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CHAPTER 1

General Introduction

Ines Warnke, Joseph Schwager, Wim Saris, Ellen E. Blaak, Johan W.E. Jocken  
To be submitted



Chapter 1

8

Adipose tissue (AT) stores and harbors fat after excessive energy uptake. For a long time, AT has

been considered as simple-structured, inert storage organ. But AT is not only a dull structure;

exciting biochemical reactions and structural changes happen when the body has been fasting e.g.,

AT breaks down fat to generate and release energy in the form of fatty acids (FAs). During famine,

only people with enough storage fat survive. In the early period of investigations, research focused

on the fat storage and breakdown in adipocytes, the most prominent cell type in AT. In the last 20

years, scientific advances revealed that AT is a rather complex organ with major biological,

metabolic, and endocrine functions [1].

White adipose tissue (WAT) has a remarkable capacity to expand due to fat storage in times of

caloric excess [2], leading to the most obvious phenomenon of obesity, i.e. expanded WAT,

reshaping the body. Research focusing on AT biology has enormously progressed due to the

increasing prevalence of obesity [3, 4] probably attributable to an unlimited and easy access to

palatable, energy-dense, processed foods [5], decreased physical activity and sedentary lifestyle

[6]. According to the World Health Organization (WHO), obesity is defined as medical condition

with an abnormal accumulation of body fat, which can lead to an impairment of health and has

worldwide more than doubled since 1980 [7]. In 2014, more than 1.9 billion (39%) adults (>18

years) were classified as overweight (body mass index (BMI) >25 kg/m2), of these over 600

million (13%) people were obese (BMI >30 kg/m2), and 41 million children under the age of 5

were overweight or obese [7]. In Europe, obesity affects more than 100 million people and occurs

more frequent in socio-economically underprivileged populations [7].

Since 1998, when the WHO highlighted the “appearance” of obesity in the field of modern

medicine, (metabolic) diseases are increasingly associated with this medical condition. Among

them are type-2-diabetes mellitus (T2DM) [8], cardiovascular diseases (CVD) [9],

musculoskeletal disorders [7], respiratory complications [10], non-alcoholic fatty liver disease

(NAFLD) [11], several forms of cancer [12] and dementia [13], which cause increased morbidity,

disability, premature death, and an increasing burden for health care systems. This advancing

prevalence has driven the search for strategies to prevent and treat metabolic derangements by

reducing WAT mass e.g., by lifestyle (diet and exercise) interventions [14] or pharmacological

effectors of (WAT) metabolism [15] and also intensified the search for dietary factors that might

improve obesity-related dysfunctions [16, 17]. Nutritional constituents such as polyphenols,

carotenoids, or polyunsaturated fatty acids (PUFAs) are dietary substances that are precursors of,

or directly act as, signaling molecules and have been described to modulate adipocyte functions

(for references see section “Nutritional bio-actives and AT (dys)-functions”).

General Introduction

9

This introduction will firstly summarize the complex functions of AT and the influence of

dysfunctional AT on other insulin sensitive organs and overall metabolic health. Secondly, the

potential effects of dietary substances with partly distinct biological activity (incl. polyphenols,

carotenoids and PUFAs), so called nutritional bio-actives, on adipocyte and AT (dys)-functions

and metabolic health will be discussed. Finally, an overview of the chapters described in this thesis

will be presented.

Adipose Tissue (AT) Function

The adipose organ is one of the largest organs in the human body and a healthy lean young adult

(~75 kg) stores around 10-18 kg of fat (~13-25% of total body weight), representing 90000-

162000 kcal, enabling him/her to survive 60-70 days of starvation [1].

Types, depots, and key features
The human adipose organ consists of white (WAT), “beige” (bAT) and brown adipose tissue

(BAT), which is distributed depending on sex, age and response to external and internal factors,

in several distinct depots [18]. WAT is largely located subcutaneously (scAT) and viscerally

(VAT) / internally including omental, mesenteric, and pericardial depots and accommodates

within itself bAT [19], whereas small BAT depots can be found in the upper posterior body of

adults [20-22]. Adipose tissues and depots differ (Table 1.1) in their structure, gene expression

profile [23], metabolic response (lipolytic stimuli) and intrinsic functionality, which are also partly

affected by age, gender, and BMI [24, 25].

The major function of WAT is to store and release FAs depending on energy intake and

expenditure. Dietary FAs are stored in the form of triacylglycerols (TAGs) in intracellular lipid

droplets (LD) and are released by lipolysis (Figure 1.1). This lipid turnover of WAT is regulated

by a tight alignment between adipogenic differentiation, lipogenesis and lipolysis as will be

delineated in more detail further below (section “Adipocyte differentiation and lipid metabolism”).

Furthermore, WAT contributes, beside the skeletal muscles (SM) and liver, to whole-body

glucose/energy homeostasis and systemic insulin sensitivity. In brief, in the postprandial state,

available glucose is taken up into SM and AT by insulin stimulation, which increases the

translocation of the glucose transporter (GLUT)-4 (SLC2A-4) to the plasma membrane and

facilitates glucose diffusion into the cells [26]. Although, AT only contributes a minor but

significant part to the insulin-mediated whole-body glucose disposal in healthy humans (10-15%)

[27], gain- and loss-of-function studies in mice demonstrated that GLUT-4 expression in AT is
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crucial for systemic insulin-sensitivity [28, 29]. In line, GLUT-4 is considerably downregulated in

diabetic-obese subjects, contributing to whole-body insulin resistance [30, 31].

Table 1.1: Main characteristics of adipose tissues in humans

Type Role Localization Histologic features Changes present in
dysfunctional AT

White adipose
tissue (WAT)

Energy storage and
release

Thermo-protection

Endocrine organ

Visceral (VAT) /
internal (intrathoracic
and intra-abdomino-
pelvic)

Subcutaneous (scAT)
– all over the body,
mainly buttocks,
thighs & abdomen

Others: peri- or intra-
muscular, intra-
pancreatic, bone
marrow

Large lipid laden
adipocytes (unilocular
lipid droplet)

Stromal vascular
fraction (SVF):
Pre-adipocytes
Macrophages
Fibroblasts
Endothelial cells
Hematopoietic cells

Adipocyte
hypertrophy, impaired
lipid and glucose
metabolism, insulin
resistance

Macrophage
proliferation
and infiltration; shift in
M1/M2 ratio

Change in populations
of immune cells

Reduced pre-
adipocyte
differentiation, and
mitochondrial function

Brown adipose
tissue (BAT)

Thermogenesis
Excess energy
dissipation?

Neck
Interscapular
Supraclavicular
Paravertebral
Other?

Small adipocytes
rich in mitochondria
(multilocular lipid
droplets)

Decreased size

Whitening due to
vascular rarefaction
and mitochondrial
loss? *

Beige adipose
tissue (bAT)

Thermogenesis
Excess energy
dissipation?

Within the WAT
Supraclavicular
Other?

Adipocytes rich in
mitochondria

Transformation into
white adipocytes?

Key references: [18, 32-34]*

Moreover, the contribution of WAT to the 24-h energy expenditure (EE) of a healthy person is

low (~5%) compared to the metabolically active fat free mass (SM and liver), which accounts for

~70-80% of 24-h EE [35]. Nevertheless, the importance of WAT for metabolic health is

undeniable and also reflected by its function as a very active secretory organ (Table 1.2) [18].

Histology
AT is classified as loose connective tissue, which is composed of adipocytes that are surrounded

by the extracellular matrix (ECM), rich in collagen fibers, and numerous capillaries. Embedded in

the ECM is a heterogeneous population of non-adipocyte cells [36] like fibroblasts, pre-adipocytes,

pericytes, endothelial and hematopoietic cells and adaptive and innate immune cells (e.g.

macrophages, T cells, mast cells) that form the stromal vascular fraction (SVF) of AT (Table 1.1).

Interestingly, there are 4-6 million SVF cells but only 1-2 million adipocytes per gram AT [18].

General Introduction

11

Healthy WAT is well vascularized, supplying the huge number of unilocular relatively large

adipocytes (70-120 mm in diameter) adequately with oxygen and nutrients, showing minimal signs

of local inflammation and fibrosis and preserved insulin sensitivity and mitochondrial function

[1].

Adipocytes and lipid droplets
Adipocytes are specialized cells that store neutral lipids (TAGs) into lipid droplets (LDs), the most

prominent intracellular organelle in white adipocytes occupying almost the complete cytoplasm.

The diameter of the LDs can vary between 10 and 150 µm in human WAT, which is the major

determinant of fat cell size (volume). LDs, present both in AT and non-AT, contain a neutral lipid

core (TAGs and cholesterol-esters) that is covered by a membrane rich in phosphatidylcholine and

free cholesterol [37]. This phospholipid-monolayer has specific proteins inserted with the perilipin

(PLIN) family being the most abundant [38]. Besides the PLINs, proteomics studies identified a

huge panel of other LD-associated proteins, but not all their functions are clearly defined yet.

However, their presence corroborates that LDs are interacting organelles balancing TAG storage

and utilization [39, 40]. The complex life cycle of cytosolic LDs has been suggested to start at the

endoplasmic reticulum (ER), where the enzymes are located that finalize TAG synthesis [41]. The

LD formation involves several lipid-intermediates (e.g. diacylglyerol) and proteins (e.g. seipin,

PLIN-3), which also maintain the LDs integrity and regulate the fusion of small LDs (Fsp27 /

Cidec in humans, [42]) to the large unilocular LD characteristic for human mature white adipocytes

[43]. Degradation of LDs is achieved by hormonal regulated lipid hydrolysis, called intracellular

lipolysis [44]. In adults, the number of adipocytes is notably constant throughout life, as it is set in

childhood and not affected by the annual 10% cell turnover (adipogenesis versus adipocyte death)

[45]. Average TAG age is independent of adipocyte size when set in relation to body fat mass and

they are renewed 6 times in 10 years (average age of a human adipocyte) [46]. However as recently

described, TAG age in scAT is increased in overweight-obese subjects and the lipid turnover

displays depot specific differences influenced by body fat distribution [47]. Taken together, the

main role of LD containing adipocytes is packaging and managing of lipids, which enables the

cells to buffer the influx of dietary lipids and sequester FAs [48], thus limiting their toxic effects

(lipotoxicity).

Adipocyte differentiation and lipid metabolism
Adipogenesis is a tightly-regulated process, which transforms undifferentiated fibroblast-like pre-

adipocytes to mature adipocytes. Pre-adipocytes are part of the adipose-derived stromal/stem cells,

which can be isolated from the adipose SVF [49] and in-vitro differentiated towards adipocytes.
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The transcriptional cascade underlying adipocyte differentiation is regulated by several

transcription factors with peroxisome proliferator-activated receptor (PPAR)-gamma [50] and

CCAAT/enhancer binding protein (C/EBP)-alpha [51] being the “master” regulators. Furthermore,

these transcription factors control lipid and glucose metabolism related gene expression in the

maturing adipocyte, such as lipoprotein lipase (LPL) [52], fatty acid binding protein (FABP) 4

(murine aP2) [53], fatty acid synthase (FAS) [54], hormone sensitive lipase (HSL) [55] and GLUT-

4 [56]. Together, these genes influence the accumulation of lipids (lipogenesis) during

adipogenesis (reviewed in [57]).

Lipogenesis comprises the uptake of free FAs (FFA) from the bloodstream, their conversion into

neutral lipids and the packaging of those lipids in adipocytes’ LDs. The FAs either originate from

the diet or can be synthesized de novo from glucose in lipogenic tissues like the liver and human

AT that also possesses the lipogenic enzymes for the FA synthesis [18], but its contribution to the

TAG stores is minor [58 - 61]. TAGs are transported as TAG-rich lipoproteins (TRL) in the

bloodstream. The chylomicrons (75–450 nm) are formed by the enterocytes and contain TAGs

from the diet, whereas TAGs produced by the liver are packed in very-low-density lipoproteins

(VLDL, 30-80 nm) [1]. Both TRLs are surrounded by a phospholipid monolayer, which contains

specific apolipoproteins that enable their interaction with LPL e.g., on the surface of capillary

endothelial cells. Adipocytes and myocytes synthesize LPL but it is exported to the capillary

endothelium where it hydrolyzes TAGs of TRLs into FAs and 2-monoacylglycol, generating

remnants that are further metabolized in the lipoprotein pathways (Figure 1.1).

LPL is a major player in postprandial lipid partitioning, because its activity is regulated tissue-

specifically, dependent on metabolic circumstances e.g., nutritional state and physical activity, and

under hormonal (insulin), apolipoprotein and angiopoietin-like protein control [62]. For example,

in AT in the fasted state LPL is post-translationally inhibited by angiopoietin-like protein-4 [63]

while in the skeletal muscle mRNA and total activity of LPL appear increased [62].
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Figure 1.1: Inter-organ crosstalk and white adipose tissue (WAT) impairments
Healthy WAT stores FAs (delivered by lipoproteins) during energy surplus (postprandial state) and releases them during fasting
(lipolysis). After a meal, substrates are distributed to the organs, with uptake into WAT being under the control of secreted
insulin. Dietary TAGs reach WAT directly, incorporated in CMs, which enter the blood via the lymphatic system. Whereas,
VLDLs transport liver-derived TAGs to the periphery. In addition, the endocrine organ WAT interacts with other tissues through
the secretion of numerous molecules (“adipokines”) and pro-inflammatory cytokines (see Tab. 1.2). These molecules guarantee
proper metabolic responses of target tissues. E.g., in liver and SM, they improve insulin sensitivity and in the pancreas, they
ameliorate survival and function of beta cells. In return, WAT is also influenced by hormones and factors released by its effector
organs. Disturbances in AT functions, like reduced AT differentiation and expandability, decrease the storage capacity of WAT
and can lead to lipid overflow, which subsequently causes ectopic fat storage (SM, liver, etc. see Fig. 1.2).
Abbreviations: ATGL – adipose triglyceride lipase; CM – chylomicron; FA –fatty acid; Glc – glucose; HSL – hormone sensitive
lipase; LPL – lipoprotein lipase; SM – skeletal muscle; TAG – triacylglycerol; VLDL – very low-density lipoprotein. ↑ = increase;
↓ = decrease; + = stimulation; Т = inhibition

Contrary, its activity is increased in AT and decreased in skeletal muscle and heart [64] after a

meal, which is in line with the role of AT to buffer lipid fluxes in the postprandial period. The

transport of LPL-derived and systemic FAs into and in adipocytes is protein-mediated and involves

FA transport proteins (FATPs) [65], the human scavenger receptor CD36 and FABPs (e.g., FABP-

4) [66, 67]. Before beta-oxidation or esterification to TAGs, phospholipids or second messengers,

FAs are activated by the acyl-CoA synthetases [68] with ACS-1 being the major ACS-isoform in

adipocytes. TAGs are mainly synthesized from glycerol-3-phosphate (G3P) and three activated

acyl-CoA FAs (Kennedy pathway). The enzymes catalyzing the conversion of G3P into

lysophosphatidic acid (lysoPA), lysoPA into phosphatidic acid (PA), and PA into diacyglycerol

(DAG), are G3P acyltransferase (GPAT) 3, acylglycerol-3-phosphate O-acyltransferase
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(AGPAT) 2 and lipin 1, respectively. Alternatively, DAG can be derived from monoacylglycerol

by the monoacylglycerol acyltransferase (MGAT; primarily occurring in intestine). In both

pathways, DAG is finally condensed by diacylglycerol acyl transferase (DGAT) with another fatty

acyl-CoA to a storable TAG molecule [69]. The most important hormonal factor influencing

lipogenesis is insulin. Besides regulating LPL activity, it increases the uptake of glucose (required

for G3P synthesis) and FAs into adipocytes via stimulation of GLUT-4 and FATP-1 translocation,

respectively. Furthermore, it stimulates the transcription of lipogenic genes like FAS by regulating

lipogenic transcription factors (e.g. ChREBP) [70]. Contrary growth hormone dramatically

reduces lipogenesis during fasting [59] and stimulates lipolysis [71].

Lipolysis is the process of hydrolyzing TAGs into three FAs and one glycerol molecule. It occurs

extracellularly by LPL to enable uptake of FAs from the blood and intracellularly to hydrolyze

stored TAGs and release FAs for subsequent oxidation. The hormonal regulation (mainly by

insulin, glucagon, catecholamines and natriuretic peptides (NPs)) of the TAG hydrolysis enables

adipocytes to response to energetic needs by switching between lipid storage and lipolysis. NPs,

which are released from the heart muscle and act via natriuretic peptide receptors (NPRs), are

positive regulators of AT lipolysis, whereas catecholamines can affect lipolysis via the stimulating

beta-adrenergic and inhibiting alpha-adrenergic receptors (G-protein coupled receptors),

respectively. Hence, the net outcome of catecholamine-induced lipolysis depends on the balance

between the lipolytic and anti-lipolytic adrenergic receptor stimulation [71]; however, lipolytic

activity is also determined by major post-receptor events, including translocation and

phosphorylation of proteins (see below).

The stepwise release of FAs from the glycerol backbone is achieved by three intracellular lipases

working in a consecutive manner: adipose triglyceride lipase (ATGL), HSL [72] and

monoacylglycerol lipase (MGL). In the low energy state (e.g. fasting), catecholamines elevate

intracellular cyclic AMP (cAMP) via beta-adrenergic receptors, which activates protein kinase A

(PKA)-dependent phosphorylation (P) of PLIN-1, the main LD-scaffolding protein in adipocytes

[73]. In its un-phosphorylated state, PLIN-1 protects the lipids from hydrolysis by the intracellular

lipases, whereas PLIN-1-P facilitates the maximal lipolytic response of ATGL and HSL [74],

making the protein a crucial bi-functional modulator of lipid metabolism. ATGL is tightly

associated to the LD and its activity is mainly regulated by proteins such as the inhibiting LD-

associated protein Fsp27, G0S2/ABHD5 [75] and the activating CGI-58 cofactor [76]. The

conversion of TAGs to DAG and FA is predominantly catalyzed by ATGL [77], which has a

higher TAG specificity than HSL. In contrast to ATGL, HSL requires translocating to the LDs,

which is initiated by phosphorylation of HSL via PKA [78]. PLIN-1-P induced conformational

General Introduction

15

changes provide the lipases access to the LD and the active HSL-P can hydrolyze DAG to FAs

and MAG ([71] and references therein). Studies in human adipocytes suggest that HSL is more

important in catecholamine and NP-stimulated lipolysis than ATGL, but both lipases are pivotal

in regulating the complete TAG hydrolysis under basal conditions [79]. The final step to complete

lipolysis is catalyzed by the MGL, which is not under hormonal control [80]. Insulin is the major

inhibitor of lipolysis and of FFAs efflux from adipocytes. It acts postprandial by stimulating the

insulin receptor and successively decreases cAMP levels via the phosphatidyl-inositol 3-kinase

(PI3K) pathway. Consequently, HSL is deactivated by de-phosphorylation and TAG synthesis

(lipogenesis) is promoted by insulin (see above) [81]. ATGL activity is indirectly affected by

insulin as the anti-lipolytic hormone activates phosphodiesterase 3B, which converts cAMP into

5’AMP and consequently decreases PKA activity [71], thus influencing the interaction between

PLIN-1 and the ATGL activator CGI-58 [44]. In addition, insulin down-regulates mRNA of ATGL

and induces the expression of its inhibitor G0S2 in human adipocytes [44, 82]. However, atrial

NP, which activates the phosphorylation of PLIN-1 and HSL, and thus lipolysis, via NPR-A by a

cGMP dependent pathways [83], is unresponsive to insulin’s anti-lipolytic action [84].

Overall, AT is a complex organ with multiple functions, and its metabolic function is tightly

controlled by hormones such as insulin (lipogenesis) and catecholamines (lipolysis), in response

to external stimuli like exercise, diet, fasting or cold. Healthy AT stores TAGs and traps FA at an

increased rate in the postprandial period (insulin-stimulated [48]) and can adjust the release of FA

into the blood stream, when an energy deficit like fasting and exercise persists (catecholamine-

stimulated). Therefore, a well-tuned interplay of adipocyte differentiation, TAG synthesis, LD

formation and lipolysis in adipocytes is of major importance for maintaining AT function, which

prevents “lipid spill-over”, hence avoiding ectopic lipid disposition in non-adipose tissues and

related insulin resistance [85, 86].

Endocrine organ function

Since the identification of leptin in 1994 [87], WAT is accepted as secretory tissue that releases

numerous metabolically and immunologically active substances (adipokines, cytokines, FAs,

peptides), which act in an autocrine, paracrine or endocrine way causing pleiotropic effects such

as modulation of whole-body insulin-sensitivity, energy balance and immune responses (Table

1.2; [88, 89]). Furthermore, they are involved in the development of numerous metabolic

complications like insulin resistance [90], CVD [91] and the chronic low-grade inflammation

associated with obesity [92]. Some molecules are primarily secreted within the AT by adipocytes
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(adiponectin, leptin, visfatin), whereas others are preferentially produced by cells in the SVF,

especially macrophages (monocyte chemoattractant protein (MCP)-1/CCL2, interleukin (IL)-6,

tumor necrosis factor (TNF)-alpha) [24]. However, the exact contribution of all different cell types

in AT to its secretion profile is still under evaluation. The secretory profile of adipocytes depends

on their differentiation state [93] and large adipocytes are characterized by an altered secretion

pattern, which might promote AT inflammation [94]. Besides its negative impact on insulin

sensitivity (see below), AT inflammation has been suggested to be a prerequisite for proper AT

plasticity and remodeling, and is therefore of major importance for normal tissue homeostasis [95].

Animal and human studies demonstrated that AT harbors a number of innate and adaptive immune

cells. Innate macrophages are tissue-resident phagocytes and scavenge cell debris of apoptotic

cells and regulate angiogenesis and ECM re-modulation [96]. Alternatively, activated M2-

macrophages, regulatory T-cells and eosinophils contribute to the production of anti-inflammatory

cytokines e.g., IL-10 in lean AT and are involved in the maintenance of insulin sensitivity [97].

Conversely, classically activated M1-macrophages, derived from monocytes of the blood stream,

secrete pro-inflammatory cytokines such as TNF-alpha and IL-6 but are often lower in number in

lean AT (~10% [98]). VAT is more prone to macrophage infiltration than subcutaneous AT and

this is paralleled by increased pro-inflammatory secretion [99]. During body fat mass expansion,

the number of immune cells in AT increases [32, 97], whereas weight loss can partly reverse such

changes in scAT of obese subjects [100]. The best-characterized adipokines are adiponectin and

leptin. Adiponectin is secreted in the form of distinct polymer-complexes, which display anti-

inflammatory, anti-atherogenic and insulin sensitizing effects in peripheral organs [101, 102] via

adiponectin receptors [103]. Compared to adiponectin, leptin plasma levels are much lower (2-8

µg/ml vs 5-30 mg/ml) and its secretion from WAT increases with fat accumulation and decreases

with fat loss, reflecting its role as a signal of adipocyte energy storage. The leptin receptor is

expressed in nearly all peripheral and insulin sensitive tissues. Its main metabolic functions, which

partly overlap with the ones of adiponectin, are the regulation of the energy balance, affecting

glucose and lipid metabolism (improved insulin sensitivity) and modulating angiogenesis

(reviewed in [88, 107]). In human obesity, elevated leptin plasma levels are reported and often

accompanied by leptin resistance in the brain and periphery [108], whereas levels of the insulin

sensitizer adiponectin are often decreased [109]. Furthermore, MCP-1, interleukins, PAI-1, TNF-

alpha [89], adipsin [104], and apelin [110] secretion affects a wide range of processes related to

energy metabolism and immune response (Table 1.2) and their secretion is dependent on adipocyte

size and AT depot [24].
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Table 1.2: Molecules secreted by white adipose tissue and their metabolic role

Secreted molecule Role in… / Effect on…
Adipokines
Adiponectin FA oxidation, hepatic glucose synthesis, (anti-) inflammation, insulin sensitivity
Adipsin immune-stress response, lipid metabolism, insulin secretion and resistance
Apelin energy metabolism, insulin sensitivity, angiogenesis
Leptin appetite control, (pro-) inflammation, lipid metabolism, insulin secretion and resistance
Visfatin NAD+ synthesis, insulin signaling, (pro-) inflammation

Cytokines/Chemokines
Interleukin (IL)-1-beta (pro-) inflammation, insulin resistance, energy metabolism
IL-6 (pro- and anti-) inflammation, insulin resistance, liver substrate metabolism
IL-8 (CXCL8) (pro-) inflammation, insulin resistance
IL-10 (anti-) inflammation, insulin sensitivity
Monocyte chemoattractant
protein (MCP)-1 (CCL2)

stimulation of macrophage recruitment, (pro-) inflammation

Tumor necrosis factor (TNF)-
alpha

(pro-) inflammation, insulin resistance

Other factors
Hepatic growth factor (HGF) angiogenesis, (pro-) inflammation
Plasminogen activator inhibitor
(PAI)-1

(pro-) inflammation, insulin resistance, vascular homeostasis, metabolism of ECM

Retinol binding protein (RBP)-4 lipid and glucose metabolism, insulin resistance, chemoattraction of immune cells

Expression and secretion of cyto-/adipokines/factors is different in AT depots and affected by body weight, adipocyte size and
gender. Key references: [1, 17, 24, 33, 36, 88, 89, 95, 104-106]. This list is not comprehensive.

AT expandability
Energy intake and expenditure (basal metabolic rate plus physical activity) determine the energy

balance. A constant positive energy balance leads to an expansion of WAT and a concomitant

remodeling in the tissue cellularity, ECM and blood vessels [111, 112]. AT expansion allows

storage of excess energy in form of fat via: (1) hypertrophy of adipocytes (increase of cell size)

and/or (2) hyperplasia of proliferating pre-adipocytes into differentiated adipocytes (increase of

cell number, see above) [45, 113]. Thus, AT is a metabolic sink and its expansion, which is often

impaired in metabolically compromised individuals (“AT expandability hypothesis”), protects the

human body from harmfully elevated concentrations of plasma TAGs and FAs mainly in the

postprandial period [114]. Although, it was reported that the adipocyte number is rather constant

during adulthood independent of weight fluctuations [45], earlier studies suggest that hyperplasia

can be an adaptive response to weight gain in adults [115]. Both, hypertrophy, and hyperplasia

occur sex-, fat depot- and fat cell size-dependent [116]. With regard to healthy WAT expansion,

gluteofemoral fat (‘peer shape’) plays a key role, as it traps TAGs for the long term, protecting the

body from FA overflow and ectopic fat disposition, and is associated with a beneficial adipokine

profile and metabolic health [117]. In contrast, abdominal subcutaneous fat accumulation,
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probably due to dysfunctional peripheral scAT, reaching its expansion limit, and increased visceral

fat accumulation (‘apple shape’), is associated with increased metabolic risks [118]. This correlates

with a more pro-inflammatory cytokine secretion (PAI-1, IL-6, TNF-alpha; [89]) from

hypertrophic adipocytes and therefore contributes to inflammation and impaired metabolic

sensitivity to hormones, making them less favorable (unhealthy) storage depots [24, 118].

Adipose tissue dysfunctions and its metabolic implications

WAT dysfunction rather than fat mass per se seems to be an early perturbation in the emergence

of human obesity [32] and is often associated with insulin resistance. The current concept

underlying the development and effects of dysfunctional AT is the following [2]: The inability of

scAT to expand through hyperplasia (decreased adipogenesis), coupled with impaired

angiogenesis, generates on the one hand hypertrophic adipocytes (>150 mm) and a relative oxygen

deficit (hypoxia) [119, 120], leading to impaired glucose and lipid metabolism (insulin resistant)

[121], changes in oxidative and ER stress and a pro-inflammatory secretion profile (e.g. increased

TNF-alpha, IL-6, decreased adiponectin) [94, 122]. On the other hand, this promotes pro-fibrotic

conditions [123] due to disturbances in ECM remodeling and reducing AT plasticity [111], which

might further compromise adipogenesis. Because the storage capacity of enlarged adipocytes is

limited, cells might become necrotic, causing the infiltration of additional immune cells and

subsequent local inflammation [124, 125]. Lipid spill-over (overflow) and subsequent ectopic LD

accumulation to entrap excess lipid intermediates/metabolites (diacylglycerols and ceramides) in

the liver, skeletal muscle, pancreas, and visceral depots can trigger local and systemic insulin

resistance (lipotoxicity) [126] (Figure 1.2) [2].

Impaired TAG turnover [127] marks hypertrophic AT and thus poses a risk for further fat gain and

obesity-induced metabolic disturbances [128, 129]. In obese and insulin resistant subjects, LPL

activity [130] and subsequent FA uptake via CD36 and other transporters, are decreased, thus

promoting lipid overflow into the circulation [86]. In addition, adipocyte lipolysis is impaired in

obesity due to reduced cAMP signaling [46]. Fasting lipolysis expressed per unit fat mass [131]

and ATGL and HSL expression is reduced in insulin-resistant obesity [132], although the whole-

body basal lipolysis might be elevated because of the increased total fat mass (mass effect). On

the other hand, whole-body lipolysis is elevated in the postprandial state in obese individuals, due

to an attenuation of the insulin-mediated suppression of lipolysis in AT [86] and skeletal muscle

[133]. In-vitro and in-vivo studies also showed that catecholamine- and NP-induced lipolysis is

blunted in scAT of obese and T2DM subjects [134, 135]. This blunted lipolytic response may
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contribute to a decreased TAG turnover, an increased AT mass [46] and a reduced lipid-buffering

capacity resulting in lipid spill-over.

Figure 1.2: Mechanisms of AT expandability preceding obesity
Chronic caloric excess leads to expansion of WAT by an enlargement of existing adipocytes (hypertrophy) and/or an increase
in adipocyte number (hyperplasia) via pre-adipocyte differentiation. Pathologic expansion through hypertrophy is associated
with inflammation, hypoxia, and fibrosis, with early onset of insulin resistance. Adipocyte dysfunction leads to detrimental
lipid overflow and their disposal in VAT and non-adipose organs. Healthy expansion through hyperplasia occurs
concomitantly with angiogenesis and prevents or delays the onset of both insulin resistance and ectopic lipid accumulation.
(figure adapted from [2])

Hence, an alternative path of lipid breakdown, autophagy, might become active under such

pathophysiological conditions [32]. In line, markers of autophagy were elevated especially in VAT

of obese subjects and correlated with the degree of obesity and fat cell hypertrophy [136, 137].

Although the autophagic clearance seems attenuated in subcutaneous adipocytes of obese subjects

[138]. So far, largely studied in hepatocytes and animals, the contribution of this alternative

pathway to lipid breakdown and adipocyte function needs to be confirmed in human adipose tissue

[138]. Additionally, a disturbed LD storage capacity [139] may play a role in the development of

AT dysfunction and might be related to altered expression of lipid storage promoting LD-

associated proteins (e.g. PLIN-1, CIDEC), although data in mice and humans are conflicting [8,

71].

Mitochondria provide energy by oxidation of different substrates depending on the nutritional

status. In times of constant overfeeding mitochondria of various tissues may fail in adapting the

substrate selection (metabolic inflexibility) [140]. Particularly lipid-overload may increase ROS

formation and the production of toxic lipid species, which contribute besides ER-stress and pro-

inflammatory processes to mitochondrial dysfunction in WAT [141]. Such impaired metabolic
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flexibility and mitochondrial function have been implicated in the accumulation of lipids and

related insulin resistance in skeletal muscle of obese T2DM subjects [86]. A study by Yin et al.

reported that the mitochondrial function (oxygen consumption and citrate synthase) in adipocytes

of obese subjects is also attenuated [142]. This might partly be attributable to impaired lipolysis

as demonstrated in a recent in-vitro study using differentiated human adipocytes. It indicated that

adipose lipase deficiency contributes to mitochondrial dysfunction, lipid accumulation and insulin

resistance, in a PPAR-alpha-dependent manner [143]. This confirms previous findings made in

cardiac muscle of lipase-deficient mice [144]

It is now well established that hypertrophic AT of obese individuals is infiltrated by macrophages

[98]. The concomitant histological changes in AT during obesity seem to be triggered by

dysfunctional adipocytes and are characterized by an accumulation of M1-macrophages (crown-

like structure around metabolically deficient and dying cells, which is more frequent in VAT [124])

and a change in the M1/M2 macrophage ratio [145] leading to an increased pro-inflammatory

cytokine and chemokine secretion [146]. In addition, other immune cells (mast cells, neutrophils,

B- and T-lymphocytes) infiltrating WAT might also contribute to this pro-inflammatory shift

[147]. The presence and secretion of mediators (e.g., IL-1-beta, IL-6, MCP-1 and TNF-alpha) by

recruited immune cells influence themselves the function of adipocytes by changing their secretion

profile (increased MCP-1, IL-6 and CXCL8/IL-8; decreased adiponectin) [148]), which further

enhances the inflammation process, inducing insulin resistance [145] and inhibiting pre-adipocyte

differentiation [149]. These alterations are most likely mediated by lipids, ROS, or microbiota-

derived lipopolysaccharides (LPS) [150]. Possible mechanisms explaining the effects of these

mediators and hence the development of obesity-associated inflammation include the activation of

the innate immune receptors (e.g., TLR-4) and the inflammasomes (e.g., NLRP3) in WAT, which

regulate the production of inflammatory cytokines (e.g., IL-1-beta and IL-6), besides others such

as increased ER-stress and cell death [145, 150]. In the last decade, numerous studies investigating

cytokines involved in obesity-induced AT inflammation have been performed. They showed that

other interleukins such as IL-17 [151] or additional members of the IL-1 family play important

roles in WAT biology. Overall, many different factors are contributing to AT inflammation that

may be considered as an adaptation for a healthy WAT expansion [152] but eventually could cause

the systemic low-grade inflammation found in obesity [95, 147].

Metabolic consequences of AT dysfunction
Collectively, AT dysfunction can be described by impaired adipogenesis, hypertrophic adipocytes,

visceral fat accumulation, inflammation, and disturbances in lipid and glucose metabolism and is

not caused by increased body fat mass per se. It is an early or even primary event in human obesity
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and implicates metabolic consequences, which are related to impaired health [32]. Body fat

distribution and depot-differences between scAT and VAT, e.g., reaction to hormonal stimulation,

further determine the extent of health impairments. Insulin resistant hypertrophic scAT seems to

redirect lipids when its storage capacity is exceeded [114]. A higher lipid efflux (overflow) from

impaired scAT enhances VAT expansion and ectopic fat storage, which is associated with

metabolic syndrome, CVD, and peripheral and hepatic insulin resistance [32]. Decreased insulin

sensitivity and increased lipolytic activity in VAT and its anatomical location may contribute to

an elevated influx of FAs and cytokines into the liver [153]. This “portal hypothesis” and increased

circulating lipids coming from dysfunctional scAT, may therefore increase hepatic lipid

accumulation [154, 155] and alter VLDL-TAG release in the postprandial state [156],

subsequently shunting lipids to skeletal muscles. There, increased uptake and accumulation

disrupts muscle functions (lipid handling) and insulin sensitivity [157, 158], which might expedite

whole-body insulin resistance [159].

The augmented immune cell infiltration in WAT and the chronic low-grade inflammation in

subjects with nascent metabolic syndrome indicate a close relationship between the immune

system and obesity. Thus, an accompanying overproduction of pro-inflammatory cytokines such

as IL-1-beta, IL-6 and 8, TNF-alpha, RBP-4 and PAI-1 [160], whose actions are mediated by the

stimulation of stress-induced pathways [8] and associated low levels of the insulin-sensitizer

adiponectin [161], further enhance systemic insulin resistance [95].

In addition, reduced expression/translocation of GLUT-4 [128] and diminished postprandial

VLDL-TAG clearance and buffering of FFA by AT [162], observed in insulin resistant and obese

subjects, seem to contribute to hyperglycemia [163], hyperlipidemia and compensatory

hyperinsulinemia [162]. These, together with insulin resistance and chronic low-grade

inflammation, promote the development of obesity-related chronic metabolic diseases, including

T2DM, CVD and NAFLD [158]. Hence, a comprehensive understanding of the manifestation of

AT dysfunction, which may be the differentiating factor between obesity sub-phenotypes

(metabolically healthy versus metabolically unhealthy obese subjects [164]), could provide novel

and improved treatments for metabolically unhealthy obesity, but requires valid models.

Models to study AT lipid metabolism and function
Rodent, in-vitro and in-vivo models (e.g., diet-induced obese C57BL/6 mice) are the basis for our

current understanding of AT (dys)-function. In the last 50 years many rodent in-vitro models were

established to study the differentiation of pre-adipocytes into adipocytes, using e.g., the cell lines

3T3-L1 [165] and C3H10 T1/2 [166] or primary adipocyte progenitor cells isolated from the SVF

[167]. However, human primary adipose-derived stem/stromal cells (ASC) also called multipotent
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derived lipopolysaccharides (LPS) [150]. Possible mechanisms explaining the effects of these

mediators and hence the development of obesity-associated inflammation include the activation of

the innate immune receptors (e.g., TLR-4) and the inflammasomes (e.g., NLRP3) in WAT, which

regulate the production of inflammatory cytokines (e.g., IL-1-beta and IL-6), besides others such
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cytokines involved in obesity-induced AT inflammation have been performed. They showed that
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roles in WAT biology. Overall, many different factors are contributing to AT inflammation that

may be considered as an adaptation for a healthy WAT expansion [152] but eventually could cause
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and implicates metabolic consequences, which are related to impaired health [32]. Body fat
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circulating lipids coming from dysfunctional scAT, may therefore increase hepatic lipid

accumulation [154, 155] and alter VLDL-TAG release in the postprandial state [156],
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adipose-derived stem (hMADS) cells [168], isolated and selected pre-adipocytes from the SVF

and mesenchymal stem cells (MSCs) from bone-marrow represent validated human models for the

in-vitro study of adipocyte function and metabolism [169]. Unlike the human cell strain SGBS

[170] and the LiSa-2 cell line, ASCs are a heterogenic cell population retaining their distinct donor-

and depot-specific metabolic profiles [23, 169], making them excellent candidates for studying

intrinsic disturbance in adipocyte function. More recently Todorcevi et al. [171] generated

immortalised human pre-adipocytes of paired subcutaneous abdominal and gluteal WAT depots.

