 and GANAB are 
modified in vitro by glucose restriction which persists during 
refeeding. In vivo they are associated with cellular remodeling during 
weight regain. 

• GR followed by RF leads to changes in the secretome of adipocytes 
which are related to extracellular matrix modification, lipid 
metabolism, the complement system and tissue homeostasis. 

• Circulating TG and IL6 are directly linked to weight regain via 
separate mechanisms. 

• HOMA-IR and adipocyte volume are indirectly linked to weight 
regain through the change of TG. 

Suggestions for future research  

Calorie restriction is the most common dietary strategy to reduce body weight 
without incurring malnutrition. Low-carbohydrate diets are popular for 
individuals to lose weight due to its advantage of being more effective for 
weight loss compared with the low-fat diet [71]. When it comes to in vitro 
studies, the calorie restriction is much more complex than expected. As can 
be seen in our GR-RF model, it is rather difficult to induce the morphological 
shrinking of adipocytes. To handle this problem and to find out the optimal 
condition for calorie restriction, we have performed many test experiments 
by either extending the restriction period or/and decreasing the concentration 
of glucose almost to zero. Therefore, future in vitro calorie restriction studies 
should consider combining the low fatty acids strategy as well as the low 
glucose concentrations in the culturing medium. If possible, lipogenesis 
inhibitors such as TNF-α can be additionally supplemented for further in vitro 
calorie restriction [72-74]. 

Our in vitro model generates four interesting proteins (CES1, CRYAB, ENO1 
and GANAB), of which the abundances are modified by glucose restriction 
and are associated with cellular remodeling during weight regain. As our 
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current study is descriptive with an attempt to obtain potential targets for 
prevention of weight regain, a role of these proteins in structural remodeling 
of the adipocytes is only suggestive, a definite conclusion cannot be drawn. 
Therefore, further validating studies including the mechanistic analyses of 
these proteins in the regulation of weight regain are required. For instance, 
CES1, which was seldomly studied in human adipocytes before, seems to 
have triacylglycerol hydrolase activity [75] and fat-preserving activity, at 
least in rodents [76, 77]. In vivo experiments of CES1 gene knockdown or 
inhibition can be considered to study the prevention of weight regain. 

Results derived from in vitro studies regarding ECM modeling, complement 
factors and cathepsins were compared with previously reported functions in 
vivo to generate leads for further in vivo studies. Besides studying the 
adipocyte adaptations to calorie restriction and refeeding on the proteome 
level, RNA expression profile at the same time points is also needed to make 
the highlighted results more convincing because measurements taken from 
mRNA and protein levels are complementary and both are necessary for a 
complete understanding of how the cell works [78, 79]. Furthermore, ECM 
remodeling and inflammation are both found to be involved in the 
development of weight regain, but their correlations are still not clear. 
Therefore, it would be interesting to focus on investigating their crosstalk and 
cause or consequence for weight regain.  