These cell lines retained depot-specific gene expression patterns and enable to study in parallel

pre-adipocytes from more than one depot, thus helping to investigate depot differences that may

contribute to the metabolic risk-determining body fat distribution [171]. Additionally, co-cultures

[172] and 3D models [173] with human cells are being established to investigate the various

metabolic interactions between adipose and other tissues. Nevertheless, ASCs derived from well-

characterized lean and obese donors are the ideal model to study AT biology, whereas studying

energy balance in-vivo still requires human subjects.

In summary, healthy scAT buffers the daily lipid fluxes and minimizes ectopic lipid storage. If

scAT becomes dysfunctional and its expandability gets limited, an increase of VAT mass and

ectopic fat disposition may follow, disturbing peripheral glucose utilization, promoting insulin

resistance and systemic low-grade inflammation, which are associated with increased T2DM and

CVD risk. Therefore, preventing obesity-associated (sc)AT dysfunction by enhancing its fat

buffering ability, differentiation capacity, insulin sensitivity and subsequent uptake of glucose, or

redistributing lipids into more beneficial depots, is pivotal to protect from obesity-related

metabolic impairments. Nutritional bio-actives are one of the potential therapeutic options to

prevent or treat AT dysfunction in human metabolic diseases.

Nutritional bio-actives and AT (dys)-functions

AT dysfunction seems to be the major driver of obesity-related metabolic derangements [174]. In

the last decades, numerous studies have demonstrated that plant-derived polyphenols and

carotenoids, and polyunsaturated fatty acids (PUFAs) from fish and algae are potent anti-oxidant

and anti-inflammatory nutrients. They influence adipocyte function in different cell and animal

models of obesity [175], thereby providing potential beneficial effects in modulating obesity-

related metabolic disturbances in both rodents and humans (for review see [17, 86, 176-178]).

Therefore, improving AT function with nutritional bio-actives, by increasing AT lipid buffering
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capacity and subsequently reducing the inflammatory response, seems a strategy of clinical

importance besides life-style changes including increased physical activity [179]. However, the

physiological complexities detailed above and varying treatment doses, periods and study designs

require a careful interpretation of the results that are currently available in the scientific literature.

The following section sketches the effects of the carotenoid lycopene, the polyphenols resveratrol

and (-)-epigallocatechin-3-gallate and the n-3 PUFA eicosapentaenoic acid, on markers of AT

(dys)-function and related health benefits. For the purpose of this thesis, metabolic profiles are

defined as measurements of the multiparametric metabolic response (including parameters like

mRNA, proteins and lipids) of living systems (cell models and human subjects) stimulated by

single or combinations of bio-actives with partly distinct mechanisms of action [180].

Carotenoids
Carotenoids are naturally occurring pigments in plants and photosynthetic bacteria and serve a

large number of functions in nature. They play a role as macular pigments, precursors of vitamin

A and act as antioxidants [181] and probably as adipose biology modulators [182, 183].

Carotenoids have also been associated with numerous health effects: decreased risk of macular

degeneration, cancers and CVDs [184, 185]. Beta-carotene, alpha-carotene, beta-cryptoxanthin,

lutein, zeaxanthin, and lycopene (Lyc) are the most abundant carotenoids in human plasma and

account for ~70 % of all carotenoids identified in human plasma and tissues. Carotenoids must be

taken up from the diet (e.g., tomato, carrots and spinach) and are divided into two major groups:

xanthophylls, which are oxygenated carotenoids (lutein and zeaxanthin) and carotenes, which are

hydrocarbon carotenoids that are either cyclized (beta-carotene) or linear (Lyc) [186]. Beta-

carotene is the best-known carotenoid since it is the main precursor of vitamin A (retinol), an

essential molecule for vision and many gene-regulating processes as reviewed elsewhere [176,

187]. AT is an important storage depot for the lipid-soluble carotenoids and they are found in

adipocytes mainly in the TAG core of the LD and associated to plasma membranes [188].

The anti-inflammatory and antioxidant properties of carotenoids and carotenoid-derivatives make

them predestined to affect the inflammatory and secretory profile of AT. Carotenoids and their

conversion products interact with nuclear receptors and inflammatory pathways in adipocytes and

AT macrophages, thereby affecting adipogenic and lipogenic gene expression (reduced

adipogenesis and increased lipid turnover), reducing oxidative stress (also by scavenging ROS

directly) and modulating the expression of specific adipokines and inflammatory cytokines,

respectively [176, 189]. Several epidemiological studies in overweight and obese adults and

children report an association of low serum carotenoid levels with risk factors of the metabolic

syndrome e.g. increased HOMA-IR and inflammatory markers in plasma, independent of obesity-
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related measures, but an inverse association between carotenoid plasma levels and adiposity.

Hence, fat mass appears to sequester carotenoids and thus may control blood levels as recently

suggested for beta-carotene [190] or reflect a higher consumption in obese AT [183]. In line, the

few intervention studies testing carotenoid supplementation on adiposity showed consistently that

a higher intake of carotenoids resulted in increased adiponectin levels and decreased body fat (see

[183] and references therein) and insulin resistance [191]. In summary, because carotenoid levels

are reduced in blood and adipocytes (beta-carotene) in human obesity [190], their supplementation

seems advantageous to ameliorate WAT lipid turnover and to scavenge ROS, thereby possibly

affecting AT inflammation and insulin sensitivity.

Lycopene is the most abundant carotenoid present in tomatoes and one of the main carotenoids in

the human diet [192]. The acyclic Lyc (Table 1.3) has the same molecular mass and chemical

formula than beta-carotene and is the second most abundant carotenoid in human AT [193]. Its

absorption, transport, metabolism, and biological activities are rather ill-defined compared to beta-

carotene [194]. Lyc is well known for its antioxidant capacity, its anti-carcinogenic (prostate) and

cardioprotective effects [185, 195]. It also reduces oxidative DNA damage in healthy volunteers

[196]. Furthermore, evidence is accumulating from epidemiological, animal and intervention

studies for its anti-inflammatory and anti-diabetic properties in relation to chronic diseases

accompanying obesity [197-199]. It has been shown that lycopene and its metabolite apo-10´-

lycopenoic acid inhibit TNF-alpha-induced pro-inflammatory cytokine and chemokine expression

in murine and human adipocytes [200, 201]. In addition, treatment of rodents with Lyc or a Lyc-

enriched tomato product has shown to improve gene expression and secretion of adipokines

(increase of adiponectin) and cytokines (decrease of MCP-1 and IL-6) in AT and liver, either

without affecting AT mass (obese rats) [202, 203] or with reducing HFD-induced adiposity and

HOMA-IR (mice) [204]. Intervention studies in healthy and moderately overweight subjects and

metabolic syndrome patients demonstrated the beneficial effects of tomato juice and Lyc

supplement / Lyc rich-diet regarding metabolic risk reduction in humans. Li et al. reported that

daily tomato juice consumption (32.5 mg Lyc/d, 8 weeks) induced reductions in waist

circumference, serum levels of cholesterol and the inflammatory MCP-1, and an increase in serum

levels of the anti-inflammatory adiponectin in young healthy Taiwanese women [208]. However,

these changes were not accompanied by a decreased body fat content nor an improved insulin

sensitivity. Furthermore, McEneny and colleagues showed, that Lyc supplementation (70 mg/d)

and a diet enriched in Lyc (224-350 mg/d) for 12 weeks reduced systemic inflammation and
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ameliorated HDL functionality in moderately overweight men and women, which implies a cardio-

protective effect [209].

Table 1.3: Structure and demonstrated effects of dietary bio-actives on adipose tissue

Structure (bio-actives) Effect on…
(all-E)-lycopene

- Gene expression in AT
à mRNA of PPAR-gamma, SIRT-1, CD36
- Cyto-/adipokine secretion
à adiponectin, leptin mRNA levels; MCP-1, IL-6 secretion
- Oxidative stress
- AT distribution

trans-resveratrol
- Differentiation of pre-adipocytes
à mRNA of PPAR-gamma and CEBP-alpha
- Lipogenesis (WAT)
à FAS activity, FAS mRNA levels, ACC activity
- Lipid uptake and lipolysis
à Lipases expression; LPL, ATGL, HSL mRNA levels
- Apoptosis
- Mitochondrial function
à Heat production (BAT), UCP-1 activity, FFA oxidation
- Cyto-/adipokine secretion
à PAI-1, MCP-1, interleukins, TNF-alpha
- Energy expenditure, AT weight
- Insulin sensitivity

EGCG
- Differentiation of pre-adipocytes
à mRNA of PPAR-gamma and FAS
- Lipolysis
- Cyto-/adipokine secretion
à adiponectin, TNF-alpha, IL-6
- Energy expenditure
- Fat oxidation
- Insulin sensitivity
- Body weight, fat mass

n-3 PUFA (EPA)
- Differentiation of pre-adipocytes
à mRNA of PPAR-gamma
- Cyto-/adipokine secretion
à adiponectin, leptin, MCP-1, IL-6, CRP
- Inflammation
à NF-kappaB pathway; macrophage infiltration
à prostaglandins/leukotrienes synthesis
- Mitochondrial biogenesis / browning
à beta-oxidatio

Effects might depend on cell/animal model, AT depots and could be affected by body weight, metabolic donor characteristics and
gender. Key references: [205-207]. This list is not comprehensive.
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Men and women with metabolic syndrome showed a significant attenuation of inflammation and

endothelial dysfunction accompanied by improved insulin sensitivity after tomato-juice

consumption (4 times / week for 8 weeks) [210].

In summary, lycopene seems to be a promising nutritional bio-active for attenuating inflammatory

processes occurring in dysfunctional AT. However, it remains unclear whether these changes also

translate into beneficial metabolic effects on the long-term in human.

Polyphenols
Polyphenols can be divided in 5 major classes: stilbenes, flavonoids, lignans, phenolic acids and

other polyphenols, which are further sub-classified and often found as glycosides in plants. They

have been identified as antioxidant ingredients in the diet decades ago and have recently been

studied for their anti-diabetic (caffeic acid), anti-obesity (curcumin), blood glucose-lowering

(phloridzin) and phytoestrogenic (genisitin, lignans) properties [211], secondary to their gut

microbiota modulating (quercetin) [212] and anti-cancerogenic effects [213]. The most recognized

and abundantly available dietary polyphenols are epigallocatechin-3-gallate (EGCG, flavonoid)

and trans-resveratrol (Res, stilbene) (Table 1.3), found in tea (green, oolong) and hazelnuts or in

grapes (red wine) and peanuts, respectively (Phenol-Explorer DB, [214]). Both entered the

nutritional “stage” because their consumption in form of green tea (Japanese population) [215,

216] or red wine (“French Paradox”) [217] was inversely associated with cardiometabolic disease

in humans. Ever since, they have been extensively studied for their promising health-promoting

(anti-obesity and anti-inflammatory) effects as reviewed elsewhere [177].

The main catechin in green tea, EGCG, has consistently been shown to inhibit adipogenesis in

murine adipocytes by downregulating PPAR-gamma and FAS [218] and pre-adipocyte

proliferation by reduced activation of the ERK/Cdk2 signaling pathway [219]. Additionally, it was

also shown that green tea catechins enhance (catecholamine-induced) lipolysis in 3T3-L1

adipocytes [220]. The potential of EGCG to reduce lipid accumulation and alleviate diabetes risk

has further been demonstrated in-vivo in obese rodents [221, 222]. The treatment with EGCG

reduced AT mass, increased fat oxidation (decreased RQ), modified related gene expression [223]

and decreased nutrient absorption [224], possibly by activating AMP kinase (AMPK) and

inhibiting intestinal enzymes/transporters [225], leading to reduced body weight and improved

glucose homeostasis and insulin sensitivity [226, 227]. A recent study by Bao et al. corroborated

the anti-inflammatory effect of EGCG. They showed that long-term supplementation alleviated
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inflammation by reducing macrophage infiltration into AT and suppressing TNF-alpha and IL-6

expression in HFD-rats [228].

In humans, EGCG and green tea extract (GTE) supplementation depicts so far inconsistent data

regarding their effects on body composition, whole-body and peripheral insulin sensitivity. Hsu

and co-workers reported that the intake of GTE (~300 mg/d or ~860 mg/d EGCG) for 12 weeks

did not affect body weight or waist circumference in obese Asian women compared to PLA,

although a reduction in plasma lipids (total and LDL-cholesterol) was observed with the higher

GTE dosage [229, 230]. Furthermore, in Caucasian healthy adults [231] and in premenopausal

obese women on an energy-restricted diet [232] no (additional) effect on body weight, EE, fat

oxidation, and cardiometabolic risk factors was found after 12-week EGCG supplementation

(300–600 mg/d). Interestingly, short-term studies with EGCG reported an increase in fat oxidation

and in some cases an increased EE in normal and overweight men [233-235]. Similar controversial

findings were observed for the effects of EGCG on insulin sensitivity. While a recent study in

obese hypertensive adults (3 months GTE) showed an improvement in insulin levels and lipid

profile [236] other clinical trials could not find an effect on insulin sensitivity in obese males (e.g.,

[237], for further references see reviews [225, 238-240]). In conclusion, the current data suggest

that the effects of EGCG seem to be influenced by gender, metabolic status (BMI), dosing and

duration of the supplementation [241]. However, this anti-inflammatory catechin might favorably

alter dysfunctional processes (in AT and skeletal muscle) underlying obesity-related metabolic

complications by mutual interaction with its human target enzyme catechol-O-methyl-transferase

[242, 243] and by affecting AMPK activity [238]. Although, overall EGCG seems to have no

clinically significant impact on body fat reduction [244].

Trans-resveratrol (3,4,5-trihydroxystilbene), a phytochemical in the skin of red grapes with broad

bio-active properties (e.g., cardio-protective and anti-cancerogenic; for review see [245]), has been

recently investigated for its potential caloric-restriction like effects against obesity and related

metabolic diseases [246, 247]. Numerous studies using adipocytes have shown that Res has anti-

obesity properties by suppressing pre-adipocyte proliferation and differentiation [248], decreasing

lipogenesis and promoting hormone-induced lipolysis [249] and beta-oxidation [250] in white

adipocytes. These effects may be mediated by the activation of the central regulators of energy

metabolism, AMPK [251] and NAD-dependent deacetylase sirtuin-1 (SIRT1) [252], which

subsequently engages PPAR-gamma coactivator (PGC)-1-alpha [253], a regulator of

mitochondrial biogenesis [254]. A reduced lipid accumulation and a concomitant suppression of

adipogenic (PPAR-gamma, C/EBP-alpha) [255] and lipogenic (FAS, LPL) [256] genes
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accompanied the inhibition of adipogenesis and lipogenesis. Whereas the stimulation of lipolysis

and beta-oxidation in adipocytes by Res can be partly attributed to elevated ATGL mRNA and

protein levels [257] and reduced malonyl-CoA (inhibitor of beta-oxidation) levels via reduction of

ACC activity [258], respectively. Resveratrol prevented the gain of body weight and AT mass and

the emergence of insulin resistance [253, 259, 260] in diet-induced obese rodents. This was

accompanied by a diminished adipogenesis and amelioration of obesity-related chronic

inflammation in VAT and improved plasma lipid profiles, adipokine levels and fat oxidation [251,

259]. Besides the improvements of white AT function and glucose homeostasis [261], a

stimulation of mitochondrial content in liver [260] and skeletal muscle [253] and an increase in

scAT and skeletal muscle oxidative capacity (ex-vivo) was observed after Res supplementation,

thus displaying its caloric restriction mimicking effects under conditions of energy excess. In-vitro

AT models have shown that resveratrol’s anti-inflammatory effects can be attributed to a

suppression of nuclear factor (NF)-kappaB activity and a decreased release and expression of pro-

inflammatory cytokines like IL-6, IL-8, MCP-1 [262], PAI-1 [263] and TNF-alpha [264].

Compared to rodents [265], most human studies have not found a significant effect of Res on AT

mass and body weight [266-269]. However, a 30-day intervention trial in obese men with 150

mg/d Res led to a change in AT morphology presented by a reduced mean adipocyte size and gene

expression changes indicative of enhanced adipogenesis and alternative lipid breakdown [270].

Nevertheless, resveratrol appears to affect whole-body metabolic profiles, substrate utilization and

mitochondrial function of obese and diabetic subjects. Timmers et al. [267] reported a reduction

in plasma glucose and lipid levels, inflammation markers and postprandial AT lipolysis in healthy

obese men, while the oxidative capacity of skeletal muscle (ex-vivo) and the HOMA-IR index were

improved after 30 days Res supplementation. These changes where reflected by a down-regulation

of pathways linked to inflammation and an up-regulation of gene sets related to mitochondrial

oxidative phosphorylation in muscle and may support an improved metabolic flexibility and

insulin sensitivity in obese subjects. Interestingly, other groups could not find similar metabolic

improvements [266, 268, 269], whereas Bhatt et al. [271] and Brasnyo et al. [272] reported

beneficial effects of Res as add-on therapy or as sole supplementation in diabetic subjects, contrary

to a recent study by Timmers et al. in metformin-treated T2DM subjects [273]. Hence, further

intervention studies with resveratrol in well-defined subject populations are needed to elucidate if

this bio-active polyphenol, with caloric-restriction like effects, could be a beneficial supplement

or add-on therapy for metabolically impaired humans [265, 274].
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Polyunsaturated fatty acids
The omega-3 (n-3) and omega-6 (n-6) fatty acids are long-chain polyunsaturated fatty acids (LC-

PUFAs), which are essential for humans because they cannot be synthesized de novo but are vital

for normal cell and tissue metabolism. Eicosapentaenoic acid (EPA-20:5) (Table 1.3) and

docosahexaenoic acid (DHA-22:6) are n-3 LC-PUFAs found in fish and algae and have attracted

a lot of attention over the last 30 years. Several studies in humans and rodents have suggested

potential beneficial effects of these marine PUFAs in numerous metabolic diseases with chronic

inflammation including CVD, atherosclerosis, obesity and metabolic syndrome [178, 275].

The dietary fatty acids EPA and DHA were also extensively studied for their effects on white AT

metabolism and function. In brief, n-3 LC-PUFAs can reduce the LD formation in murine

adipocytes compared to saturated FAs [276] but they also showed conflicting data concerning pre-

adipocyte differentiation [277, 278]. Furthermore, several murine and human adipocyte assays and

rodent studies, using high-fat obesogenic conditions (see [175] and references therein),

demonstrated that marine EPA and DHA modulate adipocyte TAG storage and mobilization [279],

by stimulating mitochondrial biogenesis, FA oxidation [280, 281] and lipolysis [276]. The

beneficial effects of EPA on adipocyte glucose and lipid metabolism and on insulin sensitivity

[279] in obese / diabetic rodents can partly be attributed to their PPAR and AMPK activation [282]

and their modulation of cyto-/adipokine secretion [283]. The attenuated AT inflammation caused

by EPA and DHA may be explained by a diminished release of pro-inflammatory chemokines and

cytokines as result of reduced M1-macrophage infiltration and adipocyte hypertrophy [284].

Furthermore, EPA and DHA promote the formation of beneficial and protective n-3 PUFA derived

pro-resolving lipid mediators (resolvins and protectins) and the reduction in n-6 PUFA derived

pro-inflammatory lipid mediators, contributing to the resolution of acute and chronic inflammation

[207, 285]. Pro-resolving mediators also exert distinct insulin sensitizing and glucose lowering

activity as shown in obese-diabetic mice [286, 287]. Results in diabetic and obese subjects after

the supplementation with EPA and DHA or fish oil are conflicting regarding plasma lipid and

glucose levels, insulin sensitivity and adiposity (fat mass) [178, 175], although most studies

indicate that an increase in n-3 LC-PUFAs intake has positive effects on lipid metabolism but not

on whole-body (HOMA-IR) or peripheral (muscle) insulin sensitivity [288-291]. However, there

is increasing evidence from human intervention studies, which suggest that marine n-3 LC-PUFA

supplementation affects inflammation by lowering plasma markers (CRP, IL-6 and TNF-alpha) of

chronic inflammatory diseases [292] and the expression of inflammatory genes in AT [293].

Together, these data indicate that n-3 LC-PUFAs can modulate AT function and thus are valuable
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on whole-body (HOMA-IR) or peripheral (muscle) insulin sensitivity [288-291]. However, there

is increasing evidence from human intervention studies, which suggest that marine n-3 LC-PUFA

supplementation affects inflammation by lowering plasma markers (CRP, IL-6 and TNF-alpha) of

chronic inflammatory diseases [292] and the expression of inflammatory genes in AT [293].

Together, these data indicate that n-3 LC-PUFAs can modulate AT function and thus are valuable
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dietary components for a favorable influence on systemic insulin sensitivity and chronic

inflammatory diseases.

Bio-actives combinations
Combining different nutritional bio-actives with partly distinct mechanisms of action may lead to

additional and/or even synergistic effects on AT biology and functionality compared with single

supplementation, which may be a promising strategy to prevent or treat metabolic diseases. So far,

these combined treatments have been conducted mostly in murine in-vitro AT models or in animal

models of obesity, but human in-vitro and intervention studies are scarce. The combination of

polyphenols in murine and human adipocytes showed additive or synergistic inhibitory effects on

the lipid accumulation [294, 295]. Such a synergistic reduction in accumulated lipids could also

be demonstrated in rodent white AT, when treated with a combination of Res and quercetin [296].

An acute intake (3 days) of a polyphenol combination (EGCG, Res, soy isoflavone) increased

resting and 24-h EE and fasting plasma glycerol and leptin concentrations in overweight subjects

[297]. These results suggest that supplementing combinations of polyphenols might be beneficial

for weight maintenance and metabolic health. However, whether these beneficial acute effects

could be retained on the long-term still need to be investigated in a well-controlled human setting.

Outline of the thesis

The research presented in this thesis investigated the effects of different nutritional bio-actives

(trans-resveratrol, EGCG, lycopene and EPA) on AT biology and metabolic profiles in humans,

with focus on adipocyte functional parameters.

The initial step was to develop a high content, cell-based assay using automated fluorescent

microscopy to determine the accumulation of cytosolic LDs in differentiated C3H10 T1/2

adipocytes as described in Chapter 2. Additionally, we measured the effects of several dietary

constituents on LD accumulation. In Chapter 3 we tested individual and combinations of bio-

active dietary constituents including Lyc, EPA, and Res for their effects on adipocyte function of

in-vitro differentiating human adipocytes (14 days), applying the fluorescence assay established

and validated for LD quantification in Chapter 2. Furthermore, the influence of these bio-actives

on adipogenic, lipogenic and lipolytic gene expression and cyto-/adipokine secretion was

investigated. Based on the proof-of-concept results in Chapter 3 we studied in Chapter 4, whether

the combination of Lyc/Res likewise ameliorates adipocyte function of in-vitro differentiating (14

days) hMADS cells that were isolated from subcutaneous white AT of age-matched lean and obese

donors. For Chapter 5 and Chapter 6 a 12-week randomized, double-blind, placebo-controlled
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clinical trial was conducted to investigate whether a combined EGCG and Res supplementation

has effects on metabolic profiles, skeletal muscle oxidative capacity, lipid oxidation, lipolysis and

peripheral, hepatic and AT insulin sensitivity in overweight and obese, non-diabetic subjects.

Therefore, a hyperinsulinemic-euglycemic clamp, indirect calorimetry and microdialysis in AT

and skeletal muscle were performed before and after intervention in overweight-obese subjects

(Chapter 5). Underlying molecular mechanisms were investigated in skeletal muscle biopsies

using gene microarrays. Chapter 6 describes the effects of the 12-week supplementation with

EGCG and Res on adipocyte size, mitochondrial protein content and transcriptional profile in

abdominal subcutaneous AT compared to placebo treatment. Finally, in Chapter 7 the main

findings are discussed in a broader frame and perspectives and implications for future research are

indicated.
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Abstract

Background: Adipocyte volume (fat accumulation) and cell number (adipogenesis) is increased in obese

individuals. Our objective was the identification of dietary constituents with inhibitory effects on

triglyceride formation during adipogenesis. Therefore, an in-vitro adipose cell assay in murine C3H10 T1/2

cells was developed, which enabled rapid quantification of intracellular fat droplet accumulation during

adipocyte differentiation. Results were corroborated by expression levels of several specific adipogenic and

lipogenic genes which are known to regulate triglyceride accumulation.

Methods: C3H10 T1/2 adipocyte differentiation was conducted with rosiglitazone in the presence of test

compounds for 7 days. Accumulation of intracellular lipid droplets was measured using the Cellomics®

ArrayScan® VTI HCS reader and SpotDetector® BioApplication from ThermoFisher. Fluorescent images

were automatically acquired and analysed employing the fluorescent dyes BODIPY® 493/503 and Hoechst

33342, for staining neutral lipids and localisation of nuclei, respectively. The expression levels of

adipogenic and lipogenic genes, such as PPARa and PPARg, C/EBPa, aP2, adiponectin, LPL and HSL,

CPT-1b, ACC1, Glut4 and FAS, were determined by quantitative RT-PCR. Dietary ingredients including

PUFAs, carotenoids, polyphenols and catechins were tested for their effect on lipid accumulation.

Results: The w-3 PUFAs docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), the carotenoid

b-carotene and hydroxytyrosol exhibited the strongest inhibitory effects on the rosiglitazone-stimulated

lipid formation. (all-E)-lycopene and epigallocatechin gallate (EGCG) showed a moderate inhibition,

whereas resveratrol did not reduce fat droplet formation. Additionally, it was demonstrated that adipogenic

and lipogenic gene expression was attenuated. DHA, b-carotene and hydroxytyrosol inhibited the gene

expression of PPARg, C/EBPa, aP2 and CPT-1b.

Conclusion: This in-vitro assay in differentiating adipocytes enables automated detection and

quantification of changes in lipid droplet number, size, and intensity. The observed inhibitory effects of

identified dietary constituents such as w-3 PUFAs and b-carotene correlate with the modulation of genes

involved in adipocyte differentiation.

Novel fluorescent method for LD quantification

47

Background

The metabolic disorder obesity leads to various diseases such as hypertension, type-2-diabetes,

respiratory complications, and coronary heart disease [1]. This accounts for the numerous studies

on cellular and molecular processes underlying fat metabolism in recent years [2, 3].

Adipocytes are specialised cells that store triacylglycerides (TGs) in times of energy excess and

release energy by lipolysis during energy shortage [2]. A constant positive energy balance leads

to an excessive fat accumulation in white adipose tissue (WAT). Two mechanisms make this

possible: (1) hypertrophy of adipocytes and (2) hyperplasia of proliferating pre-adipocytes into

differentiated adipocytes [4]. This complex process called adipogenesis is sequentially regulated

by several transcription factors such as peroxisome proliferator-activated receptor gamma

(PPARg) [5], CCAAT/enhancer binding proteins (C/EBPa, C/EBPb and C/EBPd) [6] and the

adipocyte determination and differentiation factor 1 (ADD1/SREBP-1c) [3]. However, WAT is

also an endocrine tissue that secretes metabolically active substances (adipokines), which function

as feedback signals or lead to immunological responses [2].

The inhibition of differentiation of pre-adipocytes into adipocytes may regulate the amount of

adipose tissue [7]. This has triggered the discovery of pharmacological inhibitors of adipogenesis

and intensified the search for dietary ingredients with similar properties [8]. Food constituents

such as polyphenols or carotenoids are dietary substances that are precursors of, or function as,

signalling molecules. Most of these substances are plant-derived, being present in fruits,

vegetables, and nuts; likewise, polyunsaturated fatty acids (PUFAs) in fish and algae have similar

properties. Many food ingredients have been described as modulators of adipocyte differentiation

e.g. dietary PUFAs (for review see Madsen et al. [9]).

Several cell models exist to simulate differentiation of pre-adipocytes in-vitro, the most widely-

used being the 3T3-L1 cell line [10] derived from 3T3 cells [11]. Another commonly-employed

model is the multipotent embryonic fibroblast cell line C3H10 T1/2 [12]. Pre-adipocyte

differentiation is assessed through visualisation of accumulated fat droplets via neutral lipid

staining. Alternatively, late adipocyte differentiation markers and genes related to lipid

metabolism, such as lipoprotein lipase (LPL) [13], adipocyte fatty acid binding protein (aP2) [14],

fatty acid synthase (FAS) [15], hormone-sensitive lipase (HSL) [16] or carnitine

palmitoyltransferase 1 (CPT-1), can be measured.

The identification of bioactive compounds that might reduce excessive WAT requires valid in-

vitro test systems that allow for the investigation of a greater number of compounds and rapid

quantitative detection of relevant fat cell differentiation features.
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The main objective of the present investigation was to identify the effects of food constituents that

could modulate the differentiation of C3H10 T1/2 cells into mature adipocytes and the

concomitant accumulation of cytosolic TGs. For this purpose, we have developed a new

morphological, high content, cell assay (HCA) using the Cellomics® ArrayScan® VTI HCS Reader

and the SpotDetector® BioApplication software from ThermoFisher. Several chemical classes of

dietary ingredients, such as PUFAs, carotenoids, polyphenols and catechins, were tested in this

assay. Furthermore, we examined the effects of these compounds on expression levels of genes

known to play key roles in adipocyte differentiation and fat metabolism. Our data demonstrate that

the HCA assay is a valuable substitute for the commonly-used Oil Red O procedure [17], enabling

improved in situ quantification of fat droplet number, size and intensity in adipocytes.

Methods

Materials
Dulbecco’s modified Eagle’s cell culture medium (DMEM), penicillin G (10000 units/ml) and

streptomycin (10000 μg/ml) solution (pen/strep), L-glutamine (100x, 200mM) and phosphate-

buffered saline without Ca2+ and Mg2+ (PBS (-/-)) were from GIBCOTM (Grand Island, NY, USA).

Fetal calf serum (FCS) and trypsin were purchased from AMIMED® (BioConcept, Allschwil,

Switzerland). FALCON® culture flasks were from BECTON DICKINSON (Franklin Lakes, NJ,

USA) and 24-well plates coated with collagen type I were supplied by Greiner bio-one

(Frickenhausen, Germany).

Rosiglitazone was purchased from Shanco International (NJ, USA) and recombinant bovine

insulin (dissolved in H2O), resveratrol and w-3 PUFAs, docosahexaenoic acid (DHA) and

eicosapentaenoic acid (EPA), were from Sigma-Aldrich (St. Louis, MO, USA). 3-hydroxytyrosol

(HT) was from Cayman Chemicals (Ann Abor, MI, USA). Epigallocatechin gallate (EGCG,

TeavigoTM) and carotenoids were supplied by DSM Nutritional Products Ltd (Basel, Switzerland).

Carotenoids were dissolved in tetrahydrofurane (THF). All other test compounds were dissolved

in dimethylsulfoxide (DMSO).

Fluorescent dyes - Hoechst 33342 and BODIPY® 493/503 - were obtained from Molecular

ProbesTM (Eugene, OR, USA). The CytoTox® non-radioactive cytotoxicity assay kit was

purchased from Promega (Fitchburg, WI, USA). Primers and probes were synthesised by Applied

Biosystems (PE Biosystems, Foster City, CA, USA) or by Sigma Genosys (St. Louis, MO, USA).
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Cell culture
Mouse embryonic fibroblast cells C3H10 T1/2 [12] were from ATCC-LGC (Middlesex, UK) and

cultured according to the supplier’s protocol. Briefly, cells were grown in high glucose (4.5 g/ml)

DMEM supplemented with 10% FCS and 0.5% pen/strep (v/v) (growth medium; GM) at 37°C

and 5% CO2. Cells were cultured until they reached 80-90% confluence; they were used between

passage 6 and 20 for the experiments described below.

Adipocyte differentiation assay
C3H10 T1/2 cells were plated (2x105 cells/cm2) in collagen-I-coated 24-well plates and

maintained in phenol red-free GM supplemented with 2 mM L-glutamine (GM1) until 1 day post-

confluence (day 0). Differentiation medium (DM) containing 200 nM bovine insulin and 10 mM

rosiglitazone was then added [18]. C3H10 T1/2 pre-adipocytes were either cultured in DM only

(positive control) or in DM supplemented with different doses of test compounds (0.5-25 mM) for

4 days (gene expression study) or 7 days. Each treatment was performed in triplicate. The final

DMSO and/or THF concentration was adjusted for all treatments and controls to 0.2% and/or

0.1%, respectively, and medium and compounds were renewed every other day. Cells were lysed

after 96 h or, after 1 week treatment, fixed with 60% isopropanol for 1.5 h at 4°C and stained (see

below).

Staining procedures
Adipocytes were stained with Oil Red O or with the fluorescent dyes Hoechst 33342 (Hoe) and

BODIPY® 493/503 (BP). In brief, fixed cells were first washed twice with PBS (-/-). For the Oil

Red O staining, cells were incubated with 200 ml of Oil Red O solution (0.33% w/v in 60%

isopropanol) for 20 min at room temperature (RT). The fluorescent staining comprised addition of

200 ml Hoe/BP solution (3 mg/ml Hoe, 0.75 mg/ml BP in PBS (-/-)) per well, followed by

incubation in the dark at RT for 30 min. Before analysis, the cells were washed twice with PBS (-

/-).

Visualisation of Oil Red O stained adipocytes and quantification of Oil Red O
Images of Oil Red O stained adipocytes were acquired using a Nikon Coolpix 990 camera at 20x

magnification and further edited with Adobe® Photoshop® CS2 version 9.

To quantify staining of fat droplets, Oil Red O stain was extracted by adding isopropanol to each

well immediately after removal of the wash solution (300 ml per well). Plates were incubated for

10 min at RT; two aliquots of 100 ml were transferred to 96-well plates and read immediately at

510 nm (Spectra Max Plus 384, Molecular Devices, CA USA). After subtraction of the
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background value (wells without cells, but treated with medium; non-specific binding), the

differentiation of treated cells was calculated as percent of positive control.

Automated determination of lipid accumulation in adipocytes
Lipid droplets were quantified with the Cellomics® ArrayScan® VTI HCS Reader (500series,

version 5.6.1.4 – 0.63x, ThermoFisher Scientific). Fat droplets were detected with the provided

SpotDetector® BioApplication. The fluorescent dye, BODIPY® 493/503, was used to visualise and

quantify fat droplets (number, area, intensity) in differentiated C3H10 T1/2 adipocytes, while

nuclei were stained using the Hoechst 33342 dye. The method is based on a two-channel assay,

which uses a 40x objective (NA 0.5), a Hamamatsu ORCA-ER digital camera in combination with

a 0.63x coupler and Carl Zeiss microscope optics for image acquisition. Images were acquired in

high resolution (1024x1024, 1x1) and auto focus mode (1024x1024, 4x4) resulting in a field width

of 262 microns. Channel one (Ch1) applies the XF93-Hoechst filter and is the focus channel in

which objects (nuclei) are identified, and the spots (fat droplets) are detected in channel two (Ch2,

XF93-FITC filter).

The default settings of the SpotDetector.V2 assay algorithm version 4.1 were altered such that, in

Ch2, thresholds were set to ensure that only fat droplets of a certain size and intensity were selected

for analysis of 100 fields per well (Table 2.1). The data of each channel were reported on a “per

field” basis.

Cell viability
Cell viability was assessed using the CytoTox® non-radioactive cytotoxicity assay kit (lactate

dehydrogenase (LDH) determination) and by calculating the relative cell number according to the

following equation: cell number (%) = (average number of cells per fields [treatment] *

100 / average number of cells per fields [control]). Cytotoxic effects of the compounds were rated

by comparison of the LDH levels in the supernatants of compound-treated and untreated cells at

day 7. Nuclei were counted with the ArrayScan® reader.
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Table 2.1: Protocol parameters differing from the standard SpotDetector® algorithm
Object Identification
Channel 1 Method: FixedThreshold
                                         Value: 125
Channel 2 Method: TriangThreshold
                                         Value: 0.499
Object Selection Parameter Min Max
Channel 1 ObjectArea: 100 6000
Channel 2 SpotAreaCh2: 3 10000

SpotAvgIntenCh2: 30 4095
SpotTotalIntenCh2: 1691 4411431044

Assay Parameters
BackgroundCorrection: 140

ObjectSegmentationCh1: 20
SmoothFactorCh1: 5

SpotDetectRadiusCh2: 15
TargetCircModifierCh2: 512

PixelSize: 0.256 microns
The alteration of assay parameters enables adjustment of the algorithm to different biological cell models.
Displayed values are pixel number.

Gene expression study
Total mRNA was extracted using the RNeasy® 96 Kit (Qiagen, Hilden, Germany) and quantified

with the RiboGreen® Kit (Invitrogen, Molecular ProbesTM, Eugene, OR, USA) according to the

manufacturer’s protocols. RNA quality was assessed using RNA 6000 Nano Chips for the Agilent

2100 Bioanalyzer (Agilent Technologies, USA). For first strand cDNA synthesis 650 ng total

RNA was reverse-transcribed using the Omniscript® RT Kit from Qiagen (20 ml reaction mix),

random primers from Promega and RNaseOUTä from Invitrogen. After three incubation steps

(60 min at 37°C, 5 min at 93°C, 5 min at 4°C), cDNA solutions were diluted with DEPC-treated

water to 260 ml and stored at -20°C.

Quantitative TaqManä RT-PCR was performed using an ABI-PRISMÒ 7900 HT Sequence

Detection System (PE Biosystems, Foster City, CA, USA) and MicroAmpÒ Optical 96-well

reaction plates (PE Biosystems, Foster City, CA, USA). Briefly, 5 ml cDNA was added to 20 ml

reaction mixture, containing 1× Universal Master Mix (PE Biosystems, Rotkreuz, Switzerland),

300 nM PCR primers (forward and reverse), and 100 nM TaqManä probe (FAM-TAMRA) for

the gene of interest. 18S rRNA was used as endogenous control (EC), with primers and probes

(VIC-TAMRA) at 50 nM and 100 nM, respectively. Primers and probes were designed using the

Primer Express software (Applied Biosystems, Forster City, CA, USA). The oligonucleotide

sequences for the primers and probes are shown in Table 2.2. The cycle conditions were: 2 min at

50oC, 10 min at 95oC, 40 cycles of 15 sec at 95oC and 60 sec at 60oC. Threshold CT values were

set at 0.05. Baseline start and stop values for the gene of interest were set at 3 and 15, respectively,
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background value (wells without cells, but treated with medium; non-specific binding), the

differentiation of treated cells was calculated as percent of positive control.

Automated determination of lipid accumulation in adipocytes
Lipid droplets were quantified with the Cellomics® ArrayScan® VTI HCS Reader (500series,

version 5.6.1.4 – 0.63x, ThermoFisher Scientific). Fat droplets were detected with the provided

SpotDetector® BioApplication. The fluorescent dye, BODIPY® 493/503, was used to visualise and

quantify fat droplets (number, area, intensity) in differentiated C3H10 T1/2 adipocytes, while

nuclei were stained using the Hoechst 33342 dye. The method is based on a two-channel assay,

which uses a 40x objective (NA 0.5), a Hamamatsu ORCA-ER digital camera in combination with

a 0.63x coupler and Carl Zeiss microscope optics for image acquisition. Images were acquired in

high resolution (1024x1024, 1x1) and auto focus mode (1024x1024, 4x4) resulting in a field width

of 262 microns. Channel one (Ch1) applies the XF93-Hoechst filter and is the focus channel in

which objects (nuclei) are identified, and the spots (fat droplets) are detected in channel two (Ch2,

XF93-FITC filter).

The default settings of the SpotDetector.V2 assay algorithm version 4.1 were altered such that, in

Ch2, thresholds were set to ensure that only fat droplets of a certain size and intensity were selected

for analysis of 100 fields per well (Table 2.1). The data of each channel were reported on a “per

field” basis.

Cell viability
Cell viability was assessed using the CytoTox® non-radioactive cytotoxicity assay kit (lactate

dehydrogenase (LDH) determination) and by calculating the relative cell number according to the

following equation: cell number (%) = (average number of cells per fields [treatment] *

100 / average number of cells per fields [control]). Cytotoxic effects of the compounds were rated

by comparison of the LDH levels in the supernatants of compound-treated and untreated cells at

day 7. Nuclei were counted with the ArrayScan® reader.
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Table 2.1: Protocol parameters differing from the standard SpotDetector® algorithm
Object Identification
Channel 1 Method: FixedThreshold
                                         Value: 125
Channel 2 Method: TriangThreshold
                                         Value: 0.499
Object Selection Parameter Min Max
Channel 1 ObjectArea: 100 6000
Channel 2 SpotAreaCh2: 3 10000

SpotAvgIntenCh2: 30 4095
SpotTotalIntenCh2: 1691 4411431044

Assay Parameters
BackgroundCorrection: 140

ObjectSegmentationCh1: 20
SmoothFactorCh1: 5

SpotDetectRadiusCh2: 15
TargetCircModifierCh2: 512

PixelSize: 0.256 microns
The alteration of assay parameters enables adjustment of the algorithm to different biological cell models.
Displayed values are pixel number.

Gene expression study
Total mRNA was extracted using the RNeasy® 96 Kit (Qiagen, Hilden, Germany) and quantified

with the RiboGreen® Kit (Invitrogen, Molecular ProbesTM, Eugene, OR, USA) according to the

manufacturer’s protocols. RNA quality was assessed using RNA 6000 Nano Chips for the Agilent

2100 Bioanalyzer (Agilent Technologies, USA). For first strand cDNA synthesis 650 ng total

RNA was reverse-transcribed using the Omniscript® RT Kit from Qiagen (20 ml reaction mix),

random primers from Promega and RNaseOUTä from Invitrogen. After three incubation steps

(60 min at 37°C, 5 min at 93°C, 5 min at 4°C), cDNA solutions were diluted with DEPC-treated

water to 260 ml and stored at -20°C.

Quantitative TaqManä RT-PCR was performed using an ABI-PRISMÒ 7900 HT Sequence

Detection System (PE Biosystems, Foster City, CA, USA) and MicroAmpÒ Optical 96-well

reaction plates (PE Biosystems, Foster City, CA, USA). Briefly, 5 ml cDNA was added to 20 ml

reaction mixture, containing 1× Universal Master Mix (PE Biosystems, Rotkreuz, Switzerland),

300 nM PCR primers (forward and reverse), and 100 nM TaqManä probe (FAM-TAMRA) for

the gene of interest. 18S rRNA was used as endogenous control (EC), with primers and probes

(VIC-TAMRA) at 50 nM and 100 nM, respectively. Primers and probes were designed using the

Primer Express software (Applied Biosystems, Forster City, CA, USA). The oligonucleotide

sequences for the primers and probes are shown in Table 2.2. The cycle conditions were: 2 min at

50oC, 10 min at 95oC, 40 cycles of 15 sec at 95oC and 60 sec at 60oC. Threshold CT values were

set at 0.05. Baseline start and stop values for the gene of interest were set at 3 and 15, respectively,
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and for 18S rRNA at 3 and 7, respectively. mRNA abundance was calculated using the

comparative CT method according to the manufacturer's protocol. Shortly, DCT =  CT [gene of

interest] – CT [EC] and DDCT = DCT [rosiglitazone control cells] - DCT [treated cells]. The fold

expression for the gene of interest was expressed as TΔΔC2- .

Table 2.2: Sequences of primers and probes for different adipocyte specific genes
used in real-time RT-PCR

Gene name Forward Primer
Reverse Primer

Probe

Adiponectin (Acrp30) 5’-GGCACTCCTGGAGAGAAGGG
5’-ATTCCAACATCTCCTGTCTCACC

5’-GAAAGGAGATGCAGGTCTTCTTGGTCCTA

Fatty acid binding protein 4, adipocyte
type (aP2)

5’-GCGTGGAATTCGATGAAATCA
5’-CCCGCCATCTAGGGTTATGA

5’-CGCAGACGACAGGAAGGTGAAGAGC

Acetyl-CoA carboxylase
(ACC1)

5’-TCACTCGCTTTGGAGGCAA
5’-CGCAGCGATGCCATTGT

5’-AGGGTCATAGAGAAGGTGCTCATCGCC

Lipoprotein lipase (LPL) 5’-GTGGCCGAGAGCGAGAAC
5’-AAGAAGGAGTAGGTTTTATTTGTGGAA

5’-TTCCCTTCACCCTGCCCGAGG

Hormone sensitive lipase
(HSL)

5’-AAGACCACATCGCCCACAG
5’-CAGACACACTCCTGCGCATAG

5’-AGAGTCTGTGCGCCCCACGGA

Fatty acid synthase (FAS) 5’-TCATAAAGCAGTTTCTTGATGTGGA
5’-CAGGCTCTTCAGTGGCAGC

5’-CACAGCAAGGTGCTGGAGGCCC

Carnitine palmitoyl
transferase beta (CPT-1 b)

5’-CCAATCATCTGGGTGCTGG
5’-TAAGAGACCCCGTAGCCATCAT

5’-TGGCTTTGGTCCCGTGGCG

Glucose transporter 4
(Glut4)

5’-TCGGCTCTGACGATGGG
5’-CCAAGCCAGCTGAGAATACAG

5’-AACCCCCTCGGCAGCGAGTGACTG

Peroxisome proliferator activated
receptor gamma 2a (PPARg 2a)

5’-CTATGAGCACTTCACAAGAAATTACCAT
5’-TCCATCACGGAGAGGTCCAC

5’- TCTGGCCCACCAACTTCGGAATCAG

Peroxisome proliferator activated
receptor alpha (PPARa)

5’-GCCTCAGGGTACCACTACGG
5’-GCCGAATAGTTCGCCGAA

5’-CACGCATGTGAAGGCTGTAAGGGCTT

CCAAT/enhancer binding protein alpha
(C/EBPa)

5’-CGGTGCGGGCAAAGC
5’-TGCGTTCCCGCCGTAC

5’-AGAAGTCGGTGGACAAGAACAGCAAC

18S rRNA 5’-CGGCTACCACATCCAAGG
5’-CGGGTCGGGAGTGGGT

5’-TTGCGCGCCTGCTGCCT

Statistical analysis
Statistical significance of the mean differences between treatment and positive control was tested

by Student’s t-test for unpaired values. P values less than 0.05 were considered significant.

ArrayScan® results are shown as mean ± SEM. Gene expression data are expressed as fold change

± error (based on SEM).
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Results

Cross-validation of Cellomics® assay with Oil Red O method
For validation of the Cellomics® assay, the established Oil Red O method was used as reference,

and the accumulation of intracellular lipid droplets was measured with both methods. C3H10 T1/2

cells were differentiated for 7 days using the PPARg agonist rosiglitazone, at concentrations

between 0.01 and 100 mM. Cells grown in DM without rosiglitazone (negative control)

accumulated only a few small fat droplets. The average number of fat droplets per cell increased

from 0.5 (negative control) to 4.0 (positive control). The fat droplets were both significantly

brighter and larger (p<0.001) in cells incubated with 10 mM rosiglitazone.

To assess the quality and suitability of the new methodology the assay windows (positive control

(p)/negative control (n)) and the estimated Z-factors (1- ((3 x (σp + σn)) / (| mp – mn |); m = sample

means and σ = sample standard deviation) for the different assay parameters were determined. A

Z-value between 0.5 and 1 is interpreted as an exceptional assay, whereas a value between 0 and

0.5 is indicative of a marginal assay [19]. The Oil Red O method had an assay window of 2.3 and

a Z-factor of only -0.08; where 0.2% DMSO was used as negative control and 100 mM

rosiglitazone as maximum positive control. In contrast, the Cellomics® assay resulted in a window

of 6.8 and a Z-factor of 0.71 for the Spot Count / Object parameter. During screening, an assay

window greater than 20 and an average Z-value of 0.65 was achieved with 10 mM rosiglitazone as

positive control and 0.2% DMSO as negative control, indicating that the fluorescent method is a

robust assay (CV Spot Count / Object = 0.09) [19].

Figure 2.1: Visualisation of lipid accumulation in differentiated adipocytes
C3H10 T1/2 cells were treated for 7 days with rosiglitazone (0.01, 0.1, 1 and 10 mM) and, after fixation with 60% isopropanol,
stained with (A) Oil Red O or (B) Hoechst 33342 and BODIPY® 493/503. Images were acquired using A) a Nikon Coolpix 990
camera at 20x magnification or B) the Cellomics® HCS Reader camera (20x).
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and for 18S rRNA at 3 and 7, respectively. mRNA abundance was calculated using the

comparative CT method according to the manufacturer's protocol. Shortly, DCT =  CT [gene of

interest] – CT [EC] and DDCT = DCT [rosiglitazone control cells] - DCT [treated cells]. The fold

expression for the gene of interest was expressed as TΔΔC2- .

Table 2.2: Sequences of primers and probes for different adipocyte specific genes
used in real-time RT-PCR

Gene name Forward Primer
Reverse Primer

Probe

Adiponectin (Acrp30) 5’-GGCACTCCTGGAGAGAAGGG
5’-ATTCCAACATCTCCTGTCTCACC

5’-GAAAGGAGATGCAGGTCTTCTTGGTCCTA

Fatty acid binding protein 4, adipocyte
type (aP2)

5’-GCGTGGAATTCGATGAAATCA
5’-CCCGCCATCTAGGGTTATGA

5’-CGCAGACGACAGGAAGGTGAAGAGC

Acetyl-CoA carboxylase
(ACC1)

5’-TCACTCGCTTTGGAGGCAA
5’-CGCAGCGATGCCATTGT

5’-AGGGTCATAGAGAAGGTGCTCATCGCC

Lipoprotein lipase (LPL) 5’-GTGGCCGAGAGCGAGAAC
5’-AAGAAGGAGTAGGTTTTATTTGTGGAA

5’-TTCCCTTCACCCTGCCCGAGG

Hormone sensitive lipase
(HSL)

5’-AAGACCACATCGCCCACAG
5’-CAGACACACTCCTGCGCATAG

5’-AGAGTCTGTGCGCCCCACGGA

Fatty acid synthase (FAS) 5’-TCATAAAGCAGTTTCTTGATGTGGA
5’-CAGGCTCTTCAGTGGCAGC

5’-CACAGCAAGGTGCTGGAGGCCC

Carnitine palmitoyl
transferase beta (CPT-1 b)

5’-CCAATCATCTGGGTGCTGG
5’-TAAGAGACCCCGTAGCCATCAT

5’-TGGCTTTGGTCCCGTGGCG

Glucose transporter 4
(Glut4)

5’-TCGGCTCTGACGATGGG
5’-CCAAGCCAGCTGAGAATACAG

5’-AACCCCCTCGGCAGCGAGTGACTG

Peroxisome proliferator activated
receptor gamma 2a (PPARg 2a)

5’-CTATGAGCACTTCACAAGAAATTACCAT
5’-TCCATCACGGAGAGGTCCAC

5’- TCTGGCCCACCAACTTCGGAATCAG

Peroxisome proliferator activated
receptor alpha (PPARa)

5’-GCCTCAGGGTACCACTACGG
5’-GCCGAATAGTTCGCCGAA

5’-CACGCATGTGAAGGCTGTAAGGGCTT

CCAAT/enhancer binding protein alpha
(C/EBPa)

5’-CGGTGCGGGCAAAGC
5’-TGCGTTCCCGCCGTAC

5’-AGAAGTCGGTGGACAAGAACAGCAAC

18S rRNA 5’-CGGCTACCACATCCAAGG
5’-CGGGTCGGGAGTGGGT

5’-TTGCGCGCCTGCTGCCT

Statistical analysis
Statistical significance of the mean differences between treatment and positive control was tested

by Student’s t-test for unpaired values. P values less than 0.05 were considered significant.

ArrayScan® results are shown as mean ± SEM. Gene expression data are expressed as fold change

± error (based on SEM).
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Results

Cross-validation of Cellomics® assay with Oil Red O method
For validation of the Cellomics® assay, the established Oil Red O method was used as reference,

and the accumulation of intracellular lipid droplets was measured with both methods. C3H10 T1/2

cells were differentiated for 7 days using the PPARg agonist rosiglitazone, at concentrations

between 0.01 and 100 mM. Cells grown in DM without rosiglitazone (negative control)

accumulated only a few small fat droplets. The average number of fat droplets per cell increased

from 0.5 (negative control) to 4.0 (positive control). The fat droplets were both significantly

brighter and larger (p<0.001) in cells incubated with 10 mM rosiglitazone.

To assess the quality and suitability of the new methodology the assay windows (positive control

(p)/negative control (n)) and the estimated Z-factors (1- ((3 x (σp + σn)) / (| mp – mn |); m = sample

means and σ = sample standard deviation) for the different assay parameters were determined. A

Z-value between 0.5 and 1 is interpreted as an exceptional assay, whereas a value between 0 and

0.5 is indicative of a marginal assay [19]. The Oil Red O method had an assay window of 2.3 and

a Z-factor of only -0.08; where 0.2% DMSO was used as negative control and 100 mM

rosiglitazone as maximum positive control. In contrast, the Cellomics® assay resulted in a window

of 6.8 and a Z-factor of 0.71 for the Spot Count / Object parameter. During screening, an assay

window greater than 20 and an average Z-value of 0.65 was achieved with 10 mM rosiglitazone as

positive control and 0.2% DMSO as negative control, indicating that the fluorescent method is a

robust assay (CV Spot Count / Object = 0.09) [19].

Figure 2.1: Visualisation of lipid accumulation in differentiated adipocytes
C3H10 T1/2 cells were treated for 7 days with rosiglitazone (0.01, 0.1, 1 and 10 mM) and, after fixation with 60% isopropanol,
stained with (A) Oil Red O or (B) Hoechst 33342 and BODIPY® 493/503. Images were acquired using A) a Nikon Coolpix 990
camera at 20x magnification or B) the Cellomics® HCS Reader camera (20x).



Chapter 2

54

Rosiglitazone dose-dependently increased the number of Oil Red O-stained lipid droplets (Figure

2.1A). To quantify the microscopic findings, Oil Red O was eluted from the fat droplets and

measured spectro-photometrically (Figure 2.2A). A differentiation plateau seemed to be reached

between 10 mM and 100 mM rosiglitazone, hence 100 mM values were used as references for

calculations. The fluorescent stain BODIPY® likewise enabled measurement of rosiglitazone-

dependent induction of TG formation (Figure 2.1B). Both fat droplet number

(Spot Count / Object) and fat droplet intensity (Spot Avg Intensity) concentration-dependently

increased with rosiglitazone (Figure 2.2B). Thus, our method proved valid for detecting

intracellular lipid accumulation.

Figure 2.2: Determination of intracellular fat content in adipocytes differentiated for 7
days with varying concentrations of rosiglitazone
(A) Oil Red O quantification according to the Materials and Methods section. (B) Fat droplet number (Spot Count / Object) and
droplet intensity (Spot Avg Intensity), using the Cellomics HCS Reader. Neutral lipids were stained with BODIPY® 493/503. Results
are expressed as percentage of values obtained with 100 �M rosiglitazone (mean±SEM, n = 8).
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Effects of substances on number of maturing C3H10 T1/2 cells
Cell (or nuclei) number was considered to reflect cell viability. Cells treated with different

concentrations of DHA, EPA, EGCG, HT, resveratrol, (all-E)-lycopene and b-carotene had a

similar nuclei count as control cells. The number of cells was slightly reduced (<20%) by

incubation with EGCG, HT, resveratrol, and b-carotene at the highest concentration (data not

shown). This was corroborated by the measurement of LDH activity in supernatants after 7 days’

treatment. Only DHA and EPA increased the LDH release at 25 mM (data not shown). The data

indicate that cell viability was not impaired by the substances, although some of them might have

apoptotic effects at high concentrations.

PUFAs and b-carotene inhibit lipid accretion in maturing adipocytes
Subsequently, the effects of test substances on lipid accumulation in adipocytes were investigated

using the Cellomics® method. Murine pre-adipocytes were differentiated for 7 days (n = 10) in the

absence or presence of w-3 PUFAs (DHA or EPA), carotenoids, (poly)-phenols, and catechins.

Incubation of rosiglitazone-treated C3H10 T1/2 cells with 25 mM DHA, 25 mM EPA, or 2 mM b-

carotene, significantly decreased the number of lipid droplets (Spot Count / Object) by 56%, 42%

and 41%, respectively (Figure 2.3).

Figure 2.3: Effects of DHA, EPA, b-carotene, HT, (all-E)-lycopene, EGCG and resveratrol
on lipid formation measured with the HCA assay
C3H10 T1/2 cells were treated for 7 days. Shown are three parameters (Spot Count / Object, Spot Avg Intensity, and Spot Total
Area / Object) that quantify lipid formation, as compared to rosiglitazone controls set as 100%. Data are shown as mean ± SEM
(n = 10-20). Student’s t-test: treatment versus control (*) p<0.05, (**) p<0.01, (***) p<0.001.
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Rosiglitazone dose-dependently increased the number of Oil Red O-stained lipid droplets (Figure

2.1A). To quantify the microscopic findings, Oil Red O was eluted from the fat droplets and

measured spectro-photometrically (Figure 2.2A). A differentiation plateau seemed to be reached

between 10 mM and 100 mM rosiglitazone, hence 100 mM values were used as references for

calculations. The fluorescent stain BODIPY® likewise enabled measurement of rosiglitazone-

dependent induction of TG formation (Figure 2.1B). Both fat droplet number

(Spot Count / Object) and fat droplet intensity (Spot Avg Intensity) concentration-dependently

increased with rosiglitazone (Figure 2.2B). Thus, our method proved valid for detecting

intracellular lipid accumulation.

Figure 2.2: Determination of intracellular fat content in adipocytes differentiated for 7
days with varying concentrations of rosiglitazone
(A) Oil Red O quantification according to the Materials and Methods section. (B) Fat droplet number (Spot Count / Object) and
droplet intensity (Spot Avg Intensity), using the Cellomics HCS Reader. Neutral lipids were stained with BODIPY® 493/503. Results
are expressed as percentage of values obtained with 100 �M rosiglitazone (mean±SEM, n = 8).
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Effects of substances on number of maturing C3H10 T1/2 cells
Cell (or nuclei) number was considered to reflect cell viability. Cells treated with different

concentrations of DHA, EPA, EGCG, HT, resveratrol, (all-E)-lycopene and b-carotene had a

similar nuclei count as control cells. The number of cells was slightly reduced (<20%) by

incubation with EGCG, HT, resveratrol, and b-carotene at the highest concentration (data not

shown). This was corroborated by the measurement of LDH activity in supernatants after 7 days’

treatment. Only DHA and EPA increased the LDH release at 25 mM (data not shown). The data

indicate that cell viability was not impaired by the substances, although some of them might have

apoptotic effects at high concentrations.

PUFAs and b-carotene inhibit lipid accretion in maturing adipocytes
Subsequently, the effects of test substances on lipid accumulation in adipocytes were investigated

using the Cellomics® method. Murine pre-adipocytes were differentiated for 7 days (n = 10) in the

absence or presence of w-3 PUFAs (DHA or EPA), carotenoids, (poly)-phenols, and catechins.

Incubation of rosiglitazone-treated C3H10 T1/2 cells with 25 mM DHA, 25 mM EPA, or 2 mM b-

carotene, significantly decreased the number of lipid droplets (Spot Count / Object) by 56%, 42%

and 41%, respectively (Figure 2.3).

Figure 2.3: Effects of DHA, EPA, b-carotene, HT, (all-E)-lycopene, EGCG and resveratrol
on lipid formation measured with the HCA assay
C3H10 T1/2 cells were treated for 7 days. Shown are three parameters (Spot Count / Object, Spot Avg Intensity, and Spot Total
Area / Object) that quantify lipid formation, as compared to rosiglitazone controls set as 100%. Data are shown as mean ± SEM
(n = 10-20). Student’s t-test: treatment versus control (*) p<0.05, (**) p<0.01, (***) p<0.001.

0

20

40

60

80

100

120

DHA [25] EPA [25] beta-
carotene [2]

HT [25] lycopene
[2]

EGCG [25] resveratrol
[25]

compound [concentration in mM]

[%
of

po
si

tiv
e

co
nt

ro
l]

Spot Count / Object Spot Avg Intensity Spot Total Area / Object

**
* ***

** ***

* * ***



Chapter 2

56

At 25 mM HT inhibited the accumulation of TGs in adipocytes by 38%, whereas (all-E)-lycopene

and EGCG reduced the fat droplets by 22 and 7%, respectively. The test compounds also lowered

the spot intensity (Spot Avg Intensity) and Spot Total Area / Object parameters to a similar extent,

suggesting that the total fat content per cell was reduced. Compared to the PUFAs, resveratrol did

not affect adipogenesis and even increased TG content.

Concentration-dependent effects of test compounds on TG accumulation
In order to investigate the concentration-response relationship of the test substances, we

differentiated pre-adipocytes for 7 days in the presence of 3 concentrations of each test compound.

DHA and EPA concentration-dependently reduced both fat droplet number and intensity (Figure

2.4). b-carotene showed a more potent concentration-dependency than (all-E-)-lycopene. EGCG

and resveratrol, however, had no inhibitory effect on intracellular TG accumulation (except EGCG

at 25 mM; Figure 2.3). In contrast, HT showed a similar concentration-dependent modification of

fat droplets as EPA (data not shown).

Reduced expression of genes involved in adipocyte differentiation and in glucose
and fatty acid metabolism
To explore a possible impact of the tested substances at the transcriptional level, we differentiated

pre-adipocytes with 10 mM rosiglitazone in the absence or presence of DHA, EPA, EGCG, HT,

resveratrol, (all-E-)-lycopene or b-carotene and assessed gene expression levels by quantitative

RT-PCR. Tested genes were the master regulators of adipogenesis PPARg and C/EBPa, the

nuclear receptor PPARa, as well as the adipocyte differentiation markers fatty acid binding protein

2 (aP2) and adipose tissue-specific adiponectin. mRNA levels of genes involved in fatty acid

metabolism (ACC1, CPT-1b, FAS, HSL, LPL) and glucose uptake (Glut4) were also determined.

Treatment with DHA (25 mM) reduced the expression of aP2 and adiponectin, to 48% and 59%

respectively (Table 2.3). The expression of aP2 and adiponectin after treatment with 2 mM b-

carotene was also significantly decreased to 31% and 39%, and at 25 mM HT to 47% and 69%,

respectively (Figure 2.5, Table 2.3). The mRNA levels of the adipogenesis-associated transcription

factors, PPARg, PPARa and C/EBPa were strongly suppressed by PUFAs, b-carotene and HT at

the highest concentration (up to 85%; Table 2.3). Although PPARg and C/EBPa were suppressed

by b-carotene, as by DHA and EPA, not exactly the same down-stream genes were affected.

Interestingly 1 mM DHA led to a significant increase in the mRNA level of C/EBPa.
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Figure 2.4: Effects of varying concentrations of DHA, EPA, b-carotene, (all-E)-lycopene,
resveratrol, and EGCG on number and intensity of fat droplets
C3H10 T1/2 cells were differentiated in the presence of test substances for 7 days. Spot Count / Object and Spot Avg Intensity
were determined, as compared to rosiglitazone control set as 100%. Data are shown as mean ± SEM (n = 10-20). Student’s t-test:
treatment versus control (*) p<0.05, (**) p<0.01, (***) p<0.001.

ACC1, CPT-1b, FAS, HSL and LPL are enzymes which control triglyceride transport, fatty acid

synthesis and transport of long-chain fatty acids in differentiated fat cells. In the case of CPT-1b,

its expression was significantly reduced by DHA to 21% and by HT to 44%, but not by lycopene

(Table 2.3). The effects of DHA and b-carotene on gene expression levels were concentration-

dependent (Figure 2.5). LPL mRNA levels were strongly diminished to 10% by all b-carotene

concentrations.
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At 25 mM HT inhibited the accumulation of TGs in adipocytes by 38%, whereas (all-E)-lycopene

and EGCG reduced the fat droplets by 22 and 7%, respectively. The test compounds also lowered

the spot intensity (Spot Avg Intensity) and Spot Total Area / Object parameters to a similar extent,

suggesting that the total fat content per cell was reduced. Compared to the PUFAs, resveratrol did

not affect adipogenesis and even increased TG content.

Concentration-dependent effects of test compounds on TG accumulation
In order to investigate the concentration-response relationship of the test substances, we

differentiated pre-adipocytes for 7 days in the presence of 3 concentrations of each test compound.

DHA and EPA concentration-dependently reduced both fat droplet number and intensity (Figure

2.4). b-carotene showed a more potent concentration-dependency than (all-E-)-lycopene. EGCG

and resveratrol, however, had no inhibitory effect on intracellular TG accumulation (except EGCG

at 25 mM; Figure 2.3). In contrast, HT showed a similar concentration-dependent modification of

fat droplets as EPA (data not shown).

Reduced expression of genes involved in adipocyte differentiation and in glucose
and fatty acid metabolism
To explore a possible impact of the tested substances at the transcriptional level, we differentiated

pre-adipocytes with 10 mM rosiglitazone in the absence or presence of DHA, EPA, EGCG, HT,

resveratrol, (all-E-)-lycopene or b-carotene and assessed gene expression levels by quantitative

RT-PCR. Tested genes were the master regulators of adipogenesis PPARg and C/EBPa, the

nuclear receptor PPARa, as well as the adipocyte differentiation markers fatty acid binding protein

2 (aP2) and adipose tissue-specific adiponectin. mRNA levels of genes involved in fatty acid

metabolism (ACC1, CPT-1b, FAS, HSL, LPL) and glucose uptake (Glut4) were also determined.

Treatment with DHA (25 mM) reduced the expression of aP2 and adiponectin, to 48% and 59%

respectively (Table 2.3). The expression of aP2 and adiponectin after treatment with 2 mM b-

carotene was also significantly decreased to 31% and 39%, and at 25 mM HT to 47% and 69%,

respectively (Figure 2.5, Table 2.3). The mRNA levels of the adipogenesis-associated transcription

factors, PPARg, PPARa and C/EBPa were strongly suppressed by PUFAs, b-carotene and HT at

the highest concentration (up to 85%; Table 2.3). Although PPARg and C/EBPa were suppressed

by b-carotene, as by DHA and EPA, not exactly the same down-stream genes were affected.

Interestingly 1 mM DHA led to a significant increase in the mRNA level of C/EBPa.
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Figure 2.4: Effects of varying concentrations of DHA, EPA, b-carotene, (all-E)-lycopene,
resveratrol, and EGCG on number and intensity of fat droplets
C3H10 T1/2 cells were differentiated in the presence of test substances for 7 days. Spot Count / Object and Spot Avg Intensity
were determined, as compared to rosiglitazone control set as 100%. Data are shown as mean ± SEM (n = 10-20). Student’s t-test:
treatment versus control (*) p<0.05, (**) p<0.01, (***) p<0.001.

ACC1, CPT-1b, FAS, HSL and LPL are enzymes which control triglyceride transport, fatty acid

synthesis and transport of long-chain fatty acids in differentiated fat cells. In the case of CPT-1b,

its expression was significantly reduced by DHA to 21% and by HT to 44%, but not by lycopene

(Table 2.3). The effects of DHA and b-carotene on gene expression levels were concentration-

dependent (Figure 2.5). LPL mRNA levels were strongly diminished to 10% by all b-carotene

concentrations.
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Table 2.3: Effects of compounds on gene expression of adipocyte differentiation markers
and enzymes involved in fat and glucose metabolism (n = 6-15)

PUFAs CAROTENOIDS PHENOLS
DHA
25mM

EPA
25mM

lycopene
2mM

b-carotene
2mM

EGCG
25mM

HT
25mM

Resv
25mM

PPARg2 fold 0.48 0.61 0.93 0.48 0.97 0.53 1.07
error + / - 0.11 / 0.09 0.09 / 0.08 0.33 / 0.25 0.17 / 0.13 0.20 / 0.17 0.15 / 0.12 0.12 / 0.11
p-value < 0.001 0.002 0.75 0.04 0.64 < 0.001 0.53

PPARa fold 0.15 0.25 1.01 0.80 0.81 0.47 0.92
error + / - 0.10 / 0.06 0.10 / 0.07 0.57 / 0.36 0.37 / 0.25 0.11 / 0.09 0.15 / 0.12 0.07 / 0.07
p-value < 0.001 < 0.001 0.94 0.69 0.33 < 0.001 0.99

C/EBPa fold 0.60 0.82 0.86 0.42 1.02 0.46 1.12
error + / - 0.09 / 0.08 0.08 / 0.07 0.34 / 0.24 0.29 / 0.17 0.13 / 0.12 0.15 / 0.11 0.07 / 0.07
p-value < 0.001 0.038 0.12 0.02 0.94 < 0.001 0.44

aP2 fold 0.52 0.72 1.09 0.31 0.82 0.47 1.06
error + / - 0.13 / 0.11 0.05 / 0.05 0.13 / 0.12 0.25 / 0.14 0.07 / 0.07 0.15/ 0.11 0.07 / 0.06
p-value < 0.001 0.005 0.26 0.007 0.04 < 0.001 0.45

Acrp30 fold 0.41 0.61 0.85 0.39 0.84 0.69 1.11
error + / - 0.13 / 0.10 0.12 / 0.10 0.11 / 0.10 0.39 / 0.19 0.09 / 0.08 0.08/ 0.07 0.14 / 0.13
p-value < 0.001 0.002 0.06 0.02 0.79 < 0.001 0.11

Glut4 fold 0.25 0.39 1.33 0.37 0.86 0.42 1.04
error + / - 0.10 / 0.07 0.09 / 0.08 0.21 / 0.18 0.42 / 0.20 0.17 / 0.15 0.07/ 0.06 0.20 / 0.17
p-value < 0.001 < 0.001 0.04 0.06 0.33 < 0.001 0.47

LPL fold 0.39 0.62 0.41 0.10 0.63 0.77 0.73
error + / - 0.17 / 0.12 0.13 / 0.10 0.35 / 0.19 0.40 / 0.08 0.28 / 0.19 0.12 / 0.11 0.59 / 0.33
p-value < 0.001 0.013 0.09 0.005 0.01 0.13 0.18

FAS fold 0.63 0.65 0.79 0.68 1.13 0.83 1.05
error + / - 0.05 / 0.05 0.05 / 0.05 0.19 / 0.15 0.06 / 0.06 0.19 / 0.17 0.07 / 0.07 0.07 / 0.07
p-value < 0.001 0.02 0.14 0.04 0.37 0.08 0.37

HSL fold 0.58 0.75 0.91 0.49 1.04 0.69 1.05
error + / - 0.11 / 0.09 0.11 / 0.10 0.06 / 0.06 0.28 / 0.18 0.10 / 0.09 0.09 / 0.08 0.07 / 0.07
p-value < 0.001 0.016 0.58 0.04 0.69 < 0.001 0.30

CPT-1b fold 0.21 0.34 1.11 0.59 0.81 0.44 0.84
error + / - 0.09 / 0.06 0.11 / 0.08 0.28 / 0.22 0.27 / 0.18 0.10 / 0.09 0.06 / 0.05 0.09 / 0.08
p-value < 0.001 < 0.001 0.23 0.35 0.08 < 0.001 0.47

ACC1 fold 0.57 0.64 0.90 0.88 1.46 0.68 1.17
error + / - 0.14 / 0.11 0.14 / 0.11 0.30 / 0.23 0.01 / 0.01 0.34 / 0.27 0.15 / 0.13 0.19 / 0.17
p-value 0.004 0.02 0.58 0.72 0.09 0.02 0.45

With regard to the glucose transporter 4 gene (Glut4), which is instrumental for adipocyte glucose

uptake, the investigated substances had an effect that was similar to that observed for ACC1

(Figure 2.5). In particular, DHA affected the gene expression of Glut4 in a dose-dependent manner.

Conversely, resveratrol slightly increased mRNA levels of the investigated genes (Figure 2.5).