Although total adiposity is strongly associated with metabolic and 
cardiovascular risk, it is becoming increasingly clear that different fat 
compartments contribute differentially to these risks [80, 81]. While in this 
study only human SGBS cells have been studied, which are accepted as an 
excellent in vitro surrogate for white subcutaneous adipocytes, information 
of other fat depots is still lacking and needs to be further investigated. 
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Obesity has become a worldwide critical health issue because it is frequently 
accompanied by the development of health complications such as type II 
diabetes, cardiovascular diseases, respiratory problems and certain types of 
cancer. Weight loss is an optimal method for overweight or obese individuals 
to decrease the risk of health complications. Approaches towards achieving 
weight loss include dietary intervention, increased physical activity, 
pharmacological treatment and surgical treatment. Among these, calorie 
restriction is a common practice for weight loss. However, up to 80% of the 
people who lost weight on a low energy diet, regain weight and are 
unsuccessful in maintaining their weight loss. Consequently, prevention of 
weight regain after weight loss is the core problem of body weight 
management. It has become clear that the white adipose tissue (WAT) plays 
an important role in the increased risk for weight regain after weight loss. A 
model that the compensatory reflex begins with changes to the shape of 
adipocytes proposed by the group of Professor Edwin Mariman, draws 
increasing attention. As adipocytes release fat and shrink, their membranes 
pull away against the points of focal adhesion to the nearby extracellular 
matrix (ECM), creating mechanical stress. This in turn sets a multitude of 
adaptations in motion, although the strength of these responses will differ 
across individuals. Moreover, changes of ECM- and stress-related gene 
expression during weight loss by calorie restriction were proved to be linked 
to the risk for weight regain. However, the detailed information on proteins 
involved in the pull model mechanism is still lacking, and a clear view on 
metabolic changes induced by calorie restriction and refeeding is not well-
established yet. Therefore, studies in this thesis investigated the molecular 
changes of human in vitro adipocytes during glucose restriction and 
(re)feeding by using a proteomics approach aiming to better understand the 
weight cycling effect, more specifically the weight regain. In addition, the 
relation between several parameters of the glucose/lipid metabolism, 
including adipocyte volume, with weight regain was studied in vivo. 
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In Chapter 1, a general introduction to this thesis is presented. The 
background of obesity and especially the major player in this, the adipose 
tissue, is generally introduced in relation to weight regain. Subsequently, the 
methods are briefly introduced in the context of the advantages and 
disadvantages of the applied proteomics techniques and the applied human 
Simpson Golabi Behmel Syndrome (SGBS) cell model. 

Chapter 2 presents an established in vitro model for the development of 
hypertrophic adipocytes, of which time-dependent adipocyte morphological 
changes as well as the cellular proteome and secretome changes were 
monitored under high glucose and high insulin conditions, simulating a 
condition of overfeeding. In total, 393 cellular proteins and 246 secreted 
proteins were identified for further analysis. Pathway analysis, functional 
clustering analysis, metabolic proteome profiling and morphologic 
characterization of the adipocytes allowed us to determine time-dependent 
changes. During the first 4 days of high glucose and high insulin the 
adipocytes seemed to prefer pyruvate as energy source, whereas beta-
oxidation was down-regulated supporting lipid-loading. In addition, 
glycolysis was being limited which was accompanied by the reduction of 
protein translation. Over time, lipid droplet fusion instead of lipid uptake 
became relatively more important for growth of lipid droplets during the last 
4 days. Moreover, ECM production shifted towards ECM turnover by the 
upregulation of proteases over eight days probably to protect the lipid-loaded 
adipocytes against mechanical rupture. This in vitro model provides insight 
into the molecular and metabolic changes of mature adipocytes under 
conditions of high glucose and insulin, which may help to understand the 
process of in vivo development of adipocyte hypertrophy in the context of 
obesity. Notably, this on itself cannot be studied in vivo, because adipose 
tissue is not only composed of adipocytes but of several other cell types. 

In Chapter 3, an in vitro model system based on glucose restriction (GR) and 
refeeding (RF) was established to uncover cellular proteome differences 
between GR plus RF versus normal feeding, aiming to find mechanistic leads 



Appendix I 

Page | 162 
 

at the genomics/proteomics level for weight regain by comparing the data 
from the in vitro model with in vivo data. The in vitro model revealed 44 
proteins differentially expressed after GR with RF versus normal feeding. 
While most of these proteins reversed their expression during RF, four 
proteins that were up- or down-regulated during GR, persisted in their change 
of expression during RF: liver carboxylesterase (CES1), mitochondrial 
superoxide dismutase [Mn] (SOD2), alpha-crystallin B-chain (CRYAB), 
alpha-enolase (ENO1). Accordingly, in vivo weight loss-induced RNA 
expression changes linked CES1, CRYAB and ENO1 to weight regain. 
Moreover, of the 44 proteins CES1 and glucosidase II alpha subunit (GANAB) 
were correlated with weight regain during follow up. Correlation clustering 
of in vivo protein expression data indicated an interaction of these proteins 
with structural components of the focal adhesions and cytoplasmic filaments 
in the adipocytes. 