This is consistent with the effects on cell morphology described above.
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Figure 2.5: Summary of overall effects of the dietary ingredients DHA, b-carotene and
resveratrol on lipid accumulation and on gene expression clusters
mRNA levels of enzymes involved in glucose and fat metabolism (Glut4, LPL, FAS, ACC1 and CPT-1b) and of adipocyte
differentiation markers (PPARg, C/EBPa, PPARa, aP2 and adiponectin) were determined in maturing C3H10 T1/2 cells. Depicted
are the dose-dependent effects of DHA and b-carotene and the impact of resveratrol on lipid accumulation (after 7 days treatment,
top of the table) and on gene expression (after 4 days treatment) relative to rosiglitazone control cells. Data are shown as % of
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Table 2.3: Effects of compounds on gene expression of adipocyte differentiation markers
and enzymes involved in fat and glucose metabolism (n = 6-15)

PUFAs CAROTENOIDS PHENOLS
DHA
25mM

EPA
25mM

lycopene
2mM

b-carotene
2mM

EGCG
25mM

HT
25mM

Resv
25mM

PPARg2 fold 0.48 0.61 0.93 0.48 0.97 0.53 1.07
error + / - 0.11 / 0.09 0.09 / 0.08 0.33 / 0.25 0.17 / 0.13 0.20 / 0.17 0.15 / 0.12 0.12 / 0.11
p-value < 0.001 0.002 0.75 0.04 0.64 < 0.001 0.53

PPARa fold 0.15 0.25 1.01 0.80 0.81 0.47 0.92
error + / - 0.10 / 0.06 0.10 / 0.07 0.57 / 0.36 0.37 / 0.25 0.11 / 0.09 0.15 / 0.12 0.07 / 0.07
p-value < 0.001 < 0.001 0.94 0.69 0.33 < 0.001 0.99

C/EBPa fold 0.60 0.82 0.86 0.42 1.02 0.46 1.12
error + / - 0.09 / 0.08 0.08 / 0.07 0.34 / 0.24 0.29 / 0.17 0.13 / 0.12 0.15 / 0.11 0.07 / 0.07
p-value < 0.001 0.038 0.12 0.02 0.94 < 0.001 0.44

aP2 fold 0.52 0.72 1.09 0.31 0.82 0.47 1.06
error + / - 0.13 / 0.11 0.05 / 0.05 0.13 / 0.12 0.25 / 0.14 0.07 / 0.07 0.15/ 0.11 0.07 / 0.06
p-value < 0.001 0.005 0.26 0.007 0.04 < 0.001 0.45

Acrp30 fold 0.41 0.61 0.85 0.39 0.84 0.69 1.11
error + / - 0.13 / 0.10 0.12 / 0.10 0.11 / 0.10 0.39 / 0.19 0.09 / 0.08 0.08/ 0.07 0.14 / 0.13
p-value < 0.001 0.002 0.06 0.02 0.79 < 0.001 0.11

Glut4 fold 0.25 0.39 1.33 0.37 0.86 0.42 1.04
error + / - 0.10 / 0.07 0.09 / 0.08 0.21 / 0.18 0.42 / 0.20 0.17 / 0.15 0.07/ 0.06 0.20 / 0.17
p-value < 0.001 < 0.001 0.04 0.06 0.33 < 0.001 0.47

LPL fold 0.39 0.62 0.41 0.10 0.63 0.77 0.73
error + / - 0.17 / 0.12 0.13 / 0.10 0.35 / 0.19 0.40 / 0.08 0.28 / 0.19 0.12 / 0.11 0.59 / 0.33
p-value < 0.001 0.013 0.09 0.005 0.01 0.13 0.18

FAS fold 0.63 0.65 0.79 0.68 1.13 0.83 1.05
error + / - 0.05 / 0.05 0.05 / 0.05 0.19 / 0.15 0.06 / 0.06 0.19 / 0.17 0.07 / 0.07 0.07 / 0.07
p-value < 0.001 0.02 0.14 0.04 0.37 0.08 0.37

HSL fold 0.58 0.75 0.91 0.49 1.04 0.69 1.05
error + / - 0.11 / 0.09 0.11 / 0.10 0.06 / 0.06 0.28 / 0.18 0.10 / 0.09 0.09 / 0.08 0.07 / 0.07
p-value < 0.001 0.016 0.58 0.04 0.69 < 0.001 0.30

CPT-1b fold 0.21 0.34 1.11 0.59 0.81 0.44 0.84
error + / - 0.09 / 0.06 0.11 / 0.08 0.28 / 0.22 0.27 / 0.18 0.10 / 0.09 0.06 / 0.05 0.09 / 0.08
p-value < 0.001 < 0.001 0.23 0.35 0.08 < 0.001 0.47

ACC1 fold 0.57 0.64 0.90 0.88 1.46 0.68 1.17
error + / - 0.14 / 0.11 0.14 / 0.11 0.30 / 0.23 0.01 / 0.01 0.34 / 0.27 0.15 / 0.13 0.19 / 0.17
p-value 0.004 0.02 0.58 0.72 0.09 0.02 0.45

With regard to the glucose transporter 4 gene (Glut4), which is instrumental for adipocyte glucose

uptake, the investigated substances had an effect that was similar to that observed for ACC1

(Figure 2.5). In particular, DHA affected the gene expression of Glut4 in a dose-dependent manner.

Conversely, resveratrol slightly increased mRNA levels of the investigated genes (Figure 2.5).

This is consistent with the effects on cell morphology described above.
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Figure 2.5: Summary of overall effects of the dietary ingredients DHA, b-carotene and
resveratrol on lipid accumulation and on gene expression clusters
mRNA levels of enzymes involved in glucose and fat metabolism (Glut4, LPL, FAS, ACC1 and CPT-1b) and of adipocyte
differentiation markers (PPARg, C/EBPa, PPARa, aP2 and adiponectin) were determined in maturing C3H10 T1/2 cells. Depicted
are the dose-dependent effects of DHA and b-carotene and the impact of resveratrol on lipid accumulation (after 7 days treatment,
top of the table) and on gene expression (after 4 days treatment) relative to rosiglitazone control cells. Data are shown as % of
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positive control±SEM (fat accumulation parameters) and fold change±error (based on SEM, n = 6-15) for gene expression levels,
respectively. Exemplarily, the fold changes of the genes FAS and PPAR� are shown as illustration. Fat droplet number equates to
Spot Count / Object; fat droplet intensity equates to Spot Avg Intensity and fat droplet area equates to Spot Total Area / Object.
Student’s t-test: treatment versus control (*) p<0.05, (**) p<0.01, (***) p<0.001. The average coefficient of variation (CV) for dCT
values was less than 5 % for all analyzed genes at all concentration of the investigated compounds.

Discussion

The present study describes the ability of natural substances to modulate intracellular lipid

accumulation during adipogenesis. A high-content method for detecting fat droplets in

differentiating adipocytes is established. Lipid droplets are easily accessible for microscopic

analysis, because the nuclei and the droplets can be well visualised in separate fluorescent

channels. As a model system, we selected a murine pluripotent cell line, C3H10 T1/2, which could

be readily differentiated into adipocytes by treating the cells with the PPARg agonist rosiglitazone

and insulin.

The SpotDetector® protocol from ThermoFisher was modified to identify fat droplets with a radius

of >15 pixel (i.e. >3.9 mm), therefore excluding small droplets that are formed in pre-adipocytes

only exposed to DMSO and insulin. The adapted algorithm quantified the effects of 10 mM

rosiglitazone with high consistency, yielding Z-factors >0.6 for the nuclei-related parameters Spot

Count and Spot Area and for the parameter Spot Average Intensity. Hence the Cellomics® assay

is suitable for rapid screening of a large number of compounds [19] and is amendable for a high

throughput screen if transferred to a 96-well-plate format. The consistent measurements achieved

with the SpotDetector® BioApplication also enabled detection of moderate effects of less potent

modulators such as bioactive components in food. This high-content analysis (HCA) approach is

a greatly improved method (higher Z-factors, broader window and small CVs) compared with the

commonly-used Oil Red O procedure, delivering fast, multi-parametric and objective data in a

labour-reduced manner. Its use is comparable with the system presented by McDonough and co-

workers [20], who applied the CyteSeer® image analysis software (Vala Sciences), together with

a robotic microscopy instrument. However, the convenient use of commercially available cell

culture plates, the easily applicable lipid stain (BODIPY® 493/503) and rapid field-based analysis

of images with the provided BioApplication from ThermoFisher are advantageous for the fast

quantification of fat droplets in adipocytes.

A large number of studies suggest that certain plant extracts, their constituent phytochemicals [8,

21] and the fatty acid composition of fats [22], influence the metabolism in adipocytes [23]. Based
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on this information we tested several bioactive substances present in our daily diet with the

established HCA assay.

The w-3 PUFAs EPA and DHA, which are known to reduce lipid droplet size in differentiating

3T3-L1 pre-adipocytes [9, 24] and to decrease adipose growth in rodents [25-28], were tested as

reference compounds in our assay. w-3 PUFAs markedly reduced the number of fat droplets and

their average intensity in a dose-dependent manner whereas size of the lipid droplets was not

decreased (data not shown). By comparison, Madsen et al. [9] used a mix of dexamethasone, 3-

isobutyl-1-methylxanthine (IBMX) and insulin for the differentiation of 3T3-L1 cells and

compared whether different PUFAs enhanced adipocyte differentiation to a similar extent as the

PPARg agonist rosiglitazone. DHA and EPA were reported to be less potent than rosiglitazone.

Because we used only rosiglitazone and insulin for differentiation, one could expect that the

concomitant treatment with DHA or EPA would further stimulate the TG accretion. Interestingly

in maturing C3H10 T1/2 cells we observed the opposite effect. At which stages of the adipocyte

life cycle (determination, clonal expansion, maturation, lipolysis or apoptosis) [2] the w-3 PUFAs

affect the reduction of lipid droplets in C3H10 T1/2 could not be deduced from the ArrayScan®

results. The elevated LDH levels after 7 days’ treatment might indicate that DHA induced

apoptosis during clonal expansion as described for 3T3-L1 cells [29]. Thus, the potent inhibition

of lipid accumulation is not only due to decreased adipogenesis but might also reflect a pro-

apoptotic effect of DHA.

In addition, we showed that EPA and DHA reduced expression levels of adipogenic and lipogenic

genes as described by Raclot et al. [30] and Shillabeer et al. [31]. C/EBPa and PPARg  are the

‘master’ regulators of adipogenesis [32]. PPARγ regulates the anabolic arm of lipid metabolism

[33], whereas PPARα [5, 34] and PPARβ/δ are effective as catabolic modulators of the energy

balance [35]. PPARg and PPARa are induced in the early and late phases of the differentiation

process, respectively [33, 36], and act as sensors for fatty acids and their derivatives [37, 38]. Our

findings that C3H10 T1/2 adipocytes, differentiated in the presence of DHA or EPA, show only a

weak C/EBPa and PPARg expression, are in line with the results of Worgall et al.: PUFAs down-

regulated the expression of sterol regulatory element-binding proteins (SREBPs), which play a

major role in adipocyte differentiation [39], regulate PPARg, and thereby suppress lipogenesis

[40]. Moreover, Okuno et al. demonstrated that w-3 PUFAs also down-regulated genes of the late

phase of adipocyte differentiation, such as PPARa and aP2 in rat visceral adipose tissue [27].

We hypothesise that the reduced expression levels of these two genes and other enzymes and

transporters important for lipid and glucose metabolism, such as LPL, FAS, CPT-1b and Glut4,
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positive control±SEM (fat accumulation parameters) and fold change±error (based on SEM, n = 6-15) for gene expression levels,
respectively. Exemplarily, the fold changes of the genes FAS and PPAR� are shown as illustration. Fat droplet number equates to
Spot Count / Object; fat droplet intensity equates to Spot Avg Intensity and fat droplet area equates to Spot Total Area / Object.
Student’s t-test: treatment versus control (*) p<0.05, (**) p<0.01, (***) p<0.001. The average coefficient of variation (CV) for dCT
values was less than 5 % for all analyzed genes at all concentration of the investigated compounds.

Discussion

The present study describes the ability of natural substances to modulate intracellular lipid

accumulation during adipogenesis. A high-content method for detecting fat droplets in

differentiating adipocytes is established. Lipid droplets are easily accessible for microscopic

analysis, because the nuclei and the droplets can be well visualised in separate fluorescent

channels. As a model system, we selected a murine pluripotent cell line, C3H10 T1/2, which could

be readily differentiated into adipocytes by treating the cells with the PPARg agonist rosiglitazone

and insulin.

The SpotDetector® protocol from ThermoFisher was modified to identify fat droplets with a radius

of >15 pixel (i.e. >3.9 mm), therefore excluding small droplets that are formed in pre-adipocytes

only exposed to DMSO and insulin. The adapted algorithm quantified the effects of 10 mM

rosiglitazone with high consistency, yielding Z-factors >0.6 for the nuclei-related parameters Spot

Count and Spot Area and for the parameter Spot Average Intensity. Hence the Cellomics® assay

is suitable for rapid screening of a large number of compounds [19] and is amendable for a high

throughput screen if transferred to a 96-well-plate format. The consistent measurements achieved

with the SpotDetector® BioApplication also enabled detection of moderate effects of less potent

modulators such as bioactive components in food. This high-content analysis (HCA) approach is

a greatly improved method (higher Z-factors, broader window and small CVs) compared with the

commonly-used Oil Red O procedure, delivering fast, multi-parametric and objective data in a

labour-reduced manner. Its use is comparable with the system presented by McDonough and co-

workers [20], who applied the CyteSeer® image analysis software (Vala Sciences), together with

a robotic microscopy instrument. However, the convenient use of commercially available cell

culture plates, the easily applicable lipid stain (BODIPY® 493/503) and rapid field-based analysis

of images with the provided BioApplication from ThermoFisher are advantageous for the fast

quantification of fat droplets in adipocytes.

A large number of studies suggest that certain plant extracts, their constituent phytochemicals [8,

21] and the fatty acid composition of fats [22], influence the metabolism in adipocytes [23]. Based
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on this information we tested several bioactive substances present in our daily diet with the
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balance [35]. PPARg and PPARa are induced in the early and late phases of the differentiation

process, respectively [33, 36], and act as sensors for fatty acids and their derivatives [37, 38]. Our
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We hypothesise that the reduced expression levels of these two genes and other enzymes and
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are a consequence of DHA inhibiting the two master regulators PPARg and C/EBPa and thus

suppressing adipogenesis and concomitant lipogenesis in C3H10 T1/2 cells. Collectively, our data

are both consistent with and extend earlier studies performed in 3T3-L1 cells [24, 29, 41].

Furthermore, a large body of studies concerning b-carotene and lycopene, EGCG and resveratrol

demonstrates that the effects of natural compounds on adipocyte differentiation are as varying as

their structure [23]. EGCG, the major catechin in green tea, is known to stimulate apoptosis, inhibit

adipogenesis and intracellular TG accretion in 3T3-L1 adipocytes [42, 43]. Human AML-1 cells

undergo apoptosis after treatment with EGCG, although the conversion from pre-adipocytes to

adipocytes is not affected [44]. Moreover, EGCG had no lipolytic influence on mature

C3H10 T1/2 adipocytes [45]. Our results show that EGCG only moderately inhibited the average

intensity of the fat droplets in C3H10 T1/2 cells and it had no significant impact on any gene

expression levels, although Furuyashiki et al. [43] reported that in 3T3-L1 cells PPARg and

C/EBPa were down-regulated by tea catechins, like EGCG. These also showed an enhancing

effect on the expression and secretion of adiponectin in 3T3-L1 adipocytes [46]. However, in

maturing C3H10 T1/2 adipocytes the mRNA level of adiponectin was not affected by EGCG.

Investigations on the protein level and of the cell supernatants are required to further determine

the effects of dietary constituents on secreted adipokines.

Resveratrol has been tested on adipocytes [47] and was found to be apoptotic [48], anti-adipogenic

[48, 49] and anti-lipogenic [21]. In this study resveratrol showed no inhibitory effect, or even

induced a moderate stimulation of lipid accumulation in differentiating C3H10 T1/2 cells. This is

consistent with the observed up-regulation of aP2 mRNA at low resveratrol concentrations,

compared to rosiglitazone control. In contrast, Rayalam et al. [48] reported suppression of

adipocyte-specific genes such as PPARg, C/EBPa, FAS, HSL and LPL and a strong inhibition of

lipid accumulation (40% by 25 mM resveratrol) in maturing 3T3-L1 adipocytes. These effects were

accounted for by decreased cell viability.

Reduced cell number and increased LDH levels are indicative of apoptosis and reduced cell

viability [48]. Consequently, a diminished number of fat cells during differentiation enable less fat

accumulation. It can be assumed that b-carotene induced apoptosis at 2 mM similar to EGCG at

25 mM (data not shown, [42]). At this physiologically-relevant concentration b-carotene efficiently

reduced fat droplet number, size, and intensity. Furthermore b-carotene treatment led to a down-

regulation of the dominant regulators of adipogenesis, PPARg and C/EBPa, and a significant

reduction of LPL, HSL, FAS, aP2 and adiponectin. The effects of b-carotene and its biologically

active form vitamin A (retinol / retinal / retinoic acid) on WAT are well-studied (for review see
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[50]). Kawada and co-workers [51] described that fat-soluble vitamins, including provitamin b-

carotene, strongly inhibited adipose conversion of 3T3-L1 cells. They [52] suggested that

carotenoids and retinoids inhibit adipocyte differentiation through retinoic acid receptor up-

regulation and the decrease of PPARg2. The strong suppression of LPL, one of the early markers

of adipocyte differentiation [53], is remarkable compared to all the other dose-dependent effects

of b-carotene. Insulin is known to induce LPL synthesis in adipocytes and stimulate LPL, ACC

and Glut4 proteins. Plausibly, b-carotene - even in low concentrations - interferes with insulin

actions, although recently it was shown by Kameji et al. [54] that high concentrations of b-carotene

elevated LPL and PPARg levels and insulin functions were supported. Lycopene, as a fat-soluble

molecule is also stored in adipose tissue, in particular in different cellular compartments of the

adipocytes [55]. Our results illustrate that lycopene decreased the accumulation of TGs to a far

lesser extent than b-carotene and it also showed no effect on the different adipogenic and lipogenic

genes. Only Glut4, which participates in insulin-dependent glucose uptake into adipocytes [56]

and is thus indirectly involved in fatty acid synthesis, was significantly induced. Therefore, the

small effect it has must be mediated via other mechanisms than PPARg and C/EBPa suppression.

Hydroxytyrosol (HT) is the major polyphenol in extra-virgin olive oil and its potent antioxidant

properties are thought to be partly responsible for the Mediterranean diet effect [57, 58]. In our

study, HT showed effects that were comparable to those of EPA and b-carotene on adipocyte lipid

content and gene expression. HT significantly inhibited all tested genes except LPL.

In summary, dietary bio-actives such as w-3 PUFAs, b-carotene and HT, which seem to have the

same inhibitory effect on lipid accumulation during adipocyte differentiation, display different

impacts on the expression of relevant genes. Therefore, the influence of substances on the

phosphorylation status of corresponding enzymes, e.g. LPL and HSL, should also be considered.

The conflicting data reported in different studies might be partly explained by the use of different

cell models from different species. Adipose tissue biology is diversely regulated among different

species, thus the same might be applicable for different cell lines. Contradictory effects of

substances in diverse cell systems could be explained due to the application of cAMP elevating

agents, the hormonal status (e.g. dexamethasone and insulin) present during adipocyte

differentiation [9] and the stage of the adipocyte life cycle at which they are applied [23].
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Conclusion

Obesity is characterised by increased adipose tissue mass and is associated with high health risks.

The expansion of WAT is conditional upon its ability to increase the number of adipocytes and

their volume (triglyceride content in fat droplets). Identifying compounds that suppress the

formation of new adipocytes and the accretion of fat at different stages of the adipocyte life cycle

is of major interest for preventive measures and therapeutic applications. Our data show that this

newly developed HCA assay is a valuable tool to identify and quantify changes in fat accumulation

during adipogenesis and lipogenesis and thus for the identification of such substances. This study

demonstrates that treatment of murine C3H10 T1/2 pre-adipocytes with naturally-occurring

components can reduce the amount of accumulated fat. Furthermore, the observed morphological

changes are in line with the alterations in expression levels of adipogenic and lipogenic genes.

Murine cell lines might give indications how food ingredients influence the formation of fat

droplets in tissues. This needs however, to be further corroborated by experiments with human

adipocytes. Ultimately, studies with obese humans would be of great value, as obesity is not only

caused by high fat consumption but also triggered by high intakes of refined carbohydrates [9].

Other research groups approach this challenge and discovered both differences and analogies in

human and rodent adipogenesis [59]. For example, Söhle et al. describes that a white tea extract

rich in polyphenols inhibited the adipogenesis in human subcutaneous pre-adipocytes [60].

Because several natural compounds act in different ways on the elaborate biological pathways of

adipose tissue formation, it would be advantageous to treat adipocytes with a combination of

dietary bio-actives. Hence, such an approach might exceed the favourable effects of each

individual compound and lead to additive or synergistic effects on multiple levels of adipocyte

differentiation. This strategy might also apply for improving the appearance of dimpled skin

caused by overfilled subcutaneous adipocytes mostly observed in obese people.
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Abstract

Background: Specific bio-active dietary compounds modulate numerous metabolic processes in adipose

tissue (AT), including pre-adipocyte proliferation and differentiation. AT dysfunction, rather than an

increased fat mass per se, is strongly associated with the development of insulin resistance and is

characterized by impaired adipogenesis, hypertrophic adipocytes, inflammation, and impairments in

substrate metabolism. A better understanding of mechanisms underlying AT dysfunction may provide new

strategies for the treatment of obesity-associated metabolic diseases. Here we evaluated the role of (all-E)-

lycopene (Lyc), eicosapentaenoic acid (EPA) or trans-resveratrol (Res) and combinations thereof on human

white adipocyte function.

Methods: In-vitro differentiating human pre-adipocytes were treated with EPA, Lyc and Res or their

combinations for 14 days. The effects on intracellular lipid droplet (LD) accumulation, secreted anti- and

pro-inflammatory cyto-/adipokines (e.g. adiponectin, IL-6, IL-8/CXCL-8 and MCP-1/CCL2) and on gene

expression of markers of adipocyte differentiation and substrate metabolism (e.g., PPAR-gamma, C/EBP-

alpha, GLUT-4, FAS, ATGL, HSL, and PLIN-1) were measured by fluorescent microscopy (Cellomics™),

multi-parametric LiquiChip® technology and quantitative RT-PCR, respectively.

Results: Treatment of differentiating adipocytes for 14 days with the combination of Lyc/Res and EPA/Res

resulted in significantly inhibited LD formation (~ -25% and -20%, respectively) compared to the effects

of the single compounds. These morphological changes were accompanied by increased mRNA levels of

the adipogenic marker PPAR-gamma and the lipase ATGL and by decreased expression levels of lipogenic

markers (LPL, FAS, GLUT-4) and the LD-covering protein PLIN-1. In addition, a blunted adipocyte

secretion of pro-inflammatory cytokines (IL-6 and MCP-1) and adiponectin was observed following

treatment with these compounds.

Conclusion: The combination of the dietary bio-actives Lyc and EPA with Res might influence adipocyte

function by affecting the balance between adipogenic, lipogenic and lipolytic gene expression, resulting in

a reduced LD storage and a less inflammatory secretion profile. Taken together, our results indicate that

combinations of dietary compounds may be beneficial for the prevention and treatment of metabolic

disorders via effects on human white adipocyte function.
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Background

Over the last decade research focusing on adipose tissue (AT) biology and function enormously

advanced due to the sustained increase in obesity prevalence [1]. AT dysfunction, characterized

by impaired adipogenesis, hypertrophic adipocytes, inflammation, and impairments in lipid and

glucose metabolism, rather than an increased body fat mass per se, is strongly associated with the

development of insulin resistance [2]. A better understanding of mechanisms causing or

maintaining AT dysfunction may provide novel and improved strategies for the treatment of

obesity-associated metabolic diseases.

The major role of AT is storage and release of fatty acids (FAs) depending on energy intake and

expenditure. FAs are stored in the form of triacylglycerides (TAGs) in intracellular lipid droplets

(LDs) and released by lipolysis, the hydrolysis of TAGs into free FAs and glycerol via the action

of intracellular lipases (including hormone sensitive lipase (HSL) and adipose triglyceride lipase

(ATGL)). This storage and removal capacity (lipid turn-over) of AT is regulated by a tight

alignment between adipogenic differentiation, lipogenesis and lipolysis [3, 4], which has been

shown to be impaired in obesity and may modulate whole-body insulin sensitivity [5, 6]. The

differentiation of pre-adipocytes into mature adipocytes is controlled by a complex transcriptional

cascade involving peroxisome proliferator-activated receptor gamma (PPAR-gamma) and

CCAAT/enhancer binding protein alpha (C/EBP-alpha) (reviewed in [7]). Furthermore, lipid-

storing adipocytes are enclosed by adipose-derived stromal cells including pre-adipocytes,

endothelial and hematopoietic cells, and immune cells (e.g. macrophages [8]). Hence, AT is not

only an energy storage tissue but also an active endocrine organ, producing and secreting an

abundance of specific mediators (for review see [9]). Pro-inflammatory cytokines and chemokines

are increasingly secreted by AT cells of obese individuals [10], resulting in a state of ‘low-grade

inflammation’ [11], which affects local adipose metabolism, systemic inflammation, and insulin

sensitivity.

Overall dietary quality and specifically diets high in bio-active constituents may have beneficial

clinical effects on metabolic processes, by altering AT function. A number of natural compounds,

such as plant-derived polyphenols, carotenoids and polyunsaturated fatty acids (PUFAs), or their

metabolic derivatives have been tested for their impact on adipocyte differentiation and

metabolism in several in-vitro and in-vivo murine models [12-14]. However, human data are scarce

and mainly the action of individual compounds have been tested [15, 16]. Several studies using

pre-adipocytes, mostly from murine and less frequent from human origin, have demonstrated that

the polyphenol Res and the n-3 PUFA EPA are potent modulators of adipocyte function (for review
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see [17] and [18], respectively). However, distinct biological activities of lycopene or its

metabolites in human adipocyte function remain to be elucidated. Here, we investigated the effects

of individual and combinations of bio-active dietary constituents including (all-E)-lycopene (Lyc),

eicosapentaenoic acid (EPA) and trans-resveratrol (Res) on lipid accumulation,

adipogenic, lipogenic and lipolytic gene expression and cyto-/adipokine secretion in in-vitro

differentiating (14 days) primary human white adipocytes.

Material and Methods

Cell culture
All cell culture reagents were obtained from Life Technologies (Karlsbad, CA, US). Unless

otherwise stated, chemicals were purchased from Sigma-Aldrich (St. Louis, MO, US). Individual

subcutaneous primary human pre-adipocytes (HPAd 1375 and 1377) were obtained from Cell

Application, Inc. (San Diego, CA, US) whereas a multi-donor vial, termed super lot (SL0035),

was purchased from Zen-Bio, Inc. (North Carolina, US). Available donor characteristics are

indicated in Supplemental Table S3.1. Pre-adipocytes were maintained in growth medium (GM):

DMEM/Ham’s F-12 (1:1, v/v) complemented with 10% FCS, 1% pen/strep (v/v), 1% HEPES pH

7.4, 0.2% amphotericin B, and 2.5 ng/ml recombinant basic fibroblast growth factor (bFGF). GM

was changed every 2-3 days. Cells were passaged when reaching ~80% confluence and used for

experiments between passage 3 and 7. For experiments, 6000 cells/cm2 were incubated (37°C, 5-

8% CO2, relative humidity of 85%) on collagen-I-coated 24-well plates in GM for ~5 days. For

adipogenesis confluent HPAd were cultured for 14 days in differentiation medium (DM):

DMEM/Ham’s F-12 supplemented with 5% FCS, 1% pen/strep, 1.5% HEPES pH 7.4, 0.2%

amphotericin B, 17 mM calcium-pantothenate, 33 mM biotin, 0.5 mM recombinant human insulin

and 100 mM rosiglitazone. After 3 days of differentiation 0.5 mM dexamethasone and 250 mM

isobutylmethylxanthine (IBMX) were omitted from the medium.

For the non-differentiation control (CTRL) and differentiation control (Diff CTRL) pre-adipocytes

were cultured in medium containing only vehicle (i.e. dimethylsulfoxide (DMSO),

tetrahydrofurane (THF)) and insulin or in complete DM, respectively. For treatment purposes DM

was supplemented with different doses (0.5-25 mM) of the test compounds EPA, Res and Lyc

(DSM Nutritional Products Ltd. Basel, Switzerland)) for the total 14-day differentiation period

(see Supplemental Figure S3.1). Lyc was dissolved in THF and all other substances in DMSO. To

investigate possible amplifying effects, Res (1 and 25 mM) was also combined with Lyc (0.5 and
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2 mM) or EPA (1 and 25 mM), respectively. Treatments were performed in triplicate. Final vehicle

concentrations were adjusted to 0.2% DMSO and 0.1% THF in all cultures. Media with or without

bio-active compounds were renewed every 3 to 5 days.

Lipid droplet quantification (ArrayScan)
Cellular LDs were quantified adapting the Cellomics™ assay described previously [19] applying

the Thermo Scientific™ ArrayScan™ VTI High Content Reader (Thermo Fisher Scientific,

Waltham, MA, US). Briefly, differentiated adipocytes (day 14) were fixed, stained with the

fluorescent dyes Hoechst 33342 (nuclei) and BODIPY® 493/503 (LDs; Life Technologies)

followed by quantification of accumulated LDs with the SpotDetector® V2 algorithm. Adjusted

protocol parameters are listed in Supplemental Table S3.2. For analysis 100 fields per well were

scanned and data of each channel were reported on a “per field” basis. The nuclei related features

Spot Count (= LD-number), Spot Total Area (= LD-area) and Spot Total Intensity (= LD-

intensity), describing the differentiation status of treated adipocytes, were calculated as percent of

Diff CTRL per plate.

Gene expression analysis (TaqManä)
Total RNA was isolated from cells at day 8 of treatment (RNeasy® 96 Kits; Qiagen, Hilden,

Germany). Primers and probes were designed using the Primer Express software (Applied

Biosystems, Foster City, CA, US) and synthesised by Sigma Genosys (St. Louis, MO, US)

(Supplemental Table S3.3). Quantitative TaqManä RT-PCR was performed on first strand cDNA

(Omniscript® RT Kit; Qiagen) as detailed previously [19] utilizing an ABI-PRISMÒ 7900 HT

Sequence Detection System. mRNA abundance was calculated using the comparative CT method:

DCT = CT [gene of interest] – CT [endogenous control] and DDCT = DCT [Diff CTRL cells] - DCT

[treated cells]. The fold change for the gene of interest was expressed as TΔΔC2- .

Adipokine and cytokine secretion (Luminex)
Supernatants of differentiating adipocytes were collected at day 8 (after 5 days conditioning, day

4-8) of the treatment period and stored at -80°C till analysis. MILLIPLEX MAP Human Adipocyte

Panel (Cat#HADCYT-61K) kits were purchased from Millipore (Billerica, Massachusetts, USA)

and used according to the manufacture’s protocol on the LiquiChip® Workstation IS 200 (Luminex

technology; Qiagen, Hilden, Germany). Detected molecules were: adiponectin (Adipo), hepatic

growth factor (HGF), interleukin (IL)-6, IL-8/CXCL8, monocyte chemoattractant protein (MCP)-

1/CCL2 and plasminogen activator inhibitor (PAI)-1 (active, serpin E1). Measurements were run

in triplicates and final concentrations were normalized by nucleus count per well. Data evaluation

was performed with the LiquiChip® Analyser software from Qiagen.
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see [17] and [18], respectively). However, distinct biological activities of lycopene or its

metabolites in human adipocyte function remain to be elucidated. Here, we investigated the effects

of individual and combinations of bio-active dietary constituents including (all-E)-lycopene (Lyc),

eicosapentaenoic acid (EPA) and trans-resveratrol (Res) on lipid accumulation,

adipogenic, lipogenic and lipolytic gene expression and cyto-/adipokine secretion in in-vitro

differentiating (14 days) primary human white adipocytes.

Material and Methods

Cell culture
All cell culture reagents were obtained from Life Technologies (Karlsbad, CA, US). Unless

otherwise stated, chemicals were purchased from Sigma-Aldrich (St. Louis, MO, US). Individual

subcutaneous primary human pre-adipocytes (HPAd 1375 and 1377) were obtained from Cell

Application, Inc. (San Diego, CA, US) whereas a multi-donor vial, termed super lot (SL0035),

was purchased from Zen-Bio, Inc. (North Carolina, US). Available donor characteristics are

indicated in Supplemental Table S3.1. Pre-adipocytes were maintained in growth medium (GM):

DMEM/Ham’s F-12 (1:1, v/v) complemented with 10% FCS, 1% pen/strep (v/v), 1% HEPES pH

7.4, 0.2% amphotericin B, and 2.5 ng/ml recombinant basic fibroblast growth factor (bFGF). GM

was changed every 2-3 days. Cells were passaged when reaching ~80% confluence and used for

experiments between passage 3 and 7. For experiments, 6000 cells/cm2 were incubated (37°C, 5-

8% CO2, relative humidity of 85%) on collagen-I-coated 24-well plates in GM for ~5 days. For

adipogenesis confluent HPAd were cultured for 14 days in differentiation medium (DM):

DMEM/Ham’s F-12 supplemented with 5% FCS, 1% pen/strep, 1.5% HEPES pH 7.4, 0.2%

amphotericin B, 17 mM calcium-pantothenate, 33 mM biotin, 0.5 mM recombinant human insulin

and 100 mM rosiglitazone. After 3 days of differentiation 0.5 mM dexamethasone and 250 mM

isobutylmethylxanthine (IBMX) were omitted from the medium.

For the non-differentiation control (CTRL) and differentiation control (Diff CTRL) pre-adipocytes

were cultured in medium containing only vehicle (i.e. dimethylsulfoxide (DMSO),

tetrahydrofurane (THF)) and insulin or in complete DM, respectively. For treatment purposes DM

was supplemented with different doses (0.5-25 mM) of the test compounds EPA, Res and Lyc

(DSM Nutritional Products Ltd. Basel, Switzerland)) for the total 14-day differentiation period

(see Supplemental Figure S3.1). Lyc was dissolved in THF and all other substances in DMSO. To

investigate possible amplifying effects, Res (1 and 25 mM) was also combined with Lyc (0.5 and
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2 mM) or EPA (1 and 25 mM), respectively. Treatments were performed in triplicate. Final vehicle
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Lipid droplet quantification (ArrayScan)
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the Thermo Scientific™ ArrayScan™ VTI High Content Reader (Thermo Fisher Scientific,

Waltham, MA, US). Briefly, differentiated adipocytes (day 14) were fixed, stained with the

fluorescent dyes Hoechst 33342 (nuclei) and BODIPY® 493/503 (LDs; Life Technologies)

followed by quantification of accumulated LDs with the SpotDetector® V2 algorithm. Adjusted

protocol parameters are listed in Supplemental Table S3.2. For analysis 100 fields per well were

scanned and data of each channel were reported on a “per field” basis. The nuclei related features

Spot Count (= LD-number), Spot Total Area (= LD-area) and Spot Total Intensity (= LD-

intensity), describing the differentiation status of treated adipocytes, were calculated as percent of

Diff CTRL per plate.

Gene expression analysis (TaqManä)
Total RNA was isolated from cells at day 8 of treatment (RNeasy® 96 Kits; Qiagen, Hilden,

Germany). Primers and probes were designed using the Primer Express software (Applied

Biosystems, Foster City, CA, US) and synthesised by Sigma Genosys (St. Louis, MO, US)

(Supplemental Table S3.3). Quantitative TaqManä RT-PCR was performed on first strand cDNA

(Omniscript® RT Kit; Qiagen) as detailed previously [19] utilizing an ABI-PRISMÒ 7900 HT

Sequence Detection System. mRNA abundance was calculated using the comparative CT method:

DCT = CT [gene of interest] – CT [endogenous control] and DDCT = DCT [Diff CTRL cells] - DCT

[treated cells]. The fold change for the gene of interest was expressed as TΔΔC2- .

Adipokine and cytokine secretion (Luminex)
Supernatants of differentiating adipocytes were collected at day 8 (after 5 days conditioning, day

4-8) of the treatment period and stored at -80°C till analysis. MILLIPLEX MAP Human Adipocyte

Panel (Cat#HADCYT-61K) kits were purchased from Millipore (Billerica, Massachusetts, USA)

and used according to the manufacture’s protocol on the LiquiChip® Workstation IS 200 (Luminex

technology; Qiagen, Hilden, Germany). Detected molecules were: adiponectin (Adipo), hepatic

growth factor (HGF), interleukin (IL)-6, IL-8/CXCL8, monocyte chemoattractant protein (MCP)-

1/CCL2 and plasminogen activator inhibitor (PAI)-1 (active, serpin E1). Measurements were run

in triplicates and final concentrations were normalized by nucleus count per well. Data evaluation

was performed with the LiquiChip® Analyser software from Qiagen.
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Statistical analysis
In brief, data points from repetitive experiments conducted with pre-adipocytes from the same

donor were set relative to the corresponding Diff CTRL mean (= 100%) and averaged.

Subsequently all relative values from the different donors and super lot (Supplemental Table S3.1)

were used for calculating the overall mean ± SEM. Statistical significance of the mean differences

between treatment and Diff CRTL was tested by a linear mixed model or Student’s t-test. P values

<0.05 were considered significant. ArrayScan™ results and cytokine concentrations are shown as

relative mean ± SEM. Gene expression data are expressed as fold change (FC) ± error (based on

SEM). For details of the statistical analysis applied to the three data sets see Supplemental Method

S3.4.

Results

Combinations of bio-active dietary constituents inhibited lipid accumulation
To determine effects of bio-active dietary constituents on lipid accumulation in adipocytes, pre-

adipocytes were differentiated for 14 days in the presence or absence of the compounds.