In Chapter 4, the same in vitro model system (Chapter 3) was used to study 
changes of the human adipocyte secretome upon refeeding after glucose 
restriction. Data were compared with data from normal feeding experiments, 
again to find leads for in vivo processes related to weight regain. We identified 
338 secreted proteins, of which 49 were described for the first time as being 
secreted by human adipocytes. In addition, comparison between normal 
feeding and GR plus RF showed 39 differentially secreted proteins. 
Functional classification revealed GR plus RF induced changes of enzymes 
for ECM modification, complement system factors, cathepsins, and several 
proteins related to Alzheimer’s disease. These observations can be used as 
clues to investigate metabolic consequences of weight regain, weight cycling 
or intermittent fasting. 

In Chapter 5, an in vivo study is described in which factors that were 
previously reported as being associated with (the risk of) weight regain, were 
analyzed during the follow up phase of a weight loss/maintenance 
intervention (the Yoyo-study) to investigate their potential relation to weight 
regain. In this study, 61 overweight/obese participants were enrolled in a 



Summary 
 

Page | 163  
 

randomized, controlled dietary intervention study, of which all participants 
went through a dietary intervention period (T1-T3) and then a 9-month 
follow-up free-living period (T3-T4). Here we report for the first time that the 
changes of triglycerides (TG) and interleukine-6 (IL6) independently 
associated with weight regain after weight loss in overweight/obese 
participants. The change of TG robustly correlates with the change in 
Homeostatic Model Assessment of Insulin Resistance (HOMA-IR). 
Furthermore, the absolute values of HOMA-IR at T3 and T4 correlated with 
adipocyte volume. These results indicate that TG and IL6 are directly linked 
to weight regain via separate mechanisms, and that HOMA-IR and adipocyte 
volume are indirectly linked to weight regain through the change of TG. Our 
findings suggest that (partial) insulin resistance leading to increased levels of 
TG, glucose and insulin, may promote storage of energy and weight regain. 

Finally, in Chapter 6, a general discussion in the context of advantages and 
disadvantages of the in vitro hypertrophic adipocyte model as well as the GR 
plus RF model is provided. The results of our in vitro and in vivo research, 
including the ECM remodeling, TG as well as IR are discussed in relation to 
their influence on weight regain.  

In summary, the major accomplishments of this thesis are focused on five 
aspects:  

(i) For the first time we have shown the molecular and morphologic 
dynamics of adipocytes under conditions of high insulin and high 
glucose in vitro to mimic in vivo adipocyte hypertrophy.  

(ii) We have generated a human adipocyte in vitro model of glucose 
restriction and refeeding as the first surrogate model for weight 
loss and weight regain.  

(iii) We have identified several proteins that in vitro persist in their 
change of expression under adipocyte glucose restriction and 
refeeding. It suggests that calorie restriction of adipocytes may 
reset the expression of certain proteins, perhaps by epigenetics. 



Appendix I 

Page | 164 
 

These proteins are associated with the ECM ─ focal adhesion ─ 
cytoskeleton interaction.  

(iv) We have identified functional classes of adipocyte-secreted 
proteins that are modified in their expression profile during 
glucose restriction and refeeding in vitro. Their role can now be 
further studied.  

(v) Our in vivo observations suggest that (partial) insulin resistance 
promotes adipocyte growth and weight regain by the creation of 
increased plasma levels of TG, glucose and insulin. In addition, 
inflammation seems to act as an independent promoter of weight 
regain.   

In conclusion, we regard this thesis as a valuable step towards more 
knowledge about weight regulation on the molecular level. Furthermore, 
results from this thesis can now be used as a lead for follow-up studies to 
promote the development of successful treatment strategies for obesity and 
its related complications. 
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This thesis is focused on gaining more knowledge underlying the dynamic 
process of the seemingly inevitable weight regain after weight loss in 
overweight and obese humans. 