Subsequently, LD accretion in the mature adipocytes was assessed by fluorescent microscopy

(Figure 3.1A). Lyc alone decreased the LD-area by 15% at 0.5 µM (p=0.021) and the LD-intensity

by 20% at 2 µM (p<0.05), while Res and EPA alone did not affect lipid accumulation (Figure

3.1B) compared to Diff CTRL. However, the combination Lyc/Res substantially reduced the

adipocyte lipid content (represented by shown LD-parameters). Lyc/Res at 2/25 µM, significantly

inhibited LD-number, -area and -intensity by 25% (p<0.001), 17% (p<0.01) and 23% (p=0.044),

respectively (Figure 3.1A+C, right), in comparison with the Diff CTRL. In addition, combined

treatment with EPA/Res at 25/25 µM reduced LD-area and -intensity by 22% (p<0.001) and 26%

(p=0.011), respectively, whereas the LD-number was slightly attenuated (Figure 3.1C). Together,

these data indicate that the combination of Lyc/Res and EPA/Res significantly reduced the

adipocyte lipid content compared to Diff CTRL.
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Figure 3.1: Effects of lycopene (Lyc), resveratrol (Res), and eicosapentaenoic acid (EPA) on
lipid droplet parameters in differentiated human adipocytes
Primary human pre-adipocytes (HPAd) were differentiated for 14 days in the presence of bio-active compounds. (A) Representative
fluorescent images of cells after growth in non-differentiation medium (CTRL) and differentiation-only medium in the absence (Diff
CTRL) or presence of resveratrol (Res), lycopene (Lyc) and Lyc/Res at high concentrations. (B) Quantification of the effects of
Lyc, Res and eicosapentaenoic acid (EPA) alone and (C) of the combinations of EPA/Res and Lyc/Res on lipid droplet features.
Shown are three parameters (Lipid Droplets/Cell, Lipid Droplet Area/Cell and Lipid Droplet Intensity/Cell) that quantify lipid
accumulation in adipocytes, as compared to Diff CTRL set as 100%. Data are represented as overall mean ± SEM (7 donors, n ≥
6). (*) p<0.05, (**) p<0.01, (#) p<0.001 (versus Diff CTRL, linear mixed model).
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Statistical analysis
In brief, data points from repetitive experiments conducted with pre-adipocytes from the same

donor were set relative to the corresponding Diff CTRL mean (= 100%) and averaged.

Subsequently all relative values from the different donors and super lot (Supplemental Table S3.1)

were used for calculating the overall mean ± SEM. Statistical significance of the mean differences

between treatment and Diff CRTL was tested by a linear mixed model or Student’s t-test. P values

<0.05 were considered significant. ArrayScan™ results and cytokine concentrations are shown as

relative mean ± SEM. Gene expression data are expressed as fold change (FC) ± error (based on

SEM). For details of the statistical analysis applied to the three data sets see Supplemental Method

S3.4.

Results

Combinations of bio-active dietary constituents inhibited lipid accumulation
To determine effects of bio-active dietary constituents on lipid accumulation in adipocytes, pre-

adipocytes were differentiated for 14 days in the presence or absence of the compounds.

Subsequently, LD accretion in the mature adipocytes was assessed by fluorescent microscopy

(Figure 3.1A). Lyc alone decreased the LD-area by 15% at 0.5 µM (p=0.021) and the LD-intensity

by 20% at 2 µM (p<0.05), while Res and EPA alone did not affect lipid accumulation (Figure

3.1B) compared to Diff CTRL. However, the combination Lyc/Res substantially reduced the

adipocyte lipid content (represented by shown LD-parameters). Lyc/Res at 2/25 µM, significantly

inhibited LD-number, -area and -intensity by 25% (p<0.001), 17% (p<0.01) and 23% (p=0.044),

respectively (Figure 3.1A+C, right), in comparison with the Diff CTRL. In addition, combined

treatment with EPA/Res at 25/25 µM reduced LD-area and -intensity by 22% (p<0.001) and 26%

(p=0.011), respectively, whereas the LD-number was slightly attenuated (Figure 3.1C). Together,

these data indicate that the combination of Lyc/Res and EPA/Res significantly reduced the

adipocyte lipid content compared to Diff CTRL.
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Figure 3.1: Effects of lycopene (Lyc), resveratrol (Res), and eicosapentaenoic acid (EPA) on
lipid droplet parameters in differentiated human adipocytes
Primary human pre-adipocytes (HPAd) were differentiated for 14 days in the presence of bio-active compounds. (A) Representative
fluorescent images of cells after growth in non-differentiation medium (CTRL) and differentiation-only medium in the absence (Diff
CTRL) or presence of resveratrol (Res), lycopene (Lyc) and Lyc/Res at high concentrations. (B) Quantification of the effects of
Lyc, Res and eicosapentaenoic acid (EPA) alone and (C) of the combinations of EPA/Res and Lyc/Res on lipid droplet features.
Shown are three parameters (Lipid Droplets/Cell, Lipid Droplet Area/Cell and Lipid Droplet Intensity/Cell) that quantify lipid
accumulation in adipocytes, as compared to Diff CTRL set as 100%. Data are represented as overall mean ± SEM (7 donors, n ≥
6). (*) p<0.05, (**) p<0.01, (#) p<0.001 (versus Diff CTRL, linear mixed model).
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Dietary bio-actives affected adipogenic, lipogenic and lipolytic gene expression
In order to investigate the possible underlying mechanism for this attenuated lipid accumulation

targeted quantitative RT-PCR analysis was performed at day 8 of differentiation, a time point

intermediate between undifferentiated and differentiated adipocytes. The combinations EPA/Res

and Lyc/Res at high concentrations increased the expression of the adipogenic master regulator,

PPAR-gamma, by 1.9-fold and 1.4-fold (p<0.001), respectively, compared with Diff CTRL

(Figure 3.2A). Lyc/Res reduced mRNA levels of the lipogenic genes FAS (fatty acid synthase)

and GLUT-4 (glucose transporter type 4/SLC2A4) significantly (Figure 3.2E+F, p<0.05). In

addition, the combination of EPA/Res strongly blunted the lipogenic markers LPL (lipoprotein

lipase) and GLUT-4 mRNA (0.03 and 0.15-fold, respectively; Figure 3.2C+F, p<0.001). Both

combinations did not affect FABP-4 (cytosolic fatty acid binding protein 4) expression (Figure

3.2D). Res alone at 25 mM moderately enhanced the expression of PPAR-gamma to 1.7-fold

(p<0.001) and reduced GLUT-4 expression 0.7-fold (p=0.007) compared to Diff CTRL. The

expression of C/EBP-alpha, LPL and GLUT-4 was diminished to 0.5-fold, 0.1-fold, and 0.4-fold,

respectively, when pre-adipocytes were differentiated in the presence of 25 µM EPA (Figure 3.2B,

C+F, p<0.01). In contrast, Lyc alone (at 2 µM) did not affect adipogenic and lipogenic gene

expression (Figure 3.2A-F).

The mRNA levels of the major lipases HSL and ATGL were neither significantly affected by Lyc

and EPA nor by the combinations, although Res alone increased ATGL expression 2.6-fold

(p=0.006; Figure 3.2G+H) in comparison to Diff CTRL. However, combining these bio-active

compounds significantly diminished the expression of the LD covering protein PLIN-1 (perilipin

1; Figure 3.2I, EPA/Res: 0.2-fold and Lyc/Res: 0.4-fold, p<0.001). A comparable effect on the

expression of lipogenic and lipolytic genes was observed at day 14 for both combinations

(Supplemental Figure S3.2). Altogether, these results demonstrate that combining of Lyc/Res and

EPA/Res affects the balance between adipogenic, lipogenic and lipolytic gene expression in white

human adipocytes.

Bio-active compounds attenuated secretion of pro-inflammatory cytokines
Finally, we analysed the influence of dietary bio-actives on cyto-/adipokine secretion of

differentiating human adipocytes. EPA alone and the combination EPA/Res strongly reduced the

secretion of the insulin sensitizer Adipo by ~90% whereas Res and Lyc/Res blunted it by ~60%

(Figure 3.3A) compared to Diff CTRL.
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C+F, p<0.01). In contrast, Lyc alone (at 2 µM) did not affect adipogenic and lipogenic gene

expression (Figure 3.2A-F).

The mRNA levels of the major lipases HSL and ATGL were neither significantly affected by Lyc

and EPA nor by the combinations, although Res alone increased ATGL expression 2.6-fold

(p=0.006; Figure 3.2G+H) in comparison to Diff CTRL. However, combining these bio-active

compounds significantly diminished the expression of the LD covering protein PLIN-1 (perilipin

1; Figure 3.2I, EPA/Res: 0.2-fold and Lyc/Res: 0.4-fold, p<0.001). A comparable effect on the

expression of lipogenic and lipolytic genes was observed at day 14 for both combinations

(Supplemental Figure S3.2). Altogether, these results demonstrate that combining of Lyc/Res and

EPA/Res affects the balance between adipogenic, lipogenic and lipolytic gene expression in white

human adipocytes.

Bio-active compounds attenuated secretion of pro-inflammatory cytokines
Finally, we analysed the influence of dietary bio-actives on cyto-/adipokine secretion of

differentiating human adipocytes. EPA alone and the combination EPA/Res strongly reduced the

secretion of the insulin sensitizer Adipo by ~90% whereas Res and Lyc/Res blunted it by ~60%

(Figure 3.3A) compared to Diff CTRL.
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Figure 3.2: Effects of bio-active compounds on adipogenic, lipogenic and lipolytic gene
expression markers
Displayed are the effects of EPA, Lyc and Res or combinations thereof on gene expression after 8 days treatment of HPAd. mRNA
levels of adipogenic transcription factors PPAR-gamma (A) and C/EBP-alpha (B), lipogenesis markers LPL (C), FABP-4 (D), FAS
(E) and GLUT-4 (F) and lipolytic markers HSL (G), ATGL (H) and PLIN-1 (I) were determined by quantitative RT-PCR. Data are
shown as crude fold change (FC) ± error (based on SEM, 2 donors, 1 super lot, n ≥ 2), compared to Diff CTRL set as 1. (*) p<0.05,
(**) p<0.01, (#) p<0.001 (versus Diff CTRL, linear mixed model). CV for dCT values: <5% for all genes.

The combinations EPA/Res and Lyc/Res and EPA suppressed pro-inflammatory IL-6 secretion by

70%. Release of the pro-inflammatory cytokine MCP-1 was significantly reduced by more than

30% by all compounds and combinations except Res. Both combinations caused a similar secretion

pattern for the above mentioned cyto-/adipokines at day 14 of differentiation (Supplemental Figure

S3.2). Further, the secretion of angiogenic HGF was markedly diminished by Lyc/Res (70%,

p<0.01), whereas PAI-1 levels were not modified by the compounds (Figure 3.3E+F) in

comparison to the Diff CTRL.

Together, our data indicate that EPA and the combinations Lyc/Res and EPA/Res are able to

suppress the secretion of pro-inflammatory markers, but concurrently attenuate the anti-

inflammatory and insulin sensitizing adipocyte-specific hormone adiponectin.

Discussion

Weight gain is accompanied by increased lipid storage in AT, altered gene expression and

production of pro- and anti-inflammatory mediators [20]. In the present study, we examined the

effect of the three abundantly consumed bio-actives Lyc, Res, and EPA on human white adipocyte

function and whether combining Res with EPA or Lyc has amplifying effects. Our in-vitro data

demonstrate that combining Lyc with Res caused a significant reduction in LD-number, -area and

-intensity in human adipocytes. This reduced lipid accumulation was accompanied by increased

expression of adipogenic and reduced expression of lipogenic and lipolytic markers, and by an

attenuated pro-inflammatory secretion profile (i.e. IL-6 and MCP-1).

Single bio-active dietary constituents are known to influence pre-adipocyte differentiation,

proliferation, and adipocyte function directly or indirectly [15-18]. Surprisingly, in our study Res

and EPA treatment alone showed no significant effect on the LD accumulation in human

adipocytes. This is contrary to the general reported findings in in-vitro and animal studies, which

suggest that Res and EPA are capable of diminishing lipid storage in rodent adipocytes [21-24].
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Figure 3.3: Adipokine and cytokine secretion of adipocytes treated with bio-active
compounds
Supernatants of HPAd, cultured in the presence or absence of EPA, Lyc and Res or combinations thereof, were collected at day
8 of differentiation and subsequently analysed on the LiquiChip® workstation. The accumulation of the following adipokines:
adiponectin (Adipo, A), interleukin-6 (IL-6, B) and 8 (IL-8, C), monocyte chemotactic protein 1 (MCP-1, D), hepatic growth factor
(HGF, E) and plasminogen activator inhibitor-1 (PAI-1, F) was measured in media after 5 days conditioning (day 4-8), as compared
to Diff CTRL set as 100%. Data are shown for three independent experimental series as overall mean ± SEM. (*) p<0.05, (**)
p<0.01, (#) p<0.001 (versus Diff CTRL, linear mixed model).
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Figure 3.2: Effects of bio-active compounds on adipogenic, lipogenic and lipolytic gene
expression markers
Displayed are the effects of EPA, Lyc and Res or combinations thereof on gene expression after 8 days treatment of HPAd. mRNA
levels of adipogenic transcription factors PPAR-gamma (A) and C/EBP-alpha (B), lipogenesis markers LPL (C), FABP-4 (D), FAS
(E) and GLUT-4 (F) and lipolytic markers HSL (G), ATGL (H) and PLIN-1 (I) were determined by quantitative RT-PCR. Data are
shown as crude fold change (FC) ± error (based on SEM, 2 donors, 1 super lot, n ≥ 2), compared to Diff CTRL set as 1. (*) p<0.05,
(**) p<0.01, (#) p<0.001 (versus Diff CTRL, linear mixed model). CV for dCT values: <5% for all genes.
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Figure 3.3: Adipokine and cytokine secretion of adipocytes treated with bio-active
compounds
Supernatants of HPAd, cultured in the presence or absence of EPA, Lyc and Res or combinations thereof, were collected at day
8 of differentiation and subsequently analysed on the LiquiChip® workstation. The accumulation of the following adipokines:
adiponectin (Adipo, A), interleukin-6 (IL-6, B) and 8 (IL-8, C), monocyte chemotactic protein 1 (MCP-1, D), hepatic growth factor
(HGF, E) and plasminogen activator inhibitor-1 (PAI-1, F) was measured in media after 5 days conditioning (day 4-8), as compared
to Diff CTRL set as 100%. Data are shown for three independent experimental series as overall mean ± SEM. (*) p<0.05, (**)
p<0.01, (#) p<0.001 (versus Diff CTRL, linear mixed model).
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However, in human adipocytes lipid accumulation was either promoted or unaffected by EPA [25,

26], what seems in line with our observation after 14 days treatment. For Res, both enhancing and

suppressive effects on lipid accumulation were described in murine 3T3-L1 cells and following a

high fat diet (HFD) in mice [27, 28]. In human Simpson-Golabi-Behmel syndrome (SGBS)

adipocytes anti-adipogenic effects of Res were reported for concentrations >30 mM [29, 30],

suggesting that Res at 25 mM (this study) might be at switch between its pro- and anti-adipogenic

actions. The limited number of human clinical trials with Res or EPA supplementation showed

controversial results regarding their effects on adipocyte size, function [31, 32] and adipose

inflammation [33, 34], possible due to variation in population, dose, and duration of

supplementation. Together, these data indicate that further research is necessary to elucidate the

exact effect of Res and EPA on adipogenic potential of human (pre-)adipocytes, under the

consideration that the usage of primary white adipocytes can affect the experimental outcomes due

to intrinsic donor characteristics [35].

Supplementation with the carotenoid Lyc can increase its levels in human AT [36] and 3T3-L1

cells [37] and it is well studied for its anti-oxidative effects [38]. In addition, our results show for

the first time that Lyc alone moderately but significantly reduces lipid accumulation in human

adipocytes. This effect was also observed in C3H10 T1/2 adipocytes [19]. Conversely, Lyc or its

metabolite apo-10’-lycopenoic acid (APO10LA) did not modulate AT mass in rodents [39]

(following oral administration for 6 weeks) [40]. In contrast to the minor effect of single

compounds, our data clearly demonstrate that the combination Lyc/Res has a stronger effect on

LD accumulation, suggesting that Res enhances Lyc’s modest anti-adipogenic effect.

Although not a direct measure of lipid turn-over within adipocytes, investigating mRNA levels of

genes involved in related pathways could provide possible underlying mechanisms for the

amplifying effects observed with combinations of bio-actives. Res’s anti-adipogenic properties

may be attributed to its effects on both master regulators of adipogenesis, PPAR-gamma and

C/EBP-alpha, which are repressed via activation of AMP-activated protein kinase (AMPK) [41].

Interestingly, in the present study Res at 25 mM up-regulated PPAR-gamma expression and

showed no effect on C/EBP-alpha mRNA in differentiating human adipocytes. This seems

contrary to the reported down-regulation of PPAR-gamma and lipogenic markers in 3T3-L1 [41]

and SGBS cells [29] at concentrations >25 mM and the accompanying reduction of fat pads in mice

following 10 weeks of HFD feeding [42]. We hypothesize that in the present study the

concentration of Res (25 mM) is insufficient to counteract the strong adipogenic effects of the

PPAR-gamma agonist rosiglitazone [43], contained in the media at 100 mM during the complete
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differentiation period. This is further supported by results in differentiating SGBS cells,

demonstrating no effect of 20 mM Res on PPAR-gamma expression even in the presence of a low

rosiglitazone concentration (2 mM) [29].

PUFAs can act as PPAR agonists and display PPAR-independent gene control function [44].

Regarding EPA, a well-known n-3 PUFA, a reduction in stored LDs and a concomitant

modification of adipogenic markers, e.g. a decrease of PPAR-gamma expression, was described

in murine fat cells [19, 21]. However, in line with our results, an upregulation of PPAR-gamma

expression is described in isolated human adipocytes [45], suggesting species-specific effects of

EPA on adipogenesis. Finally, Lyc is not presented as an adipogenic modulator [16], however

some conflicting data exist regarding its impact on adipose gene expression. In accordance with

our human data, in murine adipocytes, Lyc treatment did not affect adipogenic genes [39] but

moderately decreased lipid deposition [19], whereas Lyc administration for 6 weeks decreased

PPAR-gamma mRNA in AT of rats without changes in total fat mass [46].

In addition to adipogenesis, the balance between lipogenesis and lipolysis largely influences total

lipid amount in human adipocytes. The combination of Lyc/Res and EPA/Res strongly suppressed

the lipogenic markers GLUT-4, LPL and FAS in our human fat cells. However, for the single

compounds conflicting effects on these markers were reported previously. Supporting our results,

a reduction of GLUT-4 mRNA and unaffected levels of FAS mRNA were shown in 3T3-L1 cells

after Res (20 mM) [47] and EPA (100 mM) [48] treatment, respectively. Whereas, opposing to our

human data, GLUT-4 and LPL mRNA expression was up-regulated after treating murine

adipocytes with Lyc (2 mM) [19] and EPA (100 mM) [21], respectively.

Furthermore, the lipases ATGL and HSL and the LD-covering protein PLIN-1 are key proteins in

the intracellular lipolytic process, being tightly regulated by neuroendocrine signals (reviewed in

[49]). Our results are in agreement with Lasa et al. [50], who reported that the mRNA level of

ATGL but not HSL, were increased following treatment of mature human and murine adipocytes

with 100 mM Res for 24h, which was accompanied by an increased FFA release [50]. Interestingly,

the mRNA of the dominant LD-covering protein PLIN-1 was not altered by the single constituents.

In line, a recent in-vitro study in human adipocytes also demonstrated that EPA alone had no

impact on PLIN-1 expression [51]. On the other hand, the combinations significantly suppressed

PLIN-1 mRNA in our human adipocyte model, suggesting interactions between bio-active

compounds which influence PLIN-1 expression. However, it needs to be investigated whether this

translates into functional changes in the lipolytic potential of the adipocytes.
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Together, the pronounced down-regulation of lipogenic (GLUT-4, LPL, FAS) and lipolytic genes

(PLIN-1) by the combination of bio-active compounds (EPA and Lyc with Res) cannot be justified

by additive effects of the single compounds, suggesting strong amplifying/synergistic interactions.

Therefore, combining bio-active constituents facilitates the interplay of different direct and

indirect transcriptional controlling mechanisms, which warrants further investigations.

Finally, we showed that the reduction in lipid accumulation following EPA/Res or Lyc/Res

treatment was accompanied by a diminished release of the pro-inflammatory cytokines IL-6 and

MCP-1. In line, a previous study, in different adipocyte models and in murine AT explants,

demonstrated that pre-incubation with the anti-inflammatory nutrient Lyc (24h, 2 mM) reduced the

secretion of the pro-inflammatory cytokines IL-6 and MCP-1 induced by tumour necrosis factor

(TNF)-alpha stimulation or HFD-feeding, respectively [52]. Additionally, a study with HFD-

induced obese rats showed that Lyc supplementation increased plasma adiponectin levels and

decreased the mRNA of MCP-1 and IL-6 in AT and their circulating protein levels [40]. Without

stimulation of the inflammatory pathways (this study), Lyc only suppressed the secretion of the

macrophage attracting chemokine MCP-1 [53] from human adipocytes. Furthermore, several

studies indicate that treatment of mature SGBS and 3T3-L1 adipocytes with Res (100 mM, 48 h)

[30, 54] and EPA (200 mM, 48 h) [55, 56], respectively, and supplementation of HFD-fed mice

with both bio-actives (Res, 10 weeks [42]; EPA, 5 or 11 weeks [55, 56]) can reduce the expression

and secretion of pro-inflammatory cytokines such as MCP-1, IL-6 and IL-8 in AT.

In addition, we observed a decrease of Adipo secretion with Res, EPA and the combinations.

However, several groups reported an increase of the anti-inflammatory and insulin sensitizing

adipokine adiponectin and a decrease of leptin expression and secretion after treatment of mature

3T3-L1- and SGBS-adipocytes with Res (up to 200 mM) or its metabolites for 24 or 48h,

respectively [30, 57]. Similarly, EPA treatment (100 mM, 24 or 48 h) was also able to increase

Adipo secretion from mature primary human adipocytes [26, 58]. Nevertheless, our findings are

in line with recent data from Lorente-Cebrian et al. [59], who reported that 200 mM EPA (96 h)

significantly decreased adiponectin gene expression and protein secretion in freshly isolated rat

adipocytes [59]. Furthermore, we noticed a strong attenuation of the angiogenic protein HGF by

the combination Lyc/Res. HGF is secreted from AT and its expression is elevated in the obese

state allowing for remodelling of AT when expanding [60] and exhibits anti-inflammatory

characteristics on the cross-talk between macrophages and adipocytes in mice [61].

Altogether our data suggest that treatment with dietary bio-actives during adipogenic

differentiation, alters the cyto-/adipokine release towards a less pro-inflammatory secretion
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profile, indicated by an attenuated IL-6 and MCP-1 release. The combinations EPA/Res and

Lyc/Res partially augmented the effects of the single compounds on the secretion of adiponectin,

IL-6, MCP-1 and HGF, supporting the concept of strong amplifying/synergistic interactions

between nutrients [62].

Conclusions

Here we show for the first time, that the combination of the dietary bio-actives Lyc and EPA with

Res might influence adipocyte function synergistically by affecting the balance between

adipogenic, lipogenic and lipolytic gene expression, resulting in a reduced lipid accumulation and

improved inflammatory profile. Our data suggest that applying combinations of bio-actives is a

more favourable approach to tackle AT dysfunction because anti-lipogenic and anti-inflammatory

effects can be magnified compared to the single dietary constituents [63-66]. Given that obesity is

recognized as a state of chronic ‘low-grade inflammation’ [10, 11], reducing the secretion of pro-

and stimulating anti-inflammatory adipokines with combinations of dietary bio-actives could

contribute to manage and treat obesity-related metabolic complications.
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Supplemental Tables and Methods

Supplemental Table S3.1: Relevant donor characteristics from used human pre-adipocytes
(HPAd)

Cells Lot # ID Age Gender BMI Number of
donors

Ethnic
group

Biopsy region

HPAd 1375 Donor 1 41 female n.g. 1 Caucasian abdominal,
subcutaneous

HPAd 1377 Donor 2 53 female n.g. 1 Caucasian abdominal,
subcutaneous

SL0035
(super lot)

0035 Donor
Pool

37- 57 female avg 27.9 5 n.g. Subcutaneous,
abdominal (3)
and gluteal (2)

n.g. not given

Supplemental Table S3.2: Altered Cellomics™ parameters for the analysis of HPAd (20x
objective)

Object Identification
Channel 1: Objects
Method: FixedThreshold

Channel 2: Spots
Method: TriangThreshold

Value: 125 Value: 0.499
Object Selection Parameter Min Max Min Max
Channel 1: Objects

ObjectAreaCh1: 50 10000

Channel 2: Spots

SpotAreaCh2: 3 10000
ObjectAvgIntenCh1: 0 4095 SpotAvgIntenCh2: 10 4095
ObjectTotalIntenCh1: 0 4411431044 SpotTotalIntenCh2: 500 4411431044
Assay Parameters

BackgroundCorrectionCh1: 140 BackgroundCorrectionCh2: 140
ObjectSegmentationCh1: 20 CircModifierCh2 127

SmoothFactorCh1: 5 RingDistanceCh2: -512
SmoothMethodCh1: 1 SpotDetectRadiusCh2: 5

RejectBorderObjectsCh1: 0 SpotSmoothFactorCh2: 1
PixelSize: 1.024 microns SpotSmoothMethodCh2: 1

Displayed values are pixel number. ThermoFisher Bioapplication applied: SpotDetector®
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Supplemental Table S3.3: Sequences of human primers and probes for adipocyte specific
genes used for quantitative RT-PCR
Gene name Forward Primer

Reverse Primer
Probe
(FAM conjugated)

Peroxisome proliferator activated
receptor gamma 1+2 (PPARγ 1+2)
NM_138712.3, NM_015869.4

5`TCAGAAATGCCTTGCAGTG`3
5`TTCTCGGCCTGTGGCATC`3

5`TGTCTCATAATGCCATCAGGTTTGGGC`3

CCAAT/enhancer binding protein
alpha (C/EBPα) NM_001287435.1

5`AAGAAGTCGGTGGACAAGAACAG`3
5`TGCGCACCGCGATGT`3

5`AACGAGTACCGGGTGCGGCG`3

Lipoprotein lipase (LPL)
NM_000237.2

5`CAGCAAAACCTTCATGGTGAT`3
5`CAAGTTTTGGCACCCAACTC`3

5`CATACATTCCTGTTACCGTCCAGCCA`3

Fatty acid synthase (FAS)
NM_004104.4

5`CACCTATGGCCTGCAGTGC`3
5`TGATGCAGTCGATGTAGTAGGCA`3

5`CCCGAGCTGCGCCCCTTG`3

Fatty acid binding protein 4 (FABP-
4) NM_001442.2

5`AAATGTGTGATGCTTTTGTAGGTACC`3
5`CCATGCCAGCCACTTTCC`3

5`ATGAAAGAAGTAGGAGTGGGCTTTGCCACC`
3

Glucose transporter 4 (GLUT-4)
NM_001042.2

5`CCGCTACCTCTACATCATCCAGA`3
5`CAGAAACATCGGCCCAGC`3

5`CCTGCCAGAAAGAGTCTGAAGCGCC`3

Adipose triglyceride lipase (ATGL)
NM_020376.3

5`CGAGAATGTCATTATATCCCACTTCA`3
5`TGAGCCCACAGTACACGGG`3

5`AAGGACGAGCTCATCCAGGCCAATG`3

Hormone sensitive lipase (HSL/
LIPE) NM_005357.3

5`CTGCATAAGGGATGCTTCTATC`3
5`CCTGTCTCGTTGCGTTTGTAGTA`3

5`CTGCCTGGGCTTCCAGTTCACGC`3

Perilipin 1 (PLIN-1)
NM_001145311.1

5`CCCCCTGAAAAGATTGCTTCT`3
5`GGAACGCTGATGCTGTTTCTG`3

5`CCATCTCTCCACCCGCCTCCGC`3

Endogenous control Forward Primer
Reverse Primer

Probe
(VIC conjugated)

18S rRNA
NR_003286.2

5`CGGCTACCACATCCAAGG`3
5`CGGGTCGGGAGTGGGT`3

5`TTGCGCGCCTGCTGCCT`3

Supplemental Method S3.4: Detailed Statistical Analysis

Statistical programming was performed with the statistical software R [1, version 3.0.2]. Additional

packages used for analysis were multcomp [2, version 1.3-6] and nlme [3, version 3.1-117].

Analysis of Array-Scan data
For standardisation purposes, each 24-well plate contained a Diff CTRL (triplicates) and all treatment

triplicates were calculated in % of the Diff CTRL average per plate.

All parameters were investigated for normality of distribution (visually and using the Shapiro Wilk test). A

log-transformation (base 10) was performed to correct for observed skewness of the distribution of the data.

Analysis then took place with a hierarchical linear mixed model. We included donor, treatment and donor-

treatment interaction as fixed effect and additionally allowed different variances per donor/treatment

stratum, since visual inspection showed that variance heterogeneity between strata had remained even after

log-transformation. To ensure that the assumptions of the used model were met we inspected goodness of

fit plots.

The hierarchy of the experiment was reflected by using nested random effects (replicate nested in plate

nested in passage number nested in experiment). Donor differences per treatment and overall and treatment

differences (vs. Diff CTRL) per donor and averaged across donors were tested. p-values were adjusted for

multiple comparisons for overall averages [2].
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Analysis of DDCT-values for gene expression data
mRNA abundance was calculated using the comparative CT method: DCT =  CT [gene of interest]  –  CT

[endogenous control] and DDCT = DCT [Diff CTRL cells] - DCT [treated cells]. DDCT values were calculated

using the Diff CTRL cells per plate to standardize the data points. A hierarchical linear mixed model was

used to estimate the mean DDCT across all experiments and donors. For this, we included treatment as fixed

effect and additionally allowed different variances per donor/treatment stratum, since visual inspection

showed variance heterogeneity between strata. The hierarchy of the experiment was reflected by using

nested random effects (replicate nested in well nested in plate nested in donor). The estimated mean DDCT

per treatment together with its estimated standard deviation were then used to calculate 2^(-DDCT) together

with its range (+/- error based on SEM). To ensure that the assumptions of the used model were met we

inspected goodness of fit plots.

Analysis for adipokines in supernatants
All parameters were investigated for normality of distribution (visually and by using the Shapiro Wilk test).

A log-transformation (base 10) was performed to correct for observed skewness of the distribution of the

data. Analysis then took place similar to before with a hierarchical linear mixed model. We included donor,

treatment and donor-treatment interaction as fixed effect and additionally allowed different variances per

donor/treatment stratum, since visual inspection showed that variance heterogeneity between strata had

remained even after log-transformation.

The hierarchy of the experiment was reflected by using nested random effects (replicate nested in well

nested in plate nested in experiment). Donor differences per treatment and overall and treatment differences

(vs. Diff CTRL) per donor and averaged across donors were tested. Univariate and adjusted p-values were

reported. To ensure that the assumptions of the used model were met we inspected goodness of fit plots.
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Supplemental Results

Supplemental Figure S3.1: Lipid droplet number, lipogenic gene expression markers and
adipokine secretion of adipocytes treated with different doses of bio-active compounds
Assessment of different doses of Lyc, Res and EPA alone and of the combinations EPA/Res and Lyc/Res on distinct adipocyte
parameters reflecting adipocyte function. Depicted are the effects on the number of lipid droplets (Lipid Droplets/Cell in % of Diff
CTRL; A-B), the expression of the lipogenic genes LPL and GLUT-4 (FC ± error compared to Diff CTRL set as 1; C-D) and the
secretion of the adipokines adiponectin and IL-6 (overall mean ± SEM; E-F) after 8 (C-F) or 14 (A-B) days treatment of HPAd
(donors ≥ 2, n ≥ 2). These data indicate that not all parameters follow a linear dose-response relationship. (*) p<0.05, (**) p<0.01,
(#) p<0.001 (versus Diff CTRL, linear mixed model).
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Supplemental Figure S3.2: Effects of bio-active compounds on lipogenic/lipolytic gene
expression markers and adipokine secretion in differentiated human adipocytes
Shown are the effects of the combinations EPA/Res and Lyc/Res on gene expression and adipokine secretion after 14 days
treatment of HPAd. mRNA levels of lipogenesis markers LPL (A), GLUT-4 (B) and FAS (C) and the lipolytic marker PLIN-1 (D)
were determined by quantitative RT-PCR and the accumulation of the adipokines adiponectin (E), IL-6 (F), MCP-1 (G) and PAI-1
(H) was measured in media after 5 days conditioning (day 10 – 14) on the LiquiChip® workstation. Data are shown as crude fold
change (FC) ± error (based on SEM, A-D) compared to Diff CTRL set as 1 and as overall mean ± SEM (E-H) for one experimental
series (all donors included: HPAd 1375, 1377 and super lot SL0035). (*) p<0.05, (**) p<0.01, (#) p<0.001 (versus Diff CTRL,
Student’s t-test).
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Abstract

Background: Combining dietary bio-active compounds is supposed to induce additive or synergistic

effects on cell metabolism including adipocyte function, thereby improving metabolic profiles. These

effects might depend on genetic and metabolic characteristics of the donor. Here we explored whether the

combination of (all-E)-lycopene (Lyc) and trans-resveratrol (Res) influences functional features of in-vitro

differentiated human multipotent adipose-derived stem (hMADS) cells from subcutaneous white adipose

tissue of lean and obese donors.

Methods: hMADS cells were in-vitro differentiated in the presence or absence of Lyc (2 mM) and Res

(25 mM) or their combination for 14 days. Subsequently, functional features of white adipocytes were

determined including: i) intracellular lipid droplet (LD) accumulation (by fluorescent microscopy), ii)

lipolytic capacity (by glycerol release), iii) adipocyte specific gene expression (via RT-PCR) and iv)

adipokine secretion (with Luminex® technology).

Results: The combination Lyc/Res showed a strong inhibitory effect on LD accumulation (~ -59%) in

differentiated hMADS cells independently of the donor’s characteristics. However, Res alone affected the

storage of LDs to a similar extent (~-53%) as the combination with Lyc. In addition, Res and Lyc/Res

blunted basal and beta-adrenergically stimulated lipolysis in differentiated hMADS cells by 72% and 50%,

and 64% and 48%, respectively. These functional changes were accompanied by a decreased expression of

the adipogenic (PPAR-gamma, CEBP-alpha), lipogenic (LPL, FABP-4, FAS, GLUT-4) and lipolytic genes

(ATGL, HSL, PLIN-1). Furthermore, Res and the combination decreased the IL-6 and adiponectin

secretion.

Conclusion: Collectively, our data suggest that mainly Res is the most potent bio-active compound which

acts on adipocytes. Under the differentiation conditions utilized it improved adipocyte function

independently of the donor’s characteristics (lean versus obese). Therefore, Res may be beneficial for the

prevention and treatment of metabolic disorders via amelioration of human white adipocyte function.
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Background

Adipose tissue (AT) is the major site for storing triacylglycerides (TAGs) in intracellular lipid

droplets (LDs). Hence, it is the metabolic hub for energy storage and release depending on calorie

in- and output. Adipocytes possess the enzymatic machinery necessary for the LDs life cycle,

including lipoprotein lipase (LPL), involved in extracellular lipid hydrolysis releasing fatty acids

(FA), which when taken up by the adipocytes are used to synthesize TAGs (lipogenesis). Contrary,

adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) initiate the hydrolysis of

intracellularly stored TAGs into free FAs and glycerol (lipolysis) [1]. Adipose LD turnover is

regulated by a strong interplay between adipogenic differentiation, lipogenesis, and lipolysis.

Consequently, AT dysfunction is characterized by an impaired adipogenesis, hypertrophic

adipocytes, local inflammation, and disturbed lipid and glucose metabolism [2, 3]. Dysfunctional

AT, rather than an increased fat mass per se, accompanies the highly prevalent condition obesity

[4], affects whole-body insulin sensitivity [5] and is associated with the development of type 2

diabetes mellitus (T2DM) [6, 7]. Thus, comprehensive elucidation of mechanisms provoking

and/or reducing AT dysfunction is the foundation for new treatment strategies to combat obesity-

associated metabolic diseases.

Human AT cell models rely on the ability that stromal cells of AT can be differentiated in-vitro

into multilocular adipocytes by stimulating the adipogenic transcriptional cascade (reviewed in

[8]). The stromal vascular fraction (SVF), containing immune cells, stem cells and pre-adipocytes

among other cells, actively contributes to the endocrine function of the AT organ [9]. AT of obese

individuals often contains more immune cells including macrophages [10], which is associated

with an increased secretion of pro-inflammatory cytokines and chemokines [11]. This local ‘low-

grade inflammation’ affects local adipocyte function, systemic inflammation, and insulin

sensitivity [12].

Diets dense in nutritional bio-actives may have beneficial clinical effects on metabolic processes,

among others by influencing adipocyte function. In recent years, numerous plant-derived

polyphenols and carotenoids, or their metabolites have been investigated for their impact on

adipocyte function in different murine models [13, 14, 15]. Several studies described beneficial

effects for the polyphenol resveratrol (Res) on obesity-associated metabolic disorders [16]. Among

these, studies using human pre-adipocyte cell lines have demonstrated that Res may be a potent

modulator of adipocyte function (for review see [17]) by altering adipokine secretion [18, 19]. On

the contrary, the carotenoid lycopene (Lyc) has been found to be an anti-inflammatory antioxidant,

but effects on human adipocyte function are rarely evaluated and remain to be further investigated

[20]. Recently, we have shown that combining trans-Res and (all-E)-Lyc improved adipocyte
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Background
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Chapter 4

98

function in differentiated primary human pre-adipocytes (HPAd) by reducing LD accumulation,

secretion of pro-inflammatory cytokines (IL-6 and MCP-1) and gene expression of lipogenic and

lipolytic markers such as GLUT-4, LPL and the LD-covering protein perilipin (PLIN)-1 [18].

However, human data regarding the effects of bio-active compounds and combinations thereof on

functional features of adipocytes are still scarce [21, 22, 23].