Social and economic relevance 

The prevalence of obesity is increasing globally and to date not a single 
country has successfully reversed its epidemic [1, 2]. In the past three decades, 
global overweight (body mass index (BMI) ≥25 kg/m2) increased from 28.8% 
to 36.9% in men and from 29.8% to 38.0% in women [2], while age-
standardized obesity (BMI ≥30 kg/m2) increased from 3.2% to 10.8% in men 
and from 6.4% to 14.9% in women [3]. In 2016, the World Health 
Organization estimated that more than 1.9 billion people aged 18 years and 
older were overweight, of which over 650 million adults were obese, with at 
least 2.8 million people dying each year as a result of being overweight or 
obese [4]. Moreover, obesity also represents a major health challenge because 
it substantially increases the risk of diseases such as type 2 diabetes [5], fatty 
liver disease [6], cardiovascular diseases [7], obstructive sleep apnea [8] and 
several types of cancer [9], thereby contributing to a decline in both quality 
of life and life expectancy [10]. In addition, obesity not only brings in 
disasters in the public health management system, but also increases the social 
economic burden to the whole world due to the direct and indirect medical 
cost. According to a systematic review, the direct medical costs are 6%-45% 
higher in obese patients compared with healthy-weight peers [11] and medical 
spending associated with adult obesity approaches $210 billion a year only in 
America [12]. Therefore, the obesity epidemic has far-reaching consequences 
for individuals, society and the economy, and prevention and treatment 
strategies — both at the individual and population level — are urgently 
needed.  

For overweight and obese people, weight loss is an indicated remedy that can 
reduce the risk for health complications. It has been demonstrated that losing 
5% of body weight already results in significant improvement of health 
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parameters like a lower blood pressure and plasma glucose and insulin levels 
[13]. Decrease of calorie intake by diet is a common practice to try and lose 
weight. However, successful weight loss in the long term has not been 
achieved yet due to the individual’s complex and persistent hormonal, 
metabolic and neurochemical adaptations defending against weight loss and 
promoting weight regain. As such, a better understanding of the remarkable 
dynamic process of weight cycling is crucially important in providing 
guidance on the most promising intervention strategies. Therefore, this thesis 
provides an extended view on the molecular and metabolic changes of human 
adipocytes during glucose restriction and (re)feeding, aiming to form a 
theoretical basis and to generate leads for weight regain prevention. 

Scientific gain of this thesis 

This thesis describes a proteomics approach towards understanding weight 
regain by profiling molecular changes of human adipocytes during glucose 
restriction and (re)feeding, aiming to generate responsible targets for the 
weight cycling process, more specifically for weight regain. In addition, the 
relation between several parameters of the glucose/lipid metabolism, 
including adipocyte size, with weight regain was studied in vivo. In general, 
the major accomplishments of this thesis are summarized as follows:  

• For the first time we have shown the molecular and morphological 
dynamics of adipocytes under conditions of high insulin and high 
glucose in vitro to mimic in vivo adipocyte hypertrophy. This in 
vitro model provides insight into the molecular and metabolic 
changes of mature adipocytes under conditions of high glucose 
and insulin, which may help to understand the process of in vivo 
development of adipocyte hypertrophy in the context of obesity. 
 

• We have generated a human adipocyte in vitro model of glucose 
restriction and refeeding as the first surrogate model for weight 
loss and weight regain. Although such a model system does not 
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reflect the in vivo situation directly, valuable clues to biological 
processes could be obtained. 

 

• We have identified several cellular and secretome proteins that in 
vitro persist in their change of expression under adipocyte glucose 
restriction and refeeding. It suggests that calorie restriction of 
adipocytes may reset the expression of certain proteins, perhaps 
by epigenetics. Furthermore, these proteins are associated with the 
extracellular matrix ─ focal adhesion ─ cytoskeleton interaction.  

 

• Our in vivo observations suggest that partial insulin resistance 
promotes adipocyte growth and weight regain probably by the 
creation of increased plasma levels of TG, glucose and insulin. In 
addition, inflammation seems to act as an independent promoter 
of weight regain. This provides more insight into the mechanisms 
related to the biological process for weight regain. 