In the present study, we investigated whether the combination Lyc/Res influences adipocyte

function of in-vitro differentiated human multipotent adipose-derived stem (hMADS) cells, also

known as ASCs (adipose-derived stem cells). Since isolated hMADS cells appear to retain donor

characteristics [24], we examined whether hMADS cells derived from subcutaneous AT of age-

matched obese and lean donors and purchased human pre-adipocytes (HPAd) differently respond

to treatment with nutritional bio-actives. In-vitro adipocyte functional features were determined

including: i) intracellular lipid droplet accumulation (by fluorescent microscopy), ii) basal and

maximally beta-adrenergically stimulated lipolytic capacity (reflected by glycerol release), iii)

adipocyte specific gene expression (via RT-PCR) and iv) adipokine secretion (using Luminex®

technology).

Material and Methods

Donors
hMADS cells were isolated from individual abdominal subcutaneous white AT biopsies as

described elsewhere [25, 26]. Biopsies were collected from male subjects participating in a clinical

research study, which was approved by the Medical Ethical Committee of Jessa Hospital in

accordance with the Declaration of Helsinki (ClinicalTrial.gov accession number NCT02598544;

[27]). Clinical characteristics of lean and obese donors used for the present study are summarized

in Table 4.1. The lean group consisted of hMADS cells derived from 6 healthy donors [age 55+/-

2 years; BMI 23.2+/-0.4 kg/m2; glycated haemoglobin (HbA1c) 5.3+/-0.1 % (34+/-1 mmol/mol)].

The obese group included hMADS cells of 5 donors [age 55+/-4 years; BMI 37.8+/-0.96 kg/m2;

HbA1c 7.1+/-0.6 % (55+/-7 mmol/mol)]. Three of the obese donors were diabetic [HbA1c ≥ 6.5 %

(45 mmol/mol)].

Reagents and cell culture
All reagents and chemicals were purchased from Life Technologies (Karlsbad, CA, US) and from

Sigma-Aldrich (St. Louis, MO, US), respectively, if not otherwise stated.
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In addition, human pre-adipocytes (HPAd) from subcutaneous white AT of female subjects (age

43.2 years, BMI 27.9; further details see [18]) from Cell Application and from Zen-Bio (two multi-

donor vials) were tested. Cells were cultured and differentiated as described previously [18].

Table 4.1: Donors characteristics (hMADS cells of subcutaneous abdominal AT)
LEAN OBESE
(n = 6) (n = 5)

Age (years) 55.5 ± 2.3 55.0 ± 3.9
BMI (kg/m2) 23.2 ± 0.4 37.8 ** ± 1.0

W-H ratio 0.97 ± 0.02 1.05 * ± 0.02

LBM (kg) 57.6 ± 2.5 75.4 ** ± 2.1
Fat mass (kg) 17.3 ± 1.7 40.7 ** ± 2.2

Body fat % 23.1 ± 2.1 35.0 ** ± 1.6
Fasting glucose (mmol/L) 5.7 ± 0.2 8.7 ± 1.3
Fasting insulin (mU/L) 10.4 ± 2.2 22.4 * ± 2.7
Fasting triglycerides (mmol/L) 0.96 ± 0.14 1.14 ± 0.3
Fasting FFA (µmol/L) 424.8 ± 121.8 1097 * ± 122

HbA1C (%) 5.3 ± 0.1 7.1 * ± 0.6

HOMA-IR 2.7 ± 0.6 9.1 * ± 2.3

Values are means ± SEM, subcutaneous abdominal biopsies, Caucasian males; for the three diabetic-obese subjects the HOMA-
IR was 11.5 ± 3.4 and the fasting insulin and glucose were 26 ± 2.6 mU/L and 9.5 ± 2.2 mmol/L, respectively. BMI: body mass
index, circ.: circumference, FFA: free fatty acids, HbA1c: glycated haemoglobin, HOMA-IR: homeostatic model assessment –
insulin resistance, LBM: lean body mass, SEM: standard error of the mean, W-H: waist-hip. * p<0.05; ** p<0.001 compared with
lean control group.

Relevant adaptations of the protocol are briefly delineated. Growth medium (GM) was

supplemented with or without 2.5 ng/ml recombinant basic fibroblast growth factor (bFGF),

depending on the proliferation rate of the cells and was changed every 2-3 days. Cells were used

between passage 4 and 8. For experiments, 3000-6000 cells/cm2 were grown on 24-well cell

culture plates (Corning® Costar® TCT, one donor/plate) in GM until confluent. Cells were then

stimulated to differentiate with differentiation medium (DM). Therefore DMEM/Ham’s F-12 was

supplemented with 3% FCS, 17 mM calcium-pantothenate, 33 mM biotin, 0.1 mM human insulin,

1 mM dexamethasone (Dexa), 5 mM rosiglitazone and 250 mM isobutylmethylxanthine (IBMX),

during the first 7 days. To complete adipocyte differentiation cells were maintained another 7 days

(= 7/7-day protocol) in DM omitting rosiglitazone and IBMX (maintenance medium, MM).

Non-differentiation control (CTRL) and differentiation control (Diff CTRL) cells were cultured in

MM omitting Dexa and in DM/MM, respectively. For bio-actives treatment, media were

supplemented with single test compounds (Res, 25 mM and Lyc, 2 mM (DSM Nutritional Products

Ltd. Basel, Switzerland)) or a combination thereof for either the complete differentiation period
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(14 days) or 24 hours (day 14). Compound concentrations were based on dose-response

experiments as presented in our previous study [18]. Lyc was dissolved in tetrahydrofurane (THF),

Res in dimethylsulfoxide (DMSO) and controls and treatments were performed in triplicate or

quadruplicate. Final DMSO and THF concentrations were adjusted for all treatments and controls

to 0.2% and 0.1%, respectively. Media and test compounds were replaced every 2 to 3 days.

Measurement of lipid droplet accumulation in adipocytes
Cellular LDs were quantified using an ArrayScan® VTI HCS Reader (equipped with a LED light

source; ThermoFisher, Waltham, MA, US) by adapting our previously described high-content

Cellomics® assay [18] to the Colocalization® BioApplication V4. In brief, differentiated

adipocytes (day 14, quadruplicates/treatment) were fixed with 60% isopropanol or 3.7%

formaldehyde, stained with the fluorescent dyes Hoechst 33342 (final 4 µg/ml) and BODIPY®

493/503 (final 0.125 µg/ml) (Life Technologies) at RT for 30 min, followed by image acquisition.

Assay parameters are listed in Supplemental Table S4.1. For analysis 100 fields (objects) per well

were scanned and data of four channels were used to report results on a “per nuclei” basis. The

normalized LD features (number, area, and intensity) were calculated as percent of Diff CTRL per

plate. Nuclei count and PrestoBlue® cell viability reagent (ThermoFisher) were used to assess

cytotoxic effects of the compounds (day 14).

In-vitro lipolysis in differentiated hMADS cells
Differentiated hMADS adipocytes (14 days) were incubated in lipolysis medium (LM; DMEM

/Ham’s F-12 containing 3% bovine serum albumin (fatty acid–free), 1000 units/ml

penicillin/1000 mg/ml streptomycin, 0.25 mg/ml amphotericin B) supplemented with Res (25 μM),

Lyc (2 μM), Lyc/Res (2/25 μM) or only DMSO/THF (0.2%/0.1%, vehicle CTRL) overnight. Next

day, cells were treated with bio-actives in either the presence or absence of 1 μM isoprenaline

(ISO, a non-selective β-adrenergic agonist) for 5 hours. After the 5-hour incubation period,

aliquots of the supernatants were collected and analyzed in duplicates for glycerol concentrations

(EnzyChrom™ Adipolysis Assay Kit; CAT#EAPL-200; Gentaur). Treatments were performed in

triplicates and data are expressed as normalized mean glycerol release (µg/mg protein). For protein

quantification, cells were washed with ice-cold PBS, lysed in 40 μl RIPA

(radioimmunoprecipitation assay) buffer containing 1x protease and phosphatase inhibitor cocktail

(Cell Signaling Technology) and stored at −80°C prior to analysis. Protein measurements were

performed in duplicates using the Pierce® BCA protein assay kit (Santa Cruz Biotechnology).
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RNA extraction and quantification by RT-PCR (gene expression analysis)
Total RNA was collected and isolated at day 0, 7 and 14 of treatment (Figure 4.1A) using RNeasy®

96 Kits (Qiagen, Hilden, Germany). Primers and probes were designed and synthesised as

described previously [18]. Quantitative TaqManä real-time (RT) PCR was performed on first

strand cDNA (Omniscript® RT Kit; Qiagen) transcribed from 100-500 ng RNA [28] utilizing an

ABI-PRISMÒ 7900 HT Sequence Detection System. mRNA abundance was calculated using the

comparative CT method: DCT = CT [gene of interest] – CT [endogenous control] and DDCT = DCT

[Diff CTRL cells] - DCT [treated cells]. The fold change for the gene of interest was expressed as
TΔΔC2- .

Analysis of secreted proteins from treated adipocytes
Cell culture supernatants of differentiated adipocytes were collected, during and at the end of the

treatment period (Fig. 1A), pooled and stored at -80°C until further quantification. Therefore, 6-

plex Human Obesity Premixed kits (adiponectin/Acrp30, adipsin/complement factor D, IL-6,

MCP-1/CCL-2, PAI-1/Serpin E1 and TNF-alpha; Luminex® Performance Assay: Cat#FCST08-

06) were purchased from R&D Systems (Minneapolis, Minnesota, USA) and used according to

the Manufacture’s protocol on the LiquiChip Workstation IS 200 (Luminex technology; Qiagen,

Hilden, Germany). Pooled samples were measured in duplicates and final concentrations were

normalized by the average nucleus count over four wells. Data were evaluated with the LiquiChip

Analyser software from Qiagen.

Statistical analysis
Analyses were performed with the statistical software Minitab® 17.1.0 for Microsoft Windows.

For standardisation purposes of the ArrayScan® data over repetitive experiments each 24-well

plate contained a Diff CTRL (quadruplicates) and all treatment quadruplicates were calculated in

% of the Diff CTRL average (=100%) and averaged across technical replicates per plate (donor).

hMADS cells that did not differentiate properly (Window of LD number [Diff CTRL/CTRL] < 2)

were excluded from all analyses. Lipolysis data were normalized by protein content and are

expressed relative to the corresponding vehicle CTRL average (=100%) for each donor. Gene

expression data are expressed as fold change (FC) ± error (based on SEM) calculated from fitted

DDCT means, whereas statistical analysis was performed with the averaged DCT and DDCT values.

Cyto-/adipokine concentrations are shown as absolute crude mean ± SEM normalized by average

cell number. For all parameters, visually inspected data were investigated for normality of

distribution using the Ryan-Joiner (like Shapiro Wilk) and Kolmogorov-Smirnov test. A log-

transformation (base 10) was performed to correct for the skewness of distribution of the data. If

data were normally distributed, statistical significance of the mean differences between treatments
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was tested by analysis of variance (ANOVA) followed by Tukey’s post hoc test (pairwise

comparison adjusted for multiple testing). We included time point of experimental series (block),

group (lean, obese, purchased) and treatment as fixed factors. Not normally distributed log

transformed data were in addition analysed with the non-parametric Kruskal-Wallis test. The level

of statistical significance was set as 0.05.

Results

Overall means were calculated for all determined parameters because Diff CTRL cells of the

groups (lean, obese, purchased) and the treatment effects were not significantly different between

donor groups (Supplemental Figure S4.1). The treatments did not affect cell viability (>70%

compared to CTRL).

Res and combined treatment reduced lipid droplet accumulation in adipocytes
First, we investigated the chronic effects of bio-active compounds on LD accumulation in

differentiated human adipocytes (day 14, Figure 4.1A) by automated fluorescent microscopy.

Res alone (25 µM) significantly reduced the LD-number, -area and –intensity by 42%, 63% and

54%, respectively, compared to Diff CTRL (p<0.001), whereas Lyc alone (2 µM) did not affect

LD accumulation (Figure 4.1B). The combination Lyc/Res (2/25 µM) also reduced the adipocyte

lipid content compared to Diff CTRL (p<0.001), but this was not significantly different in

comparison to Res alone. Together, these data indicate that Res and Lyc/Res reduced LD

accumulation to a similar extend in human adipocytes (Figure 4.1B) and this seems independent

of donor characteristics (Supplemental Figure S4.1A).
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Figure 4.1: Lipid accumulation in differentiated human adipocytes treated in-vitro with
lycopene (Lyc) and resveratrol (Res)
Primary hMADS cells from lean (n=6) and obese (n=3) donors and purchased HPAd (n=4) were differentiated for 14 days in the
presence of Lyc and Res alone or the combination thereof. Experimental time line (A). Effects of Lyc (2 µM) and Res (25 µM) alone,
and the combination Lyc/Res (2/25 µM) on lipid droplet formation (B). Shown are three parameters (LD number, LD area and LD
intensity; normalized by nuclei number) that quantify lipid accumulation in adipocytes, as compared to differentiation-only medium
(Diff CTRL) set as 100%. Data are represented as overall mean±SEM (n≥13 donors, technical quadruplicates / treatment). CTRL:
control; Dexa: dexamethasone; Diff: differentiation; hMADS: human multipotent adipose-derived stem cells; HPAd: human pre-
adipocytes; Ins: insulin; LD: lipid droplet; Lyc: lycopene; Res: resveratrol; SEM: standard error of the mean. Statistical significance
was determined by ANOVA (General Linear Model with Tukey’s post hoc test - pairwise comparison adjusted for multiple testing).
* Bio-actives alone or in combination compared to Diff CTRL (*) p<0.05, (* *) p<0.001 / # Bio-active combination compared to Lyc
[2] (#) p<0.05, (# #) p<0.001 / + Bio-active combination compared to Res [25] (+) p<0.05, (+ +) p<0.001 / Ç Res [25] compared to
Lyc [2] (ç) p<0.05, (ç ç) p<0.001
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transformed data were in addition analysed with the non-parametric Kruskal-Wallis test. The level

of statistical significance was set as 0.05.

Results

Overall means were calculated for all determined parameters because Diff CTRL cells of the

groups (lean, obese, purchased) and the treatment effects were not significantly different between

donor groups (Supplemental Figure S4.1). The treatments did not affect cell viability (>70%

compared to CTRL).

Res and combined treatment reduced lipid droplet accumulation in adipocytes
First, we investigated the chronic effects of bio-active compounds on LD accumulation in

differentiated human adipocytes (day 14, Figure 4.1A) by automated fluorescent microscopy.

Res alone (25 µM) significantly reduced the LD-number, -area and –intensity by 42%, 63% and

54%, respectively, compared to Diff CTRL (p<0.001), whereas Lyc alone (2 µM) did not affect

LD accumulation (Figure 4.1B). The combination Lyc/Res (2/25 µM) also reduced the adipocyte

lipid content compared to Diff CTRL (p<0.001), but this was not significantly different in

comparison to Res alone. Together, these data indicate that Res and Lyc/Res reduced LD

accumulation to a similar extend in human adipocytes (Figure 4.1B) and this seems independent

of donor characteristics (Supplemental Figure S4.1A).
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Figure 4.1: Lipid accumulation in differentiated human adipocytes treated in-vitro with
lycopene (Lyc) and resveratrol (Res)
Primary hMADS cells from lean (n=6) and obese (n=3) donors and purchased HPAd (n=4) were differentiated for 14 days in the
presence of Lyc and Res alone or the combination thereof. Experimental time line (A). Effects of Lyc (2 µM) and Res (25 µM) alone,
and the combination Lyc/Res (2/25 µM) on lipid droplet formation (B). Shown are three parameters (LD number, LD area and LD
intensity; normalized by nuclei number) that quantify lipid accumulation in adipocytes, as compared to differentiation-only medium
(Diff CTRL) set as 100%. Data are represented as overall mean±SEM (n≥13 donors, technical quadruplicates / treatment). CTRL:
control; Dexa: dexamethasone; Diff: differentiation; hMADS: human multipotent adipose-derived stem cells; HPAd: human pre-
adipocytes; Ins: insulin; LD: lipid droplet; Lyc: lycopene; Res: resveratrol; SEM: standard error of the mean. Statistical significance
was determined by ANOVA (General Linear Model with Tukey’s post hoc test - pairwise comparison adjusted for multiple testing).
* Bio-actives alone or in combination compared to Diff CTRL (*) p<0.05, (* *) p<0.001 / # Bio-active combination compared to Lyc
[2] (#) p<0.05, (# #) p<0.001 / + Bio-active combination compared to Res [25] (+) p<0.05, (+ +) p<0.001 / Ç Res [25] compared to
Lyc [2] (ç) p<0.05, (ç ç) p<0.001
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Attenuated lipolysis after treatment of adipocytes with bio-actives
In order to understand how dietary bio-actives might influence LD accumulation in human

adipocytes, we measured the acute effect on basal and ISO-mediated lipolysis in 14-day

differentiated hMADS cells. Res strongly inhibited basal (by 72%, Figure 4.2A) and maximal ISO-

mediated lipolysis (by 50%, Figure 4.2B) after the 5-hour treatment compared to vehicle CTRL

(p<0.05) and Lyc treatment (p<0.001). Release of glycerol was also significantly reduced by the

combination Lyc/Res, under basal (by 64%) and ISO-mediated conditions (by 48%, Figure 4.2,

p<0.05), but was not significantly different from Res alone. However, Lyc alone did not affect

lipolysis in these adipocytes. There was no difference in basal and maximal ISO-mediated lipolysis

(fold change: ISO-stimulated over basal) between the lean and obese group (data not shown).

Overall, these findings indicate that the reduction in basal and beta-adrenergic stimulated lipolytic

response was mainly mediated by Res.

Combining Res and Lyc reduced gene expression of adipocyte markers
To evaluate the ability of Lyc and Res to regulate transcriptional control of genes underlying the

decreased LD accumulation and blunted lipolysis, a detailed analysis of adipogenic, lipogenic or

lipolytic gene expression was conducted at day 14 of differentiation. Lyc alone (2 µM) did not

influence adipogenic, lipogenic or lipolytic gene expression (Figure 4.3A-D). However, Res

(25 µM) and the combination Lyc/Res (2/25 µM) attenuated the expression of the adipogenic

master regulators PPAR-gamma and C/EBP-alpha up to 0.36-fold and 0.26-fold (p<0.05),

respectively (Figure 4.3A).

mRNA levels of the lipogenic genes FAS (fatty acid synthase), GLUT-4 (glucose transporter type

4/SLC2A4, (0.01-fold, p<0.001)), FABP-4 (cytosolic fatty acid binding protein 4) and LPL

(lipoprotein lipase) were also significantly reduced by Res alone and the combination compared

to Diff CTRL (Figure 4.3B+C). In line with the decreased lipolytic response, Res and Lyc/Res

strongly blunted the mRNA expression of HSL (<0.05-fold, Figure 4.3D) compared to Lyc

(p<0.001). The mRNA levels of ATGL and PLIN-1 (Figure 4.3D) were also significantly reduced

by Res and Lyc/Res (p<0.05). However, combining the two bio-active compounds did not lead to

a considerably larger reduction in gene expression than by Res alone (p>0.26). These data

corroborate that the modulation of the adipogenic, lipogenic and lipolytic gene expression in

differentiated HPAds and hMADS cells (Supplemental Figure S4.2C-F) is mainly ascribable to

Res and seems unaffected by the metabolic characteristics of the donor (Supplemental Figure

S4.1C-D).
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Figure 4.2: Decreased lipolysis in differentiated human adipocytes after in-vitro treatment
with Lyc and Res
Glycerol release (µg/mg protein) was determined in 14 days differentiated hMADS cells under basal conditions (per 5 h
incubation with bio-actives) (A) and ISO-mediated conditions (5 h incubation with bio-actives in the presence of ISO (10-6 M))
(B). Cells were incubated with 2 μM Lyc, 25 μM Res or the combination thereof (2/25 μM Lyc/Res) for 18 h prior to the
experiment. Data were normalized by protein amount, and results are expressed as means±SEM (n=6; 3x lean and 3x obese
donors, technical triplicates / treatment). Vehicle: DMSO/THF (0.2%/0.1%); CTRL: control; hMADS: human multipotent adipose-
derived stem cells; Lyc: lycopene; Res: resveratrol; SEM: standard error of the mean; ISO: isoprenaline. Statistical significance
was determined by ANOVA (General Linear Model with Tukey’s post hoc test - pairwise comparison adjusted for multiple testing).
* Bio-actives alone or in combination compared to vehicle CTRL (*) p<0.05, (* *) p<0.001 / # Bio-active combination compared
to Lyc [2] (#) p<0.05, (# #) p<0.001 / + Bio-active combination compared to Res [25] (+) p<0.05, (+ +) p<0.001 / Ç Res [25]
compared to Lyc [2] (ç) p<0.05, (ç ç) p<0.001

0
20
40
60
80

100
120
140
160

vehicle CTRL Lyc [2] Res [25] Lyc/Res [2/25]Gl
yc

er
ol

re
lea

se
(m

icr
og

/m
g

pr
ot

ein
)

[%
of

ve
hi

cle
CT

RL
]

Concentration [microM]

0
20
40
60
80

100
120
140
160

ISO+ vehicle
CTRL

ISO + Lyc [2] ISO + Res [25] ISO + Lyc/Res
[2/25]

Gl
yc

er
ol

re
lea

se
(m

icr
og

/m
g

pr
ot

ein
)

[%
of

ve
hi

cle
CT

RL
]

Concentration [microM]

ç ç # #

ç ç #

*

* *



Chapter 4

104

Attenuated lipolysis after treatment of adipocytes with bio-actives
In order to understand how dietary bio-actives might influence LD accumulation in human

adipocytes, we measured the acute effect on basal and ISO-mediated lipolysis in 14-day

differentiated hMADS cells. Res strongly inhibited basal (by 72%, Figure 4.2A) and maximal ISO-

mediated lipolysis (by 50%, Figure 4.2B) after the 5-hour treatment compared to vehicle CTRL

(p<0.05) and Lyc treatment (p<0.001). Release of glycerol was also significantly reduced by the

combination Lyc/Res, under basal (by 64%) and ISO-mediated conditions (by 48%, Figure 4.2,

p<0.05), but was not significantly different from Res alone. However, Lyc alone did not affect

lipolysis in these adipocytes. There was no difference in basal and maximal ISO-mediated lipolysis

(fold change: ISO-stimulated over basal) between the lean and obese group (data not shown).

Overall, these findings indicate that the reduction in basal and beta-adrenergic stimulated lipolytic

response was mainly mediated by Res.

Combining Res and Lyc reduced gene expression of adipocyte markers
To evaluate the ability of Lyc and Res to regulate transcriptional control of genes underlying the

decreased LD accumulation and blunted lipolysis, a detailed analysis of adipogenic, lipogenic or

lipolytic gene expression was conducted at day 14 of differentiation. Lyc alone (2 µM) did not

influence adipogenic, lipogenic or lipolytic gene expression (Figure 4.3A-D). However, Res

(25 µM) and the combination Lyc/Res (2/25 µM) attenuated the expression of the adipogenic

master regulators PPAR-gamma and C/EBP-alpha up to 0.36-fold and 0.26-fold (p<0.05),

respectively (Figure 4.3A).

mRNA levels of the lipogenic genes FAS (fatty acid synthase), GLUT-4 (glucose transporter type

4/SLC2A4, (0.01-fold, p<0.001)), FABP-4 (cytosolic fatty acid binding protein 4) and LPL

(lipoprotein lipase) were also significantly reduced by Res alone and the combination compared

to Diff CTRL (Figure 4.3B+C). In line with the decreased lipolytic response, Res and Lyc/Res

strongly blunted the mRNA expression of HSL (<0.05-fold, Figure 4.3D) compared to Lyc

(p<0.001). The mRNA levels of ATGL and PLIN-1 (Figure 4.3D) were also significantly reduced

by Res and Lyc/Res (p<0.05). However, combining the two bio-active compounds did not lead to

a considerably larger reduction in gene expression than by Res alone (p>0.26). These data

corroborate that the modulation of the adipogenic, lipogenic and lipolytic gene expression in

differentiated HPAds and hMADS cells (Supplemental Figure S4.2C-F) is mainly ascribable to

Res and seems unaffected by the metabolic characteristics of the donor (Supplemental Figure

S4.1C-D).
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Figure 4.2: Decreased lipolysis in differentiated human adipocytes after in-vitro treatment
with Lyc and Res
Glycerol release (µg/mg protein) was determined in 14 days differentiated hMADS cells under basal conditions (per 5 h
incubation with bio-actives) (A) and ISO-mediated conditions (5 h incubation with bio-actives in the presence of ISO (10-6 M))
(B). Cells were incubated with 2 μM Lyc, 25 μM Res or the combination thereof (2/25 μM Lyc/Res) for 18 h prior to the
experiment. Data were normalized by protein amount, and results are expressed as means±SEM (n=6; 3x lean and 3x obese
donors, technical triplicates / treatment). Vehicle: DMSO/THF (0.2%/0.1%); CTRL: control; hMADS: human multipotent adipose-
derived stem cells; Lyc: lycopene; Res: resveratrol; SEM: standard error of the mean; ISO: isoprenaline. Statistical significance
was determined by ANOVA (General Linear Model with Tukey’s post hoc test - pairwise comparison adjusted for multiple testing).
* Bio-actives alone or in combination compared to vehicle CTRL (*) p<0.05, (* *) p<0.001 / # Bio-active combination compared
to Lyc [2] (#) p<0.05, (# #) p<0.001 / + Bio-active combination compared to Res [25] (+) p<0.05, (+ +) p<0.001 / Ç Res [25]
compared to Lyc [2] (ç) p<0.05, (ç ç) p<0.001
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Figure 4.3: Adipogenic and lipogenic gene expression of human adipocytes treated in-vitro
with Lyc and Res
Primary hMADS cells from lean (n=6) and obese (n=4) donors and purchased HPAd (n=4) were differentiated for 14 days in the
presence of Lyc and Res alone or the combination thereof. The effect on gene expression was determined by quantitative RT-PCR
at day 14, including the mRNA levels of adipogenic transcription factors PPAR-gamma and C/EBP-alpha (A), lipogenesis markers
LPL, FABP-4 (B), GLUT-4 and FAS (C) and lipolysis associated proteins PLIN-1, HSL and ATGL (D). Data are expressed as FC±error
(based on SEM) over Diff CTRL (Diff CTRL set as 1, not shown; n≥13 donors, technical quadruplicates / treatment). CTRL: control;
Diff: differentiation; FC: fold change; hMADS: human multipotent adipose-derived stem cells; Lyc: lycopene; Res: resveratrol; SEM:
standard error of the mean. Genes: ATGL: Adipose triglyceride lipase; C/EBP-alpha: CCAAT/enhancer binding protein alpha; FABP-
4: Fatty acid binding protein 4, FAS: Fatty acid synthase, GLUT-4: Glucose transporter 4; HSL: Hormone sensitive lipase; LPL:
lipoprotein lipase; PLIN-1: Perilipin 1; PPAR-gamma: peroxisome proliferator-activated receptor gamma. Statistical significance was
determined by ANOVA (General Linear Model with Tukey’s post hoc test - pairwise comparison adjusted for multiple testing).
* Bio-actives alone or in combination compared to Diff CTRL (*) p<0.05, (**) p<0.001 / # Bio-active combination compared to Lyc [2]
(#) p<0.05, (# #) p<0.001 / + Bio-active combination compared to Res [25] (+) p<0.05, (+ +) p<0.001 / Ç Res [25] compared to Lyc
[2] (ç) p<0.05, (ç ç) p<0.001
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Lyc/Res decreased pro-inflammatory secretion of differentiated adipocytes
Finally, we determined the effects of dietary bio-actives on cyto-/adipokine secretion in in-vitro

differentiated HPAd and hMADS adipocytes. After the 14-day treatment, Res alone and Lyc/Res

significantly reduced adiponectin concentration (~80%) in the supernatants compared to Diff

CTRL (Table 4.2, p<0.001). Concomitantly, Res and Lyc/Res reduced the level of IL-6 by ~55%

(p<0.05). The concentrations of MCP-1, TNF-alpha, PAI-1 and adipsin were not affected by any

treatment (Table 4.2). A similar reduction in adiponectin and IL-6 concentrations was observed on

day 2, 7, and 9 of differentiation (data not shown). Together, our data indicate that Res seems to

be the effective bio-active that attenuates the secretion of the pro-inflammatory IL-6, and

simultaneously suppressed the anti-inflammatory and insulin-sensitizing adiponectin.

Table 4.2: Decreased adipokine secretion in supernatants of differentiated primary
adipocytes treated in-vitro with Lyc and Res for 14 days

Treatment
[microM]

Diff CTRL Lyc [2] Res [25] Lyc/Res [2/25] Tukey’s post hoc
Tests *

Adipokine Mean SEM Mean SEM p # Mean SEM p # Mean SEM p #
Lyc/
Res -
Lyc

Res -
Lyc

Res -
Lyc/
Res

Adiponectin 234647 27272 221810 26763 0.99 44731 26763 0.00 42848 27272 0.00 0.00 0.00 1.00
Adipsin 230262 37827 207649 37124 0.97 189982 37124 0.87 199675 37124 0.94 0.99 0.99 0.99
IL-6 3139 401 1940 401 0.15 1336 401 0.01 1467 409 0.02 0.84 0.04 0.99
MCP-1 2963 389 3038 389 0.99 2900 389 0.99 3124 389 0.99 0.99 0.99 0.98
PAI-1 173140 39462 199161 38729 0.97 209965 38729 0.91 246192 38729 0.55 0.82 0.99 0.91
TNF-alpha 462 96 434 95 0.98 570 94 0.85 587 96 0.78 0.66 0.74 0.99

By cell number normalized values shown for three independent experimental series as overall mean ± SEM (n = 14). Diff CTRL:
Differentiation control; Lyc: lycopene; Res: resveratrol; SEM: standard error of the mean. p # - p-value compared to Diff CTRL, *
Adjusted p-value (ANOVA - General Linear Model with Tukey’s post hoc test, simultaneous tests for differences of means)

Discussion

Healthy adipocytes display functional features, which are essential for the physiological role of

adipose tissue as a lipid storing and active endocrine organ. In the present study, we investigated

whether the two regularly consumed bio-actives Res and Lyc, or both components combined,

influence adipocyte function of in-vitro differentiated human adipocytes. Res and its combination

with Lyc (Lyc/Res) demonstrated a significant reduction in intracellular LD accumulation,

unaffected by the metabolic characteristics of the donor. This reduced LD accumulation was

accompanied by a suppressed basal and beta-adrenergically mediated lipolysis, decreased

expression of adipogenic, lipogenic and lipolytic markers, and an attenuated secretion of the pro-

inflammatory cytokine IL-6 and the adipocyte-specific-hormone adiponectin. Overall, our data
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Figure 4.3: Adipogenic and lipogenic gene expression of human adipocytes treated in-vitro
with Lyc and Res
Primary hMADS cells from lean (n=6) and obese (n=4) donors and purchased HPAd (n=4) were differentiated for 14 days in the
presence of Lyc and Res alone or the combination thereof. The effect on gene expression was determined by quantitative RT-PCR
at day 14, including the mRNA levels of adipogenic transcription factors PPAR-gamma and C/EBP-alpha (A), lipogenesis markers
LPL, FABP-4 (B), GLUT-4 and FAS (C) and lipolysis associated proteins PLIN-1, HSL and ATGL (D). Data are expressed as FC±error
(based on SEM) over Diff CTRL (Diff CTRL set as 1, not shown; n≥13 donors, technical quadruplicates / treatment). CTRL: control;
Diff: differentiation; FC: fold change; hMADS: human multipotent adipose-derived stem cells; Lyc: lycopene; Res: resveratrol; SEM:
standard error of the mean. Genes: ATGL: Adipose triglyceride lipase; C/EBP-alpha: CCAAT/enhancer binding protein alpha; FABP-
4: Fatty acid binding protein 4, FAS: Fatty acid synthase, GLUT-4: Glucose transporter 4; HSL: Hormone sensitive lipase; LPL:
lipoprotein lipase; PLIN-1: Perilipin 1; PPAR-gamma: peroxisome proliferator-activated receptor gamma. Statistical significance was
determined by ANOVA (General Linear Model with Tukey’s post hoc test - pairwise comparison adjusted for multiple testing).
* Bio-actives alone or in combination compared to Diff CTRL (*) p<0.05, (**) p<0.001 / # Bio-active combination compared to Lyc [2]
(#) p<0.05, (# #) p<0.001 / + Bio-active combination compared to Res [25] (+) p<0.05, (+ +) p<0.001 / Ç Res [25] compared to Lyc
[2] (ç) p<0.05, (ç ç) p<0.001
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Lyc/Res decreased pro-inflammatory secretion of differentiated adipocytes
Finally, we determined the effects of dietary bio-actives on cyto-/adipokine secretion in in-vitro

differentiated HPAd and hMADS adipocytes. After the 14-day treatment, Res alone and Lyc/Res

significantly reduced adiponectin concentration (~80%) in the supernatants compared to Diff

CTRL (Table 4.2, p<0.001). Concomitantly, Res and Lyc/Res reduced the level of IL-6 by ~55%

(p<0.05). The concentrations of MCP-1, TNF-alpha, PAI-1 and adipsin were not affected by any

treatment (Table 4.2). A similar reduction in adiponectin and IL-6 concentrations was observed on

day 2, 7, and 9 of differentiation (data not shown). Together, our data indicate that Res seems to

be the effective bio-active that attenuates the secretion of the pro-inflammatory IL-6, and

simultaneously suppressed the anti-inflammatory and insulin-sensitizing adiponectin.

Table 4.2: Decreased adipokine secretion in supernatants of differentiated primary
adipocytes treated in-vitro with Lyc and Res for 14 days

Treatment
[microM]

Diff CTRL Lyc [2] Res [25] Lyc/Res [2/25] Tukey’s post hoc
Tests *

Adipokine Mean SEM Mean SEM p # Mean SEM p # Mean SEM p #
Lyc/
Res -
Lyc

Res -
Lyc

Res -
Lyc/
Res

Adiponectin 234647 27272 221810 26763 0.99 44731 26763 0.00 42848 27272 0.00 0.00 0.00 1.00
Adipsin 230262 37827 207649 37124 0.97 189982 37124 0.87 199675 37124 0.94 0.99 0.99 0.99
IL-6 3139 401 1940 401 0.15 1336 401 0.01 1467 409 0.02 0.84 0.04 0.99
MCP-1 2963 389 3038 389 0.99 2900 389 0.99 3124 389 0.99 0.99 0.99 0.98
PAI-1 173140 39462 199161 38729 0.97 209965 38729 0.91 246192 38729 0.55 0.82 0.99 0.91
TNF-alpha 462 96 434 95 0.98 570 94 0.85 587 96 0.78 0.66 0.74 0.99

By cell number normalized values shown for three independent experimental series as overall mean ± SEM (n = 14). Diff CTRL:
Differentiation control; Lyc: lycopene; Res: resveratrol; SEM: standard error of the mean. p # - p-value compared to Diff CTRL, *
Adjusted p-value (ANOVA - General Linear Model with Tukey’s post hoc test, simultaneous tests for differences of means)

Discussion

Healthy adipocytes display functional features, which are essential for the physiological role of

adipose tissue as a lipid storing and active endocrine organ. In the present study, we investigated

whether the two regularly consumed bio-actives Res and Lyc, or both components combined,

influence adipocyte function of in-vitro differentiated human adipocytes. Res and its combination

with Lyc (Lyc/Res) demonstrated a significant reduction in intracellular LD accumulation,

unaffected by the metabolic characteristics of the donor. This reduced LD accumulation was

accompanied by a suppressed basal and beta-adrenergically mediated lipolysis, decreased

expression of adipogenic, lipogenic and lipolytic markers, and an attenuated secretion of the pro-

inflammatory cytokine IL-6 and the adipocyte-specific-hormone adiponectin. Overall, our data
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clearly indicate that Res is the main driver for these improved functional features of white

adipocytes under the utilized differentiation conditions, independent of donor characteristics.

It is well known, that bio-active compounds contained in diets can influence adipogenesis and

adipocyte function [15, 16, 29]. In our study, Res (25 µM) alone and Lyc/Res (2/25 µM) treatment

showed significant effects on the LD accumulation in differentiated human adipocytes derived

from white AT (Figure 4.1B). This is in line with the general reported findings of in-vitro and

animal studies, which suggest that Res suppresses lipid storage and adipogenesis in rodent

adipocytes [30, 31, 32]. In human Simpson-Golabi-Behmel syndrome (SGBS) adipocytes,

previous studies reported anti-adipogenic and anti-lipogenic effects of Res for

concentrations >30 µM [33, 34]. In contrast, enhancing effects on murine 3T3-L1 cells

differentiation were also described for Res at low doses (1-10 µM) [35]. However, in our recent

study LD accumulation was unaffected in primary HPAd by 25 µM Res [18]. The current

observation implies that Res at 25 µM seems only anti-adipogenic when the PPAR-gamma agonist

rosiglitazone is not contained in the adipogenic cocktail for the complete 14-day differentiation

period. This suggests an interaction between the polyphenol Res and this insulin-sensitizing PPAR-

gamma agonist, corroborating our previous hypothesis that 25 µM Res is insufficient to counteract

the adipogenic effects of 100 µM rosiglitazone when constantly present in the culturing

environment [18]. Furthermore, in the present study, Res reduced the mRNA levels of both master

regulators of adipogenesis, PPAR-gamma and C/EBP-alpha, in differentiated human adipocytes.

This is in accordance with the reported down-regulation of PPAR-gamma, C/EBP-alpha and other

lipogenic markers in 3T3-L1 [36] and SGBS adipocytes [33] at concentrations ≥20 µM and the

accompanying reduction of lipid accumulation in these cells and in fat pads of mice after a 10-

week high fat diet (HFD) supplemented with 0.4% Res [37]. In addition, GLUT-4, LPL, FAS and

FABP-4, all markers of lipogenesis, were significantly down-regulated by Res and Lyc/Res (Fig.

4.3), which reflects previously reported data for Lyc/Res in maturing adipocytes but not for Res

alone [18]. These discrepant effects of Res on e.g. PPAR-gamma, LPL and FABP-4 mRNA levels

could partly be explained by the absence of rosiglitazone in the maintenance medium, as already

indicated above. In this respect, in 3T3-L1 and SGBS adipocytes reduced mRNA levels of GLUT-

4 [38], FAS [33] and FABP-4 [35] were also shown after Res (>20-50 µM) treatment. Together,

the substantial down-regulation of the adipogenic and lipogenic gene expression and the

comparable reduction in LDs by Res and Lyc/Res are indications that Res is the main driver for

the reduction in adipogenic differentiation.

Human clinical trials with Res supplementation are scarce and showed controversial results

regarding its effects on adipocyte size, AT function and inflammation [39-41]. However, it has

Effects of resveratrol and lycopene on human white adipocytes

109

been argued that Res is beneficial with respect to improving insulin sensitivity and overall

metabolic health in subjects with T2DM [42, 43]. Conversely, recent data by Timmers et al. [44]

and Most et al. [45] demonstrated no insulin-sensitizing effect of Res or Res in combination with

epigallocatechin-3-gallate (EGCG) in T2DM and overweight-obese subjects, respectively, but

Timmers et al. reported a substantial interaction between metformin (glucose-lowering

medication) intake and Res metabolism [44]. Overall, the current in-vitro results and recent human

data support the hypothesis of an interaction between drugs ameliorating the glucose homeostasis

and the PPAR-targeting polyphenol, which needs to be investigated further.

The balance between adipogenesis, lipogenesis and lipolysis largely determines total lipid storage

in human adipocytes. Lipolysis leads to a release of glycerol and free FAs from TAGs, and can be

stimulated by several lipolytic agents such as isoprenaline, a non-selective beta-adrenoceptor

agonist. The treatment with Res and Lyc/Res blunted basal and ISO-mediated lipolysis (Figure

4.2). However, for Res contradictory effects on adipocyte lipolysis have been reported for in-vitro

and ex-vivo studies [46-50]. Most of these recent studies described either no effect on basal

glycerol release [47, 50] or an increase of basal lipolytic activity [34, 48, 49] by Res, using varying

concentrations (0.03 µM - 1 mM), cell models (isolated rat, piglet and human white adipocytes,

mature SGBS and 3T3-L1 fat cells) and incubation times (1.5 - 48 h). In human primary [47],

SGBS and murine 3T3-L1 adipocytes [49], an enhancement of ISO-stimulated lipolysis was

described when treated with 10 or 100 µM Res for 4 or 24 h, respectively. A similar effect of Res

(100 µM) was also reported for epinephrine-stimulated lipolysis in rat adipocytes [50]. Our

observations regarding the suppression of the basal and ISO-mediated glycerol release by Res

(25 µM) are in line with the findings from Chang et al. [46], who reported that Res at lower

concentrations (0.03-10 µM, 24 h) blunted basal and TNF-alpha-stimulated glycerol release in

murine 3T3-L1 adipocytes. To our knowledge, for Lyc no effects on adipocyte lipolysis are

described, which was confirmed in the current study because Lyc alone or combining Lyc with

Res did not modify the anti-lipolytic effect of Res alone. In contrast to previous reports [35, 48],

we show that chronic treatment with Res and Lyc/Res during the differentiation significantly

reduced the gene expression of the lipolytic markers ATGL and PLIN-1. In the study by Lasa et

al. treatment of mature human SGBS and murine adipocytes with Res (100 µM, 24 h) [49] showed

no effect on HSL gene expression, which was highly suppressed in our human adipocytes after 14

days treatment. However, it needs to be corroborated whether these gene expression changes in

adipocytes translate into functional changes in lipolysis. Supplementing Res can have beneficial

health effects in overweight and obese subjects, as partial inhibition of adipocyte lipolysis (HSL)

could minimize lipid overflow and ectopic lipid accumulation in other tissues and thereby
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clearly indicate that Res is the main driver for these improved functional features of white
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preventing the development of insulin resistance [17, 51]. It is noteworthy to mention that human

clinical trials testing Res (30 days, 150 mg/d) [40, 52] or a combination of Res and EGCG (12

weeks, 80 and 282 mg/d) [45] have reported positive influences on certain AT functions and

metabolic health in overweight-obese subjects.

Lyc is one of the most abundant carotenoid in plasma and is well studied for its anti-oxidative and

anti-inflammatory effects in humans [53, 54]. Our results suggest that Lyc (2 mM) alone did not

exhibit anti-lipogenic or anti-inflammatory effects in differentiated human adipocytes (Figure

4.1B). Contrary, moderate inhibitory effects were previously described by our lab in murine [28]

and human adipocytes [18], which could partly be explained by the use of an alternative

differentiation protocol. However, Lyc or its metabolite apo-10’-lycopenoic acid (APO10LA) did

not modulate adipogenesis in 3T3-L1 adipocytes [55] or AT mass in 6 weeks supplemented rats

[56], either. Furthermore, some controversial results exist regarding Lyc’s impact on adipose gene

expression. In accordance with our reported human adipocyte data, Lyc treatment did not affect

adipogenic genes [55] but it moderately increased GLUT-4 and LPL mRNA expression,

accompanied by a decreased lipid deposition, in murine adipocytes [28], and decreased PPAR-

gamma mRNA in AT of rats without changes in total fat mass after 6 weeks Lyc administration

[57]. Surprisingly, the anti-inflammatory Lyc did not affect the cyto-/adipokine secretion in this

human adipocyte model. This is contrary to previous studies from our and other labs, which

reported a reduced secretion of the pro-inflammatory cytokine IL-6 and the macrophage attracting

chemokine MCP-1 by Lyc treatment (24 h, 2 mM) in murine and human adipocytes [58, 59]. In

HFD-induced obese rats, Lyc supplementation showed increased adiponectin levels and decreased

MCP-1 and IL-6 protein and mRNA levels in AT [56]. Nevertheless, our data show a marked

reduction in LD accumulation and pro-inflammatory IL-6 by the combination Lyc/Res, suggesting

that Res is the major driver of these anti-lipogenic and anti-inflammatory effects. This is in

agreement with several studies, which indicate that treatment of mature SGBS adipocytes

(100 µM, 48 h) [19, 34], human AT explants (50 µM, 24 h) [60] and of HFD-fed mice with Res

(10 weeks) [37] can reduce the secretion of the pro-inflammatory cytokine IL-6 besides MCP-1

and IL-8.

The in-vitro observed decrease of adiponectin secretion with Res and Lyc/Res in human

adipocytes is striking. Other groups reported that the secretion of this anti-inflammatory and

insulin sensitizing adipocyte-specific hormone was increased when treating human SGBS

adipocytes [34] and interleukin challenged primary adipocytes or AT explants [60] shortly (24 or

48 h) with Res (up to 100 µM). We hypothesize that long-term exposure (14 days) with Res mainly

inhibits the differentiation of adipocyte progenitor cells, and thus keeps adiponectin secretion

Effects of resveratrol and lycopene on human white adipocytes

111

levels close to the ones of undifferentiated progenitor cells. Further investigations are warranted

to elucidate the mechanism underlying this observation. Altogether, these findings indicate that

treatment with dietary bio-actives can alter the cyto-/adipokine release of adipocytes towards a

less pro-inflammatory secretion profile.

In conclusion, this study corroborates that Res is the key driver of the improved functional features

in differentiated human adipocytes independent of donor characteristics. Res modulated the

balance between adipogenic, lipogenic and lipolytic gene expression, which resulted in a

diminished LD accumulation, blunted basal and ISO-stimulated lipolysis and a reduced pro-

inflammatory secretion profile. However, using combinations of bio-actives is indicated to be

more effective in correcting AT dysfunction [21, 22, 61], by targeting partly distinct pathways.

Moreover, supplementing Res together with other dietary bio-active nutrients (e.g. Lyc,

polyphenols, n-3 PUFAs) could be advantageous for the treatment or prevention of obesity-

associated metabolic diseases due to their effects on different metabolic/physiological pathways

rather than their combined effects on adipose function.
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Supplemental Figure S4.1: Group independent treatment effects of Lyc and Res in in-vitro
differentiated human adipocytes
hMADS cells from lean (n=6) and obese (n=4) donors and purchased HPAd (n=4) were differentiated for 14 days in the presence
of Lyc and Res alone or the combination thereof. Effects of Lyc (2 µM), Res (25 µM), and Lyc/Res (2/25 µM) on LD number
(normalized by nuclei number) (A), adiponectin secretion (log10 of pg/ml per 10000 cells) and mRNA levels (as dCT) of PPAR-
gamma (C) and ATGL (D) are depicted, compared to differentiation-only medium (Diff CTRL). Data are represented as boxplots
(showing median, mean, 25% and 75% quartile, and SD, n≥13 donors). dCT: delta cycle threshold; CTRL: control; Diff:
differentiation; hMADS: human multipotent adipose-derived stem cells; HPAd: human pre-adipocytes; LD: lipid droplet; SD:
standard deviation; SEM: standard error of the mean. Statistical significance between groups was determined by ANOVA
(significance level (*) p<0.05, (* *) p<0.001).
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Supplemental Figure S4.2: Markers of in-vitro differentiated human adipocytes: Lipid
droplet number and adipogenic, lipogenic and lipolytic gene expression profiles markers
hMADS cells from lean and obese donors and HPAd were differentiated for 14 days. Absolute overall means of the two LD
parameters number (A) and area (B) for CTRL and Diff CTRL cells as detected with the ArrayScan® VTI HCS Reader (day 14,
boxplots: median, mean, 25% and 75% quartile, and SD). mRNA levels of adipogenic transcription factors PPAR-gamma and
C/EBP-alpha (C), lipogenesis markers GLUT-4, FAS (D), LPL and FABP-4 (E) and lipolysis associated proteins PLIN-1, HSL and
ATGL (F) were determined by quantitative RT-PCR at day 0, day 7 and 14. Data are expressed as overall FC±error (based on
SEM) over baseline (day 0, set as 1) (n≥13 donors). CTRL: control; Diff: differentiation; FC: fold change; hMADS: human
multipotent adipose-derived stem cells; HPAd: human pre-adipocytes, SEM: standard error of the mean. Genes: ATGL: Adipose
triglyceride lipase; C/EBP-alpha: CCAAT/enhancer binding protein alpha; FABP-4: Fatty acid binding protein 4, FAS: Fatty acid
synthase, GLUT-4: Glucose transporter 4; HSL: Hormone sensitive lipase; LPL: lipoprotein lipase; PLIN-1: Perilipin 1; PPAR-
gamma: peroxisome proliferator-activated receptor gamma. Statistical significance was determined by paired Student’s t-test
comparing CTRL versus Diff CTRL (A-B) or day 0 versus day 7 or day 14 (C-F) (significance level (*) p<0.05, (* *) p<0.001).
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Supplemental Table S4.1: Cellomics™ assay parameters for the analysis of LDs

VTi (LED light source) Object Identification Object Selection Parameter Comments
Channel 1: (field)
Primary object

Method:
FixedThreshold
Value: 0

100 fields / well

Channel 2: (cell bodies)
Object ROI_A

Method:
FixedThreshold
Value: 20

ObjectAreaCh2:
Min
985.19

Max
1x1012 cell bodies / field

(Ch1 remapped)
ObjectAvgIntenCh2 40.47 32767

Channel 3: (lipid droplets)
Object ROI_A_target I

Method:
FixedThreshold
Value: 10

ObjectAreaCh3: Min
3

Max
1x1012

lipid droplets /cell
bodies (Ch1 remapped)

Channel 4: (number of nuclei)
Object ROI_B

Method:
FixedThreshold
Value: 0

ObjectAvgIntenCh4
Min
471.92

Max
65535 nuclei / field

Assay Parameters (version 6)
BackgroundCorrectionCh1-3: -150 DetectRadiusCh2: 100

ObjectSegmentationCh2: -200 DetectRadiusCh3: 3
ObjectSegmentationCh3: -10 DetectRadiusCh4: -150

SmoothFactorCh2: 8 MaskModifierCh2: 5
SmoothFactorCh3: 1 ROI_A_CircModifier: 4
SmoothFactorCh4: 5 PixelSize: 0.625 microns

Example Images (overlays)

Channel 2 Channel 3

Displayed are values differing from the default settings in pixel number. Camera: ORCA-ER;1.00; Objective: 20x; ThermoFisher
Bioapplication applied: Colocalization® V4; Normalized MEAN ROI_A Target I (Ch3) related features object count (= LD number),
object total area (= LD area) and object total intensity (= LD intensity), describing the LD accumulation in treated cells, were
calculated as percent of Diff CTRL per plate; Ch: channel; LD: lipid droplet; ROI: region of interest
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Abstract

Background: The obese insulin resistant state is characterized by impairments in lipid metabolism. We

previously showed that 3-day supplementation of combined epigallocatechin-3-gallate and resveratrol

(EGCG+RES) increased energy expenditure, and improved the capacity to switch from fat towards

carbohydrate oxidation with a high-fat mixed meal (HFMM) test in men. The present study aimed to

investigate the longer-term effect of EGCG+RES supplementation on metabolic profile, mitochondrial

capacity, fat oxidation, lipolysis, and tissue-specific insulin sensitivity.

Methods: In this randomized, double-blind study, 38 overweight and obese subjects (18 men, aged 38±2

y, body-mass-index 29.7±0.5 kg/m2) received either EGCG+RES (282 and 80 mg/d, respectively) or

placebo (PLA) for 12 wk. Before and after the intervention, oxidative capacity and gene expression were

assessed in skeletal muscle. Fasting and postprandial (HFMM) lipid metabolism were assessed by using

indirect calorimetry, blood sampling and microdialysis. Tissue-specific insulin sensitivity was assessed by

a hyperinsulinemic-euglycemic clamp with [6,6-2H2]-glucose infusion.

Results: EGCG+RES supplementation did not affect the fasting plasma metabolic profile. Although whole-

body fat mass was not affected, visceral adipose tissue mass tended to decrease after the intervention

compared with PLA (Ptime*treatment=0.09). EGCG+RES supplementation significantly increased oxidative

capacity in permeabilized muscle fibers (Ptime*treatment<0.05, PEGCG+RES<0.05). Moreover, EGCG+RES

reduced fasting (Ptime*treatment=0.03) and postprandial respiratory quotient (Ptime*treatment=0.01) compared with

placebo. Fasting and postprandial fat oxidation was not significantly affected by EGCG+RES

(PEGCG+RES=0.46 and PEGCG+RES=0.38, respectively) but declined after PLA (PPLA=0.05 and PPLA=0.03,

respectively). Energy expenditure was not altered (Ptime*treatment=0.96). Furthermore, EGCG+RES

supplementation attenuated the increase in plasma triacylglycerol concentration during the HFMM test that

was observed after PLA (Ptime*treatment=0.04, PPLA=0.01). Finally, EGCG+RES had no effect on insulin-

stimulated glucose disposal, suppression of endogenous glucose production and lipolysis.

Conclusions: 12 weeks EGCG+RES supplementation increased mitochondrial capacity and stimulated fat

oxidation compared with placebo, but this did not translate into increased tissue-specific insulin sensitivity

in overweight and obese subjects.
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Background

The prevalence of obesity and related chronic diseases is continuously increasing [1]. Insulin

resistance is a major risk factor for the progression of obesity towards chronic metabolic diseases,

including cardiovascular disease and type 2 diabetes mellitus (T2DM) [2]. Reduced lipid storage

capacity and impaired endocrine function of adipose tissue (AT) [3], and decreased mitochondrial

capacity and accumulation of lipid-intermediates in skeletal muscle [2, 4, 5] are closely associated

with insulin resistance.

Current treatment strategies to control the progression of chronic diseases are mainly focused on

lifestyle, pharmacological or surgical interventions. However, these interventions showed large

inter-individual variability in response [6], which underscores the need for additional strategies to

optimize the prevention of obesity-associated metabolic disorders.

Polyphenols were identified as dietary ingredients with antioxidant properties decades ago. More

recently, they were also implicated in the prevention of T2DM and cardiovascular diseases. As

such, epigallocatechin-3-gallate (EGCG), which is most abundant in green tea, and resveratrol

(RES), which is present in grape skin, red wine and peanuts, have been implicated in the prevention

of body weight gain and insulin resistance in rodents fed obesogenic diets [7-9]. In animal models

of obesity, EGCG has been shown to reduce the absorption of intestinal lipids and to increase lipid

catabolism, possibly by inhibiting catechol-O-methyltransferase [10] or by activating AMP kinase

(AMPK) [11]. RES has been suggested to stimulate mitochondrial biogenesis by activating sirtuin

1 (SIRT1) and peroxisome proliferator-activated receptor γ coactivator 1-α (PGC1α) [7, 8].

Human studies have shown that supplementation with both EGCG (or EGCG-rich products) and

RES improved markers of insulin sensitivity (HOMA-IR, EGCG [12], RES [13]), reduced plasma

markers of oxidative stress (total antioxidative status) and systemic inflammation (TNF-α, EGCG

[12], RES [13]), stimulated postprandial fat oxidation (EGCG [14]) and reduced body weight

(EGCG [15], RES [16]). However, conflicting data in humans have also been reported [17-19].

We recently postulated that a combination of polyphenols with distinct mechanisms of action may

have additional and/or synergistic effects, which may result in physiologically relevant effects on

fat oxidation. Indeed, we showed that supplementation of a specific combination of EGCG and

RES (EGCG+RES) for 3 days significantly increased resting and postprandial energy expenditure

(EE), and resulted in a more pronounced increase in respiratory quotient (RQ) after a high-fat

mixed meal (HFMM) compared with placebo (PLA) in men [20]. Importantly, these effects were

not observed after single EGCG supplementation [21].
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Here, we investigated the effects of longer-term combined EGCG+RES supplementation on

metabolic profile, skeletal muscle oxidative capacity, fat oxidation, lipolysis, and peripheral,

hepatic, and AT insulin sensitivity in overweight and obese, non-diabetic subjects.

Methods

Subjects
42 untrained (<3 h organized sports activities/wk), weight-stable (<2 kg body weight change 3

months before inclusion) overweight and obese (BMI>25 kg/m2), Caucasian men (n=21) and

women (n=21) aged between 20 and 50 y with normal glucose tolerance (fasting glucose <6.1

mmol/L, 2 h-glucose <7.8 mmol/L), normal blood pressure (diastolic: 60-90 mmHg; systolic: 100-

140 mmHg) were included in this study. Subjects were not allowed to donate blood or use any

medication or supplements that might interfere with study outcomes for 3 months before entering

the study. Exclusion criteria were pregnancy, menopause, lactation and any reported (history of)

chronic inflammatory, cardiovascular, hepatic, pulmonary, renal, or gastrointestinal disease.

Intakes of caffeine (<600 mg/d), green tea (<3 cups/d), alcohol (<20 g/d), grapes and peanuts

(occasional consumption) had to be limited.

Study design and randomization
In this randomized, double-blind, placebo-controlled, parallel intervention trial, subjects received

either a combination of EGCG and RES supplements (EGCG+RES; 282 mg/d and 80 mg/d,

respectively) or PLA (partly hydrolyzed microcrystalline cellulose-filled capsules) for a period of

12 wk to assess effects of EGCG+RES supplementation on tissue-specific insulin sensitivity

(primary outcome) and metabolic profile, skeletal muscle oxidative capacity, fat oxidation and

lipolysis (secondary outcomes). An independent researcher executed a block-wise randomization

procedure and packed the supplements according to a computer-generated randomization plan

(Microsoft Excel 2011 for Macintosh). The supplementation period started the day after the last

baseline measurement in week 0 and was continued throughout measurements in week 12.

Subjects were instructed to maintain their habitual lifestyle pattern throughout the study. In total,

subjects were asked to visit the university 10 times for medical screening, 3 clinical investigation

days (CIDs) before the start of supplementation (within 7 days), 3 control visits during the

supplementation period and 3 CIDs in the last week of supplementation (within 7 days). CIDs

comprised skeletal muscle biopsies combined with dual energy X-ray absorptiometry (CID1),

HFMM test (CID2), and hyperinsulinemic-euglycemic clamp (CID3) and were separated by ≥1

day. Control visits for compliance, side effects and to provide new capsules were scheduled in
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week 2, 4, 8 of intervention. During week 0 and 12, subjects were asked to complete 3-day food

records (2 weekdays, 1 weekend day) and during week 4 a 1-day food record (1 weekday) to

monitor and control for changes in dietary habits. An experienced dietitian checked the food

records and discussed these with the subjects in case of incomplete or missing information. Energy

and nutrient intake were analyzed using the Dutch Food Composition Dataset (NEVO: National

Institute for Public Health and the Environment, Ministry of Health, Welfare and Sport,

Netherlands).

Clinical investigation days (CIDs)
Two days before the CIDs, subjects were asked to refrain from intense physical activity and

alcohol consumption. Meal intake during the evening before each CIDs was standardized per

subject by providing the same meal. The first meal was provided ad libitum (740±34 kcal, 48±2%

of energy from fat) and subjects were asked to keep the portion size constant at all subsequent

CIDs. After an overnight fast, subjects came to the university by car or public transport. Both

before and after the intervention, a two-step hyperinsulinemic-euglycemic clamp and a HFMM

test were performed, and a skeletal muscle biopsy was collected. All procedures were executed in

a resting, half-supine position.

Dual energy X-ray absorptiometry and skeletal muscle biopsy (CID1)
First, body composition was measured by dual energy X-ray absorptiometry with the use of the 3-

compartment model (Hologic Corp.). Next, skeletal muscle (M. vastus lateralis) biopsy samples

were taken under local anesthesia during fasting conditions before and after the 12-wk intervention

period. One portion (~30 mg) was used for high-resolution respirometry [22], which allows for

the determination of oxidative capacity ex vivo by quantifying the oxygen consumption with the

use of the Oxygraph-2k (OROBOROS Instruments). The other portion was directly frozen in

isopentane and stored at -80°C until further analyses. Protein quantification of mitochondrial

oxidative phosphorylation (OxPhos) complexes was performed by SDS-PAGE followed by

Western blot analysis with the use of nitrocellulose membranes (Trans-blot® Turbo™ transfer

system, Bio-Rad). Blots were probed with Total OxPhos Antibody Cocktail (Mitoscience/Abcam)

and a secondary Infrared dye680/700 conjugated donkey anti-mouse antibody (Licor/Invitrogen).

Antigen-antibody complexes were visualized by using an Odyssey Infrared Imaging System

(LICOR Biosciences).

A detailed description for skeletal muscle microarray analysis and lipid composition is provided

in the Supplemental Methods. Briefly, for microarray analysis, 100 ng intact total RNA was

extracted from skeletal muscle biopsy samples by using the Trizol method (Qiagen) and processed
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by applying the GeneChip® WT PLUS Reagent Kit and Human Transcriptome Array (HTA) 2.0

GeneChips® (Affymetrix) according to the manufacture’s instructions. Functional data analysis

was based on a false-discovery rate q-value <0.2 on the filtered data set (interquartile range (IQR)

>0.2 (log2), intensity >20, >5 arrays, >5 probes/gene).

For the determination of lipid composition, total lipids were extracted after lyophilisation of

skeletal muscle tissue. Diacylglycerol (DAG) and triacylglycerol (TAG) were separated by thin-

layer chromatography and fatty acid profiles were determined on an analytical gas chromatograph,

as described previously [5].

Microdialysis (CID2)
Four microdialysis probes (CMA 60; CMA Microdialysis) were inserted under local anesthesia, 2

in the medial portion of the gastrocnemius muscle of both legs and two in the subcutaneous adipose

tissue 6–8 cm left and right from the umbilicus in male subjects (n=17; age: 40.1±2.0 years; BMI:

30.0±0.8 kg/m2; HOMA-IR: 2.1±0.4) as described previously [23]. After insertion, 90 min were

allowed for tissue recovery from the insertion trauma. Throughout the HFMM test (CID2), in each

tissue, one probe was perfused at 0.3 µL/min with Ringer solution to collect microdialysate for

analyses of glycerol, glucose, pyruvate, and lactate concentrations by means of CMA enzymatic

assay kits on a CMA 600 microdialysis analyzer.

The contralateral probe was perfused at 5.0 µL/min with Ringer solution, supplemented with 50

mmol/L ethanol, to assess the ethanol outflow/inflow ratio as an indicator of local blood flow.

Ethanol concentrations were measured spectrophotometrically at 340 nm by using a standard

ethanol assay kit (Boehringer).

HFMM test (CID2)
After inserting a cannula into the antecubital vein, substrate oxidation was measured for 30 min

under fasting conditions (t=0) and for 4 h after the ingestion of a liquid HFMM (625 kcal, 61% of

energy from fat, 33% of energy from carbohydrate, 6% of energy from protein), which was

consumed within 5 min at t=0. Blood samples were taken under fasting (t=0 min) and postprandial

(t=30, 60, 90, 120, 150, 180, 210 and 240 min) conditions. EE and substrate oxidation were

measured by indirect calorimetry by using the open-circuit ventilated hood system (Omnical,

Maastricht University) and were calculated according to the formulas of Weir [24] and Frayn [25],

respectively.

Hyperinsulinemic-euglycemic clamp (CID3)
A 2-step hyperinsulinemic–euglycemic clamp with [6,6-2H2]-glucose infusion (tracer, Cambridge

Isotope Laboratories) was performed to assess the rate of disappearance (Rd), non-oxidative
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glucose disposal (NOGD) and endogenous glucose production (EGP) [22]. First, a cannula was

inserted into the antecubital vein. A second cannula was inserted into a superficial dorsal hand

vein for the sampling of arterialized blood (by using a hot-box with air circulating at ~50°C). After

the administration of a bolus-injection of 2.4 mg [6,6-2H2]-glucose/kg, a continuous [6,6-2H2]-

glucose infusion was started at 0.04 mg/(kg*min) and continued throughout the measurement.

After 2 h, insulin infusion was started at 10 mU/(m2*min) for 2 h, followed by 40 mU/(m2*min)

insulin for the last 2 h to suppress lipolysis and EGP. By a variable co-infusion of a 20%-glucose

solution, enriched to 1.92 mg/mL tracer, blood glucose concentrations were maintained at 5.0

mmol/L. During the last 30 min of each insulin-infusion step (0, 10 and 40 mU/(m2*min)) blood

samples were collected and substrate oxidation was measured by using indirect calorimetry

(described in the section entitled ‘HFFM test (CID2)’) to assess glucose kinetics. Kinetics of Rd

and NOGD were calculated during 0 and 40 mU/(m2*min) insulin-infusion, respectively as

absolute increase between these steps (Δ µmol/(kg*min)), whereas calculations for insulin-

mediated suppression of EGP and free fatty acids (FFA) were performed during 0 and 10

mU/(m2*min) insulin-infusion, respectively, as relative suppression during 10 compared to 0

mU/(m2*min) (%).

Biochemistry
Blood was collected into pre-chilled tubes, centrifuged (1000 x g; 10 min; 4°C) and plasma was

snap-frozen in liquid nitrogen and stored at -80 °C until analyses.

To check for treatment compliance, plasma EGCG and RES concentrations were determined by

liquid chromatography–mass spectrometry (LC-MS, for details see Supplemental Methods). In

brief, for the measurement of free EGCG, 500 µL of plasma was combined with the same volume

of an ascorbic acid/EDTA stabilizing-buffer. For analyses,	 an internal standard was added,

followed by a 2x liquid-liquid extraction. Total RES and total dihydro-RES were measured as sum

of aglycone and conjugated forms (β-glucuronidase digestion required) after the addition of

labelled internal standard by a liquid-liquid extraction. After centrifugation, an aliquot of the

organic phase was evaporated to dryness, re-dissolved in injection solvent, and analyzed by using

LC-MS systems. The isotopic enrichment of plasma glucose was determined by electron ionization

gas chromatography–mass spectrometry and expressed as tracer-to-tracee ratio for steady-state

calculations of Rd, NOGD and EGP, as described previously [22].

Plasma glucose, lactate, FFA, TAG, total cholesterol, and HDL-cholesterol (HDL-c)

concentrations were determined with an automated spectrophotometer (ABX Pentra 400

autoanalyzer, Horiba ABX) by using enzymatic colorimetric kits. LDL-cholesterol (LDL-c)

concentration was calculated by the Friedewald-equation [26]. Plasma glycerol concentrations
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glucose disposal (NOGD) and endogenous glucose production (EGP) [22]. First, a cannula was
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brief, for the measurement of free EGCG, 500 µL of plasma was combined with the same volume

of an ascorbic acid/EDTA stabilizing-buffer. For analyses,	 an internal standard was added,

followed by a 2x liquid-liquid extraction. Total RES and total dihydro-RES were measured as sum
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autoanalyzer, Horiba ABX) by using enzymatic colorimetric kits. LDL-cholesterol (LDL-c)

concentration was calculated by the Friedewald-equation [26]. Plasma glycerol concentrations
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were measured with an enzymatic assay (Enzytec Glycerol, Roche Biopharm) automated on a

Cobas Fara spectrophotometric autoanalyzer (Roche Diagnostics). Circulating plasma

concentrations of insulin, adiponectin and leptin were analyzed by using commercially available

radioimmunoassay kits (Human Insulin specific radioimmunoassay, Human Adiponectin

radioimmunoassay, Human Leptin radioimmunoassay, Millipore Corp.). Plasma concentrations of

inflammatory markers (IL-6, IL-8 and TNF-a) were determined by using a multiplex ELISA

(Human ProInflammatory II 4-Plex Ultra-Sensitive Kit, Meso Scale Diagnositics).

Supplements
The supplements were commercially available and were provided by Pure Encapsulations Inc. All

the capsules were manufactured, tested, and checked in accordance to standards of the European

GMP requirements.

EGCG capsules contained 94% epigallocatechin-3-gallate (141 mg/capsule, lot 3570112) and RES

capsules contained 20% trans-resveratrol (40 mg trans-resveratrol in Polygonum cuspidatum

extract/capsule, lot 1611011). The doses of the supplements were based on previous study

outcomes, in which these doses altered markers of substrate and energy metabolism (Timmers et

al. [13]: 150 mg RES/d; Most et al. [20]: 200 mg RES/d, 282 mg EGCG/d). Higher concentrations

appear to have no (additional) benefit (Poulsen et al. [17]: 1500 mg RES/d; Brown et al. [19]: 800

mg EGCG/d). Two lots of placebo capsules (microcrystalline cellulose, lot 7150712 and 7160712)

were used for blinding. PLA capsules were encapsulated identically to the active supplements and

filled with microcrystalline cellulose and tan/brown and pink/red powder, respectively, to blind

both supplements. Capsules were packed into white opaque boxes, labeled per subject without

indication of the content. One capsule of each supplement (EGCG and RES or both blinded PLA

capsules) was ingested during breakfast and dinner. This regimen was maintained until the last

measurement. On CIDs, subjects ingested the capsules before arrival at the university (between 7

and 8 am). After completion of the study, returned capsules were counted for compliance and the

stability of polyphenols was assessed by measuring EGCG and RES via HPLC in capsules stored

for 3 months, according to the manufacture’s recommendations. The supplements were considered

safe and well-tolerated [20].

Study approval
All of the subjects gave written informed consent for participation in this study, which was

reviewed and approved by the local medical ethical committee of Maastricht University Medical

Center+. This trial was registered at clinicaltrials.gov (NCT02381145). All procedures were

conducted according to the Declaration of Helsinki.
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Statistics
The sample size (n=42) was calculated to detect a physiological relevant change in insulin

sensitivity of 20%, with an SD of 4%, a power of 80%, assuming a significance level of α=0.05

(n=34), and a drop-out of 20 % (n=8). All of the data are expressed as means ± SEMs. Data for

the HFMM test are expressed as AUCs to define the total measurement period during this test

(fasting and postprandial), and as incremental AUCs to define specifically the postprandial

response (diet-induced effect compared with fasting), both calculated by the trapezoid method.

Variables were tested for normality by using Shapiro-Wilk-test and showed a normal distribution.

Differences in subjects’ characteristics at baseline were tested by Student’s unpaired t-test. Data

were analyzed by using a 2-factor repeated-measures ANOVA, with time [before intervention

(pre) and after intervention (post)] and treatment (PLA, EGCG+RES) as factors. P<0.05 was

considered to be significant and P<0.10 was considered to show a trend. In case of a significant

time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction were

applied to identify significant within-group effects (PEGCG+RES, PPLA). In case of clinically relevant

baseline differences between treatment groups (for fasting insulin, IL-6, mitochondrial capacity of

state 3 respiration, and protein expression of OxPhos complexes III and V; for all >20% baseline

difference), the baseline value was included as covariate in univariate ANOVA, with the change

over time as dependent variable and treatment as between-subject factor. In the ANOVA model,

no interactions between sex and the primary and secondary outcomes were observed. Statistical

analysis was performed by using SPSS 19.0 (IBM Corp.) for Macintosh.

Results

Subject characteristics and plasma biochemistry
42 overweight and obese men and women volunteered to participate in this study (August 2012 -

December 2013). In total, 4 subjects (3 men, 1 women) did not complete the study due to traveling

abroad (n=1), re-employment (n=1) or non-compliance with respect to supplementation or

changing lifestyle (n=2). Characteristics of the 38 subjects (18 men, 20 women) who completed

the study are summarized in Table 5.1. There were no significant differences between the

EGCG+RES (n=18, 8 men) and PLA (n=20, 10 men) group with respect to baseline characteristics

or self-reported moderate or intense physical activity (EGCG+RES: 1.4±0.3 h/wk; PLA: 1.6±0.2

h/wk; P=0.78).
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December 2013). In total, 4 subjects (3 men, 1 women) did not complete the study due to traveling
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or self-reported moderate or intense physical activity (EGCG+RES: 1.4±0.3 h/wk; PLA: 1.6±0.2

h/wk; P=0.78).
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Table 5.1: Subjects’ characteristics at baseline (week 0)
PLA

(n=20)
EGCG+RES

(n=18)
P

(t-test)
Age, years 38.7 ± 2.2 36.1 ± 2.2 0.43
BMI, kg/m2 29.5 ± 0.7 29.9 ± 0.6 0.67
Waist-hip-ratio 0.87 ± 0.02 0.87 ± 0.02 0.78
Systolic blood pressure, mmHg 114 ± 2 117 ± 2 0.27
Diastolic blood pressure, mmHg 76 ± 2 76 ± 2 0.86
Fasting plasma glucose, mmol/L 5.10 ± 0.08 5.19 ± 0.09 0.44
2-h Glucose, mmol/L 5.38 ± 0.21 5.34 ± 0.24 0.92
HbA1c, % 5.15 ± 0.06 5.12 ± 0.06 0.76
Hemoglobin, mmol/L 8.9 ± 0.1 8.6 ± 0.2 0.22
Hematocrit, L/L 0.43 ± 0.01 0.39 ± 0.02 0.18
Creatinine, μmol/L 79.5 ± 3.7 74.2 ± 2.7 0.29
ALT, U/L 27.9 ± 4.4 26.9 ± 2.2 0.86

Values are means ± SEMs. Data were analyzed by using a Student's unpaired t-test. P<0.05 was considered significant for the
difference between PLA and EGCG+RES groups. ALT, alanine-aminotransferase, BMI, body mass index; EGCG+RES,
epigallocatechin-3-gallate plus resveratrol; HbA1c, glycated hemoglobin; PLA, placebo, 2-h Glucose, plasma glucose
concentration two hours after oral glucose ingestion.