 

Innovation 

The present thesis presents various novel findings and insight. Firstly, we 
were able to establish the in vitro model for the development of hypertrophic 
adipocytes, of which the changes over time of the cellular proteome and of 
the secretome of human SGBS adipocytes under conditions of high glucose 
and high insulin were recorded. Based on this, we were able to extend the 
human in vitro model system to glucose restriction and refeeding aiming to 
shed light on the morphological adaptations as well as the molecular 
alterations of adipocytes in the context of calorie/glucose restriction and 
weight regain. Specifically, we have uncovered differentially expressed 
proteins (CES1, CRYAB, ENO1, GANAB), which are tightly related to the 
intracellular reorganization of focal adhesions and cytoskeletal filaments and 
are significantly correlated with weight regain. These proteins may be 
potential targets for further research on the regulation of weight regain. In 
parallel, glucose restriction plus refeeding leads to changes in the secretome 
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of adipocytes which are related to extracellular matrix modification, factors 
of the complement system and several proteins relevant for Alzheimer’s 
disease. These observations can be used as clues to investigate metabolic 
consequences of weight regain, weight cycling or intermittent fasting.  

Moreover, in this thesis we report for the first time that the changes of 
triglycerides (TG) and interleukin-6 (IL6) were associated with weight regain 
in overweight/obese participants, whereas association between weight regain 
and the homeostasis model assessment of insulin resistance (HOMA-IR) or 
the angiotensin converting enzyme (ACE) were not supported by the multiple 
regression analysis. These results suggest that changes in TG and IL6 are 
linked to weight regain via separate mechanisms, and further in vivo results 
suggest that (partial) insulin resistance leading to increased levels of TG, 
glucose and insulin, may promote storage of energy and weight regain. 
Altogether, this thesis provides vital insight for better understanding the 
dynamic process of weight gain, weight loss and weight regain. This can now 
be used as a lead for follow-up studies to promote the development of 
successful treatment strategies for obesity and its related complications.  

Target groups 

The results from fundamental research described in this thesis are foremost 
available to the scientific community through publications in international 
peer-reviewed journals. We have generated several proteins which are 
uncovered for the first time in the context of calorie/glucose restriction and 
weight regain, providing an important indication about their role. This can 
now be used as a lead for follow-up studies and hopefully our results will 
inspire scientists, including our own research team, to undertake the next step 
resulting in human studies. Therefore, the scientific gain of this thesis will 
help to promote the development of successful treatment strategies for obesity 
and its related complications on the long term.  

Meanwhile, the target group of applied research (in Chapter 5) in this thesis 
reaches beyond the scientific community, because the obese populations can 
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benefit from it directly. For instance, individuals after weight loss with a 
higher level of fasting TG and IL6 should receive a more stringent and 
frequent guidance to keep these parameters to the healthy ranges.  

Altogether, these results will enhance the efficiency of weight loss treatment 
and weight regain prevention, which will directly or indirectly contribute to 
the reduction of the health and economic burdens for society. Still, to achieve 
this, high quality and personalized guidelines are needed, which calls for 
collaborations among research groups, translational medicine companies, 
dieticians and specialists in hospital to finally make it.  

Planning and implementation 

We have generated a human adipocyte in vitro model of glucose restriction 
and refeeding as the first surrogate model for weight loss and weight regain. 
However, our findings are not the end point of this topic, further research is 
needed. For instance, the in vitro model does not reflect the in vivo situation 
directly which makes it inapplicable in clinical settings immediately. Thus, 
further identification and translational research should be conducted with 
more specific and personalized in vivo models. It may take years to improve 
and identify current knowledge, and collaborations from different disciplines 
such as genomics/proteomics groups, bioinformatics and biostatistics to 
transform these research data into an applicable model are crucially required. 
The applicable model then will assist the specialists to provide specific, 
personalized guidance to people to create optimal conditions for weight 
maintenance after weight loss.  
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