Compliance was confirmed by counting returned supplements (<3% of supplements were

returned). Supplements were well tolerated and no adverse events were reported. Importantly,

plasma concentrations of EGCG, RES and dihydro-RES were significantly increased in all

subjects who had received EGCG+RES (Table 5.2), which indicated compliance to the

supplementation regimen. No significant changes in fasting plasma concentrations of glucose,

insulin, lactate, glycerol, FFAs, or TAG were observed (Table 5.2, Figures 5.1A-F). Likewise,

fasting plasma concentrations of leptin, adiponectin, and the inflammatory markers IL-6, IL-8 and

TNF-α were not significantly affected by the intervention (Table 5.2). Furthermore, fasting plasma

concentrations of total cholesterol, HDL-c and LDL-c were not significantly changed after 12 wk

of EGCG+RES-supplementation compared with PLA. However, the ratio of total

cholesterol/HDL-c, a marker for myocardial infarction risk [27], tended to decrease after

EGCG+RES supplementation but not after PLA (Ptime*treatment=0.03, PEGCG+RES=0.09, PPLA=0.13,

Table 5.2). Adjustment for clinically relevant differences in baseline values (fasting insulin and

IL-6) did not alter the outcome of the analysis (>20% baseline difference).
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Table 5.2: Fasting plasma biochemistry before and after 12 wk of supplementation with
EGCG+RES or PLA

PLA
(n=20)

EGCG+RES
(n=18) Time Treatment Time*treatment

Week 0 Week 12 Week 0 Week 12 P P P
EGCG, nmol/mL <5.45 <5.45 <5.45 32.7 ± 13.1 *
RES, nmol/mL <43.8 <43.8 <43.8 1201 ± 220 *
Dihydro-RES,
nmol/mL <43.4 <43.4 <43.4 834 ± 122 *

Glucose, mmol/L 5.0 ± 0.1 5.1 ± 0.1 5.1 ± 0.1 5.1 ± 0.1 0.75 0.61 0.69
Insulin, mU/L 10.1 ± 1.5 10.0 ± 1.0 8.1 ± 1.0 7.4 ± 0.6 0.54 0.10 0.67
HOMA-IR 2.3 ± 0.4 2.2 ± 0.2 1.8 ± 0.2 1.7 ± 0.1 0.57 0.12 0.74
FFAs, µmol/L 553 ± 33 533 ± 43 523 ± 24 555 ± 35 0.89 0.92 0.37
TAG, mmol/L 1.29 ± 0.16 1.52 ± 0.16 1.61 ± 0.23 1.61 ± 0.24 0.13 0.46 0.17
Cholesterol, mmol/L 5.9 ± 0.3 5.8 ± 0.3 6.0 ± 0.2 5.8 ± 0.2 0.13 0.81 0.49
HDL-c, mmol/L 1.23 ± 0.07 1.20 ± 0.07 1.27 ± 0.08 1.29 ± 0.09 0.66 0.57 0.14
LDL-c, mmol/L 4.40 ± 0.27 4.30 ± 0.27 4.45 ± 0.22 4.20 ± 0.16 0.06 0.94 0.39
Cholesterol/HDL-c 5.09 ± 0.34 5.27 ± 0.43 5.16 ± 0.42 4.94 ± 0.42 0.94 0.82 0.03
Adiponectin, µg/mL 9.01 ± 0.85 9.64 ± 1.05 8.74 ± 0.82 8.99 ± 0.87 0.15 0.93 0.52
Leptin, ng/mL 23.4 ± 4.2 22.7 ± 4.1 19.8 ± 2.4 18.2 ± 2.4 0.28 0.41 0.65
IL-6, pg/mL 0.96 ± 0.17 0.83 ± 0.11 0.77 ± 0.07 0.85 ± 0.13 0.93 0.68 0.25
IL-8, pg/mL 9.25 ± 0.61 9.82 ± 0.86 9.80 ± 0.93 9.19 ± 0.70 0.98 0.97 0.26
TNF-α, pg/mL 2.84 ± 0.21 3.15 ± 0.42 2.69 ± 0.18 2.63 ± 0.15 0.34 0.35 0.20

Values are means ± SEMs. Data were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and
treatment (Ptreatment, PLA, EGCG+RES) as factors. For EGCG, RES and dihydro-RES, 5.45, 43.8 and 43.4 nmol/mL, respectively,
were detection limits. P<0.05 was considered significant. No baseline differences were observed (Student’s t-test). In case of a
significant time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction were applied to identify significant
within-group effects, indicated by an asterisk (*). Except for polyphenol concentrations, no significant within-group effects were
found. EGCG+RES, epigallocatechin-3-gallate plus resveratrol; EGCG, free plasma epigallocatechin-3-gallate; FFAs, free fatty
acids; HDL-c, HDL-cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; LDL-c, LDL-cholesterol; PLA,
placebo; post, after intervention; pre, before intervention; RES, total plasma resveratrol; TAG, plasma triacylglycerol.

EGCG+RES did not alter food intake and body composition
Food intake, assessed by using self-reported 3-day food records, did not change after

supplementation in either group (EGCG+RES: 2092±200 kcal/d, 45±1% of energy from

carbohydrate, 39±1% of energy from fat, 15±1% of energy from protein, PLA: 1982 kcal/d,

45±2% of energy from carbohydrate, 38±2% of energy from fat, 16±1% of energy from protein).

Body weight, body fat percentage and body fat distribution (upper and lower body fat mass) were

not significantly altered by EGCG+RES supplementation (Table 5.3). Interestingly, however there

was a tendency toward a differential effect on visceral adipose tissue mass, with a tendency toward

a decrease after EGCG+RES compared with PLA (Ptime*treatment=0.09).
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placebo; post, after intervention; pre, before intervention; RES, total plasma resveratrol; TAG, plasma triacylglycerol.

EGCG+RES did not alter food intake and body composition
Food intake, assessed by using self-reported 3-day food records, did not change after

supplementation in either group (EGCG+RES: 2092±200 kcal/d, 45±1% of energy from

carbohydrate, 39±1% of energy from fat, 15±1% of energy from protein, PLA: 1982 kcal/d,

45±2% of energy from carbohydrate, 38±2% of energy from fat, 16±1% of energy from protein).

Body weight, body fat percentage and body fat distribution (upper and lower body fat mass) were

not significantly altered by EGCG+RES supplementation (Table 5.3). Interestingly, however there

was a tendency toward a differential effect on visceral adipose tissue mass, with a tendency toward

a decrease after EGCG+RES compared with PLA (Ptime*treatment=0.09).
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Figure 5.1: Fasting and postprandial insulin and metabolite concentrations before and
after the intervention
Values are means ± SEMs (n=38). Plasma insulin (A) and metabolite (B-F) concentrations are shown after an overnight fast (at
0 min) and after a HFFM (from 0 min to 240 min). Fasting values (t=0), AUCs during the HFMM test (calculated from t=0-240 min),
and incremental AUCs were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and treatment
(Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. No time*treatment interactions were observed on
fasting concentrations and incremental AUCs. Reported P-values refer to the respective AUCs. In case of a significant
time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction were applied to identify significant within-
group effects (EGCG+RES, P; PLA, P). EGCG+RES, epigallocatechin-3-gallate plus resveratrol; HFMM, high-fat mixed meal;
PLA, placebo; post, after intervention; pre, before intervention. Dashed line, open circles: PLApre; solid line, filled circles: PLApost;
Dashed line, open squares: EGCG+RESpre; solid line, filled squares: EGCG+RESpost.
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Table 5.3: Body composition before and after 12 wk supplementation with EGCG+RES or
PLA

PLA
(n=20)

EGCG+RES
(n=18) Time Treatment Time*treatment

Week 0 Week 12 Week 0 Week 12 P P P
Body weight, kg 88.3 ± 2.8 88.6 ± 2.9 92.4 ± 3.6 92.0 ± 3.8 0.96 0.46 0.41
Body fat, kg 26.7 ± 1.9 26.5 ± 1.9 29.4 ± 1.4 29.1 ± 1.6 0.32 0.36 0.85
Body fat, % 30.1 ± 1.9 29.9 ± 1.8 31.9 ± 1.4 31.5 ± 1.4 0.11 0.55 0.84
Lean mass, kg 59.5 ± 2.5 59.6 ± 2.5 61.2 ± 3.0 61.1 ± 3.2 0.77 0.67 0.73
Upper body fat, kg 13.1 ± 1.0 12.9 ± 1.0 14.0 ± 0.7 13.8 ± 0.7 0.33 0.49 0.93
Lower body fat, kg 9.4 ± 0.9 9.4 ± 0.9 11.0 ± 0.8 10.8 ± 0.9 0.24 0.32 0.51
VAT, kg 0.48 ± 0.04 0.50 ± 0.05 0.44 ± 0.05 0.41 ± 0.04 0.88 0.39 0.09

Values are means ± SEMs. Data were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and
treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. No baseline differences were observed
(Student’s t-test). In case of a significant time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction
were applied to identify significant within-group effects. No significant within-groups were found. EGCG+RES, epigallocatechin-3-
gallate plus resveratrol; PLA, placebo; post, after intervention; pre, before intervention; VAT, visceral adipose tissue mass.

EGCG+RES increased skeletal muscle oxidative capacity
Next, we investigated whether skeletal muscle oxidative capacity increased after 12 wk

EGCG+RES supplementation, because we previously showed that RES supplementation for 30

days improved mitochondrial capacity [13]. Therefore, ex vivo mitochondrial respiration with the

use of different substrate combinations was determined in isolated human permeabilized skeletal

muscle fibers [22].

Basal respiration (PLApre: 6.95±0.96; PLApost: 3.93±1.03; EGCG+RESpre: 3.67±1.17; and

EGCG+RESpost: 4.87±1.04 pmol O2 * mg muscle-1 * s-1) increased by ~10-fold by the addition of

ADP (state 3 respiration over basal respiration, with malate and glutamate as substrates; data not

shown). This indicates that the permeabilized fibers are reactive to ADP and the mitochondrial

ADP transport is intact and functioning. ADP-stimulated complex I-linked respiration with the

addition of malate + glutamate was not affected by EGCG+RES supplementation (data not

shown). In addition, respiration with a fatty acid substrate, assessed by input of malate + octanoyl-

carnitine, was not significantly affected by EGCG+RES (Ptime*treatment=0.19, Figure 5.2A).

Interestingly, however, we found that mitochondrial respiration upon the electron input of both

complexes I and II (state 3, complex I & II), assessed by the addition of succinate after malate +

glutamate (MGS) or after malate + octanoyl-carnitine + glutamate (MGOS), increased in the

EGCG+RES group compared with the PLA group after 12 wk of supplementation (state 3

respiration (MGS): Ptime*treatment=0.01, PEGCG+RES=0.01, PPLA=0.26; state 3 respiration (MOGS):

Ptime*treatment=0.05, PEGCG+RES<0.01, PPLA=0.45, Figure 5.2B, C). Despite randomization, there was
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a difference in state 3 mitochondrial respiration at baseline between groups (Ppre=0.01), which was

inversely correlated to the change in this parameter over time (r=-0.57, P<0.01). For this reason,

baseline state 3 respiration was included as a covariate in the analysis.

Furthermore, maximal mitochondrial respiration, as determined by titration of the chemical

uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), increased after

EGCG+RES compared with PLA (Ptime*treatment=0.01; PEGCG+RES=0.01, PPLA=0.31, Figure 5.2D).

Mitochondrial proton leak, which was assessed by the addition of the ATP synthase inhibitor

oligomycin, was not significantly affected by the intervention (state 4o, Ptime*treatment=0.10, Figure

5.2E).

EGCG+RES increased oxidative metabolism pathways at the transcriptional and
translational level
To identify pathways that may underlie the EGCG+RES-induced improvement in mitochondrial

capacity, we next determined whether protein expression of OxPhos complexes in skeletal muscle

was altered by EGCG+RES. We found an EGCG+RES-induced increase in complexes III

(Ptime*treatment=0.03, PEGCG+RES=0.04, PPLA=0.35) and V (Ptime*treatment<0.01, PEGCG+RES<0.01,

PPLA=0.29) compared with PLA (Figure 5.2G-H). Despite randomization, there was a difference

in complexes III and V at baseline between groups (>20% baseline difference). Adjustment for

these baseline values did not alter the outcome of the analysis. On the basis of these findings, we

performed microarray analysis on skeletal muscle biopsy samples (M. vastus lateralis), collected

before and after 12 wk of EGCG+RES or PLA treatment. Indeed, gene set enrichment analysis

indicated that the most upregulated pathways after EGCG+RES supplementation were related to

the citric acid cycle and respiratory electron transport chain, whereas pathways related to

carbohydrate metabolism were upregulated in the PLA group (Figure 5.3, Supplemental Table

S5.1). Taken together, these data indicate that the increased mitochondrial capacity after

EGCG+RES supplementation is accompanied by changes at the transcriptional and translational

levels.
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Figure 5.2: Skeletal muscle oxidative capacity and OxPhos protein content before and after
the intervention
Values are means ± SEMs (n=29). Oxidative capacity (A-E) was assessed by means of ex vivo respirometry on skeletal muscle
(M. vastus lateralis), isolated after an overnight fast. In aliquots, protein contents of OxPhos complexes were analyzed by Western
blots (F-H). Variables were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and treatment
(Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. Significant baseline differences were identified by
Student’s unpaired t-test (Ppre); and in case of a significant time*treatment interaction (Ptime*treatment), post-hoc analyses with
Bonferroni correction were applied to identify significant within-group effects (EGCG+RES, P; PLA, P). AU: arbitrary units;
EGCG+RES, epigallocatechin-3-gallate plus resveratrol; FCCP: carbonyl cyanide p-trifluoromethoxyphenylhydrazone; G:
glutamate; M: malate; O: octanoyl-carnitine; OxPhos, oxidative phosphorylation; PLA, placebo; post, after intervention; pre, before
intervention; S: succinate. White bars: pre; black bars: post intervention.

EGCG+RES affects fat oxidation without changes in EE
Next, we investigated whether the improved skeletal muscle oxidative capacity after 12 wk of

EGCG+RES supplementation translated into whole-body effects on fasting substrate oxidation.

Indeed, EGCG+RES supplementation significantly affected fasting substrate oxidation, as

reflected by no change in fasting RQ after EGCG+RES and a significant increase in the PLA group

(EGCG+RESpre: 0.803±0.009, EGCG+RESpost: 0.785±0.016, PLApre: 0.784±0.009, PLApost:

0.821±0.015, Ptime*treatment=0.03, PEGCG+RES=0.31, PPLA=0.04; Figure 5.4A), without effects on EE

(Figure 5.4B). More specifically, an increase in fasting carbohydrate oxidation was observed after

PLA, but not after EGCG+RES (Ptime*treatment=0.05, PEGCG+RES=0.44, PPLA=0.04) supplementation.

Furthermore, EGCG+RES did not change fasting fat oxidation, whereas there was a significant

decrease in the PLA group after 12 wk of supplementation as compared with week 0

(Ptime*treatment=0.06, PEGCG+RES=0.46, PPLA=0.05, Figures 5.4C, D).

EGCG+RES affects TAG concentrations but did not change postprandial responses
of substrate oxidation and local lipolysis
To examine EGCG+RES-induced effects on postprandial substrate utilization and EE, we

performed a HFMM test (625 kcal, 61% of energy from fat). More specifically, we determined

whole-body, AT and skeletal muscle substrate metabolism in the postprandial state by combining

plasma blood sampling, indirect calorimetry and microdialysis.

The effects of 12 wk EGCG+RES supplementation on substrate oxidation in the absence of

changes in EE in the fasting state were maintained throughout the postprandial period (Figure

5.4E-H). More specifically, postprandial fat oxidation (AUC) was reduced in the PLA group in

week 12 compared with week 0 (PPLA=0.03), whereas no significant effect of EGCG+RES was

observed (PEGCG+RES=0.38, Figure 5.4H). In addition, the intervention-induced changes in EGCG,

RES, and dihydro-RES plasma concentrations did not significantly correlate with EGCG+RES-

induced effects on fat oxidation (data not shown).
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Figure 5.3: Skeletal muscle gene
set enrichment analyses before
and after the intervention
Heatmap of pathways related to metabolic
function from gene set enrichment analyses on
skeletal muscle (M. vastus lateralis) (n=27) are
shown. Signal-log-ratios are presented per
subject and as means per group. Genes in the
heatmap represent significantly contributing
genes to most affected pathways by
EGCG+RES or PLA supplementation (false
discovery rate, q-value <0.2). Colors reflect the
signal-log-ratios per subject and group (Ø),
with red being down-regulated and green
being up-regulated comparing post- with pre-
measurement. EGCG+RES, epigallocatechin-
3-gallate plus resveratrol; PLA, placebo; post,
after intervention; pre, before intervention. A
list of definitions of gene and protein names
used in this figure is included in the
Supplemental Material

A: WP2766: THE. CITRIC. ACID. TCA.
CYCLE. AND. RESPIRATORY. ELECTRON.
TRANSPORT;
B: BIOC_PGC1A PATHWAY;
C: FATTY. ACID. TRIACYLGLYCEROL.
AND. KETONE. BODY. METABOLISM;
D: WP534: GLYCOLYSIS. AND.
GLUCONEOGENESIS;
E: WP1848: METABOLISM. OF.
CARBOHYDRATES;
F: WP1935: TRANSPORT. OF. GLUCOSE.
AND. OTHER. SUGARS. BILE. SALTS. AND.
ORGANIC. ACIDS. METAL. IONS. AND.
AMINE. COMPOUNDS;
G: TRANSLOCATION. OF. GLUT4. TO. THE.
PLASMA. MEMBRANE;
H: UNFOLDED.PROTEIN. RESPONSE.UPR.
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The postprandial responses after meal intake (incremental AUC) of RQ, EE, carbohydrate, and fat

oxidation as well as the postprandial responses of plasma metabolites and insulin were not

significantly affected by the intervention (Figure 5.4I-L and Figure 5.1A-F, respectively).

Importantly, however, plasma TAG concentrations during the HFMM test were significantly

increased in the PLA group after 12 wk, but not in the EGCG+RES group (PLApre: AUC=440±56,

PLApost: AUC=531±62, EGCG+RESpre: AUC=527±59, EGCG+RESpost: AUC=530±66

mmol*4h/L, Ptime*treatment=0.04, PEGCG+RES=0.92, PPLA<0.01; Figure 5.1F).

Skeletal muscle and abdominal subcutaneous adipose tissue substrate metabolism and blood flow

were investigated in men with the use of microdialysis. AT and skeletal muscle ethanol

outflow/inflow ratios, which indicate local blood flow, were not significantly affected by the

intervention (Supplemental Figure S5.1). Interstitial glycerol concentrations, which reflect local

lipolysis, were also not affected by EGCG+RES (Supplemental Figure S5.2). Furthermore, no

effects of EGCG+RES supplementation were observed on interstitial glucose, pyruvate, and

lactate concentrations.

EGCG+RES did not affect intramuscular lipid content and composition
Alterations in fat oxidation may contribute to changes in intramyocellular lipid metabolites and,

consequently, insulin sensitivity [2]. EGCG+RES supplementation for 12 wk did not alter total

lipid content (TAG and DAG) or saturation of the TAG and DAG fractions (Supplemental Table

S5.2).

EGCG+RES did not affect tissue-specific insulin sensitivity
Finally, we investigated whether the improved mitochondrial capacity and whole-body fat

oxidation resulted in improved insulin sensitivity after EGCG+RES supplementation. We found

no changes in peripheral, hepatic or AT insulin sensitivity after EGCG+RES supplementation

compared with PLA supplementation (Table 5.4), which is in agreement with unchanged fasting

and postprandial plasma glucose and insulin concentrations. More specifically, the Rd and EGP

under fasting and insulin-stimulated conditions were not significantly affected following 12 wk of

EGCG+RES supplementation (Table 5.4). Similar results were found when values were expressed

as changes relative to fasting conditions (Table 5.4). Interestingly, EGCG+RES increased fasting

NOGD (Ptime*treatment=0.10, PEGCG+RES=0.01, PPLA=0.91). Furthermore, EGCG+RES did not

improve insulin-mediated suppression of plasma FFA, indicating that adipose tissue insulin

sensitivity was also not affected by EGCG+RES supplementation (Ptime*treatment=0.63, Table 5.4).
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Figure 5.4: Fasting and postprandial whole-body substrate oxidation and EE before and
after the intervention
Values are means ± SEMs (n=31). Indirect calorimetry was performed during fasting conditions and for 4 h after intake of a liquid
HFMM. Mean O2-consumption and CO2-production over 20 min were used for calculations. Substrate oxidation (A, C-D) and EE
(B) were measured after an overnight fast (from -30 to 0 min) and after a HFMM (from 0 to 240 min). Fasting values (A-D), AUCs
during the HFMM test (calculated from t=0 to 240 min; E-H), and incremental AUCs (I-L) were analyzed using a two-factor
repeated-measures ANOVA, with time (Ptime, pre, post) and treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was
considered significant. In case of a significant time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction
were applied to identify significant within-group effects (EGCG+RES, P; PLA, P). EGCG+RES, epigallocatechin-3-gallate plus
resveratrol; EE, energy expenditure; PLA, placebo; post, after intervention; pre, before intervention. Figures A-D and I-L: White
bars: pre; black bars: post; Figures E-H: Dashed line, open circles: PLApre; solid line, filled circles: PLApost; Dashed line, open
squares: EGCG+RESpre; solid line, filled squares: EGCG+RESpost.

Table 5.4: Whole-body substrate kinetics before and after 12 wk of supplementation with
EGCG+RES or PLA

PLA
(n=19)

EGCG+RES
(n=17) Time Treatment Time*

treatment

Week 0 Week 12 Week 0 Week 12 P P P

Rd, µmol/(kg*min)
Fasting 10.6 ± 0.3 10.7 ± 0.3 10.4 ± 0.2 10.9 ± 0.3 0.25 0.91 0.19
Clamp 31.2 ± 2.3 32.5 ± 2.3 34.2 ± 2.8 35.8 ± 3.3 0.25 0.38 0.89
Stimulation, Δ 20.6 ± 2.2 21.5 ± 2.3 24.3 ± 3.0 25.0 ± 3.2 0.35 0.27 0.84
NOGD, µmol/(kg*min)
Fasting 6.1 ± 0.7 6.2 ± 0.6 5.7 ± 0.6 7.9 ± 0.7* 0.05 0.41 0.10
Clamp 20.5 ± 2.4 23.4 ± 1.9 23.0 ± 2.5 25.3 ± 3.1 0.16 0.73 0.95
stimulation, (Δ) 14.4 ± 2.1 17.2 ± 2.1 17.5 ± 2.7 17.4 ± 2.6 0.54 0.76 0.44
EGP
Fasting,
µmol/(kg*min) 10.4 ± 0.3 10.4 ± 0.3 10.1 ± 0.2 10.7 ± 0.3 0.25 0.91 0.19
Clamp,
µmol/(kg*min) 4.0 ± 0.6  4.2 ± 0.6  4.6 ± 0.5  4.6 ± 0.5 0.78 0.57 0.98
Suppression, % 60.9 ± 4.9 58.6 ± 4.9 54.1 ± 5.1 56.3 ± 4.7 0.98 0.57 0.74
Plasma FFAs
Fasting, µmol/L 545 ± 40 547 ± 44 537 ± 42 543 ± 47 0.88 0.91 0.94
Clamp, µmol/L 196 ± 25 210 ± 22 189 ± 26 203 ± 23 0.17 0.83 0.94
Suppression, % 57.7 ± 6.6 57.1 ± 5.2 63.4 ± 7.0 59.0 ± 5.5 0.52 0.62 0.63
Substrate oxidation
RQ, Δ 0.09 ± 0.01 0.08 ± 0.02 0.10 ± 0.01 0.11 ± 0.01 0.96 0.30 0.31
CHO, Δ g/min 0.10 ± 0.01  0.09 ± 0.02  0.11 ± 0.01  0.12 ± 0.02 0.93 0.27 0.54
Fat, % 55.5 ± 7.6 54.3 ± 9.1 46.7 ± 6.9 48.4 ± 8.3 0.95 0.47 0.81

Values are means ± SEMs. Data were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and
treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. No baseline differences were observed
(Student’s t-test). In case of a significant time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction
were applied to identify significant within-group effects, which are indicated by asterisk (*). CHO, carbohydrate oxidation;
EGCG+RES, epigallocatechin-3-gallate plus resveratrol; EGP, endogenous glucose production; NOGD, non-oxidative glucose
disposal; PLA, placebo, post, after intervention; pre, before intervention; Rd, rate of disappearance; RQ, respiratory quotient; Δ
absolute difference between fasting and insulin-stimulated conditions.
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Discussion

Combining polyphenols with distinct mechanisms of action may lead to additional or synergistic

beneficial metabolic effects compared with single-polyphenol supplementation [19, 21]. Here, we

show that after 12 weeks, combined EGCG+RES supplementation preserved fasting and

postprandial fat oxidation as compared with PLA. This coincided with increased skeletal muscle

oxidative capacity in the EGCG+RES group. In addition, EGCG+RES supplementation attenuated

the increase in TAG concentrations compared with PLA, and the reduction in visceral adipose

tissue mass tended to be higher with EGCG+RES than with PLA. These beneficial metabolic

effects, however, did not translate into improved peripheral, hepatic and AT insulin sensitivity in

overweight men and women. Because the RES supplement is composed of Polygonum cuspidatum

extract, we cannot exclude metabolic effects of other components (piceid (=RES-glucoside) and

emodin [28]).

We previously showed that 3 days of EGCG+RES supplementation increased EE [20]. The present

study showed that this increase is not maintained after 12 wk supplementation. Furthermore,

consistent with unchanged food intake, we found that body weight and body composition were not

affected by longer-term EGCG+RES supplementation. These findings are in line with most [13,

14, 17, 18, 29, 30] but not all [15] previous studies in humans. Although no significant effects on

total fat mass were apparent, we found that EGCG+RES tended to decrease visceral adipose tissue

mass by ~11% compared with PLA. Likewise, EGCG and RES have reduced visceral adipose

tissue in animals [31, 32]. Because visceral adipose tissue is known to be detrimental to metabolic

health [33], its reduction may be of physiological importance in the long term.

Interestingly, we showed that combined EGCG+RES supplementation significantly affected

fasting substrate oxidation compared with PLA (Figure 5.4). EGCG+RES supplementation

preserved fat oxidation, whereas fat oxidation significantly declined in the PLA group. This effect

was maintained during postprandial conditions. In agreement with our findings, previous studies

in rodents showed that polyphenols may stimulate fat oxidation under fasting conditions [9, 31,

34]. The compensatory increase in carbohydrate oxidation that we found in the PLA group was

not accompanied by alterations in whole-body glucose disposal. Rather, we found that

EGCG+RES may diminish glycolysis and increase glycogen storage [35], as indicated by the

increased fasting NOGD (~40%, PEGCG+RES=0.01). Importantly, the differentially affected fat

oxidation in the present study is neither driven by an increased lipid supply toward skeletal muscle

nor by a significant reduction in muscle lipid stores (TAG and DAG content). Indeed, it was

previously shown that a shift in fasting fat oxidation can occur independently of changes in
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Figure 5.4: Fasting and postprandial whole-body substrate oxidation and EE before and
after the intervention
Values are means ± SEMs (n=31). Indirect calorimetry was performed during fasting conditions and for 4 h after intake of a liquid
HFMM. Mean O2-consumption and CO2-production over 20 min were used for calculations. Substrate oxidation (A, C-D) and EE
(B) were measured after an overnight fast (from -30 to 0 min) and after a HFMM (from 0 to 240 min). Fasting values (A-D), AUCs
during the HFMM test (calculated from t=0 to 240 min; E-H), and incremental AUCs (I-L) were analyzed using a two-factor
repeated-measures ANOVA, with time (Ptime, pre, post) and treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was
considered significant. In case of a significant time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction
were applied to identify significant within-group effects (EGCG+RES, P; PLA, P). EGCG+RES, epigallocatechin-3-gallate plus
resveratrol; EE, energy expenditure; PLA, placebo; post, after intervention; pre, before intervention. Figures A-D and I-L: White
bars: pre; black bars: post; Figures E-H: Dashed line, open circles: PLApre; solid line, filled circles: PLApost; Dashed line, open
squares: EGCG+RESpre; solid line, filled squares: EGCG+RESpost.
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Fasting 10.6 ± 0.3 10.7 ± 0.3 10.4 ± 0.2 10.9 ± 0.3 0.25 0.91 0.19
Clamp 31.2 ± 2.3 32.5 ± 2.3 34.2 ± 2.8 35.8 ± 3.3 0.25 0.38 0.89
Stimulation, Δ 20.6 ± 2.2 21.5 ± 2.3 24.3 ± 3.0 25.0 ± 3.2 0.35 0.27 0.84
NOGD, µmol/(kg*min)
Fasting 6.1 ± 0.7 6.2 ± 0.6 5.7 ± 0.6 7.9 ± 0.7* 0.05 0.41 0.10
Clamp 20.5 ± 2.4 23.4 ± 1.9 23.0 ± 2.5 25.3 ± 3.1 0.16 0.73 0.95
stimulation, (Δ) 14.4 ± 2.1 17.2 ± 2.1 17.5 ± 2.7 17.4 ± 2.6 0.54 0.76 0.44
EGP
Fasting,
µmol/(kg*min) 10.4 ± 0.3 10.4 ± 0.3 10.1 ± 0.2 10.7 ± 0.3 0.25 0.91 0.19
Clamp,
µmol/(kg*min) 4.0 ± 0.6  4.2 ± 0.6  4.6 ± 0.5  4.6 ± 0.5 0.78 0.57 0.98
Suppression, % 60.9 ± 4.9 58.6 ± 4.9 54.1 ± 5.1 56.3 ± 4.7 0.98 0.57 0.74
Plasma FFAs
Fasting, µmol/L 545 ± 40 547 ± 44 537 ± 42 543 ± 47 0.88 0.91 0.94
Clamp, µmol/L 196 ± 25 210 ± 22 189 ± 26 203 ± 23 0.17 0.83 0.94
Suppression, % 57.7 ± 6.6 57.1 ± 5.2 63.4 ± 7.0 59.0 ± 5.5 0.52 0.62 0.63
Substrate oxidation
RQ, Δ 0.09 ± 0.01 0.08 ± 0.02 0.10 ± 0.01 0.11 ± 0.01 0.96 0.30 0.31
CHO, Δ g/min 0.10 ± 0.01  0.09 ± 0.02  0.11 ± 0.01  0.12 ± 0.02 0.93 0.27 0.54
Fat, % 55.5 ± 7.6 54.3 ± 9.1 46.7 ± 6.9 48.4 ± 8.3 0.95 0.47 0.81

Values are means ± SEMs. Data were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and
treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. No baseline differences were observed
(Student’s t-test). In case of a significant time*treatment interaction (Ptime*treatment), post-hoc analyses with Bonferroni correction
were applied to identify significant within-group effects, which are indicated by asterisk (*). CHO, carbohydrate oxidation;
EGCG+RES, epigallocatechin-3-gallate plus resveratrol; EGP, endogenous glucose production; NOGD, non-oxidative glucose
disposal; PLA, placebo, post, after intervention; pre, before intervention; Rd, rate of disappearance; RQ, respiratory quotient; Δ
absolute difference between fasting and insulin-stimulated conditions.
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Discussion

Combining polyphenols with distinct mechanisms of action may lead to additional or synergistic

beneficial metabolic effects compared with single-polyphenol supplementation [19, 21]. Here, we

show that after 12 weeks, combined EGCG+RES supplementation preserved fasting and

postprandial fat oxidation as compared with PLA. This coincided with increased skeletal muscle

oxidative capacity in the EGCG+RES group. In addition, EGCG+RES supplementation attenuated

the increase in TAG concentrations compared with PLA, and the reduction in visceral adipose

tissue mass tended to be higher with EGCG+RES than with PLA. These beneficial metabolic

effects, however, did not translate into improved peripheral, hepatic and AT insulin sensitivity in

overweight men and women. Because the RES supplement is composed of Polygonum cuspidatum

extract, we cannot exclude metabolic effects of other components (piceid (=RES-glucoside) and

emodin [28]).

We previously showed that 3 days of EGCG+RES supplementation increased EE [20]. The present

study showed that this increase is not maintained after 12 wk supplementation. Furthermore,

consistent with unchanged food intake, we found that body weight and body composition were not

affected by longer-term EGCG+RES supplementation. These findings are in line with most [13,

14, 17, 18, 29, 30] but not all [15] previous studies in humans. Although no significant effects on

total fat mass were apparent, we found that EGCG+RES tended to decrease visceral adipose tissue

mass by ~11% compared with PLA. Likewise, EGCG and RES have reduced visceral adipose

tissue in animals [31, 32]. Because visceral adipose tissue is known to be detrimental to metabolic

health [33], its reduction may be of physiological importance in the long term.

Interestingly, we showed that combined EGCG+RES supplementation significantly affected

fasting substrate oxidation compared with PLA (Figure 5.4). EGCG+RES supplementation

preserved fat oxidation, whereas fat oxidation significantly declined in the PLA group. This effect

was maintained during postprandial conditions. In agreement with our findings, previous studies

in rodents showed that polyphenols may stimulate fat oxidation under fasting conditions [9, 31,

34]. The compensatory increase in carbohydrate oxidation that we found in the PLA group was

not accompanied by alterations in whole-body glucose disposal. Rather, we found that

EGCG+RES may diminish glycolysis and increase glycogen storage [35], as indicated by the

increased fasting NOGD (~40%, PEGCG+RES=0.01). Importantly, the differentially affected fat

oxidation in the present study is neither driven by an increased lipid supply toward skeletal muscle

nor by a significant reduction in muscle lipid stores (TAG and DAG content). Indeed, it was

previously shown that a shift in fasting fat oxidation can occur independently of changes in
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intramuscular lipid content, EE, adiposity or insulin sensitivity [36, 37]. Alternatively, a higher

oxidative capacity of skeletal muscle mitochondria was found to be predictive of a lower fasting

respiratory exchange ratio or, in other words, a greater relative reliance on lipids instead of

carbohydrate as a fuel source during fasting conditions [37-39]. Interestingly, we found that 12 wk

EGCG+RES supplementation increased skeletal muscle oxidative capacity in permeabilized

muscle fibers. This was accompanied by an increased muscle protein content of OxPhos

complexes and an upregulation of mitochondrial pathways (citric acid cycle and respiratory

electron transport chain, Figure 5.2 and 5.3). In line with these findings, we and others previously

showed that RES increased mitochondrial capacity by activating the AMPK-SIRT-PGC1α-

pathway [7, 8, 13]. It has been suggested that EGCG increases β-adrenergic stimulation by

norepinephrine due to catechol-O-methyltransferase inhibition [10, 40]. However, in our previous

study we did not observe altered norepinephrine concentrations after EGCG+RES

supplementation [20]. Finally, reduced oxidative stress, indicated by a reduced unfolded protein

response pathway [41], might have contributed to the observed improvement of skeletal muscle

oxidative capacity [42-44] or vice versa [45].

An increased mitochondrial capacity might reflect an improved metabolic risk profile, because

increased mitochondrial capacity has been associated with higher insulin sensitivity in several

cross-sectional studies in men [37-39, 46]. Therefore, we hypothesized that the improvements in

lipid metabolism may lead to increased insulin sensitivity after 12 wk of EGCG+RES

supplementation. However, we did not find a significant change in peripheral, hepatic, or AT

insulin sensitivity. To date, only three human clinical trials with RES, but not a single study with

EGCG, examined the effects of polyphenol supplementation on peripheral and hepatic insulin

sensitivity by using the gold standard hyperinsulinemic-euglycemic clamp. In accordance with our

findings, these studies did not show significant changes in peripheral [17, 18, 29] and hepatic [18]

insulin sensitivity in lean [18] and obese [17] patients or in patients with non-alcoholic fatty-liver

disease [29] after supplementation with RES for 4, 8 or 12 weeks, respectively. Importantly, in

these studies, mitochondrial capacity was not assessed [29] or did not improve [17, 18], on the

basis of gene expression and protein abundance of related enzymes. Therefore, the present study

is the first, to our knowledge, to show that combined EGCG+RES supplementation has beneficial

effects on skeletal muscle oxidative capacity, although this was not accompanied by increased

peripheral, hepatic, or AT insulin sensitivity in overweight and obese men and women.

In line with these findings, the insulin-mediated stimulation of carbohydrate oxidation and

suppression of lipid oxidation were not affected by EGCG+RES supplementation after meal

ingestion or during the hyperinsulinemic-euglycemic clamp. Previously, we showed that single
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supplementation of RES for 4 weeks and combined EGCG+RES supplementation for 3 days

improved metabolic flexibility in humans [13, 20], as shown by a more pronounced suppression

of postprandial fat oxidation. The apparent discrepancy between the present and earlier studies

may be explained by the duration of supplementation. EGCG+RES supplementation had no effect

on postprandial glucose, insulin and FFA concentrations or local interstitial glucose and glycerol

concentrations. This is in agreement with other placebo-controlled trials in Caucasians [13, 19],

whereas sex-specific analyses may show metabolic effects [14].

Strikingly, we found that EGCG+RES supplementation for 12 weeks attenuated the increase in

plasma TAG during the HFMM test that was seen in the PLA group. Previous studies in humans

[13, 14] and rodents [9, 31, 47] also showed reduced plasma TAG after EGCG or RES

supplementation. This might, at least in part, be explained by a reduced intestinal lipid uptake, an

improved buffering capacity of dietary TAGs in adipose tissue, or increased peripheral (e.g.

muscle and liver) TAG extraction. In accordance, a reduced intestinal lipid uptake after EGCG

supplementation in rodents has been suggested [9], although this could not be confirmed in humans

[30]. In addition, EGCG+RES supplementation may have affected hepatic lipid clearance, storage,

and oxidation, as indicated by several animal studies [47-49].

In the present study, we analyzed EGCG, RES and dihydro-RES plasma concentrations before and

after intervention. In future studies, a more detailed characterization of polyphenol metabolites

might provide additional insight into polyphenol-induced effects on oxidative metabolism,

because polyphenolic metabolites may exert distinct effects on peripheral tissues [50, 51].

Furthermore, due to the extensive phenotyping in the current controlled trial, multiple statistical

comparisons were made, which may increase the likelihood of obtaining false-positive results.

Nevertheless, the fact that our major findings on variables of mitochondrial oxidative capacity and

proteins in oxidative phosphorylation and fat oxidation all point toward the same direction of an

improvement with EGCG+RES compared with PLA makes it highly unlikely that these are chance

findings. Third, in this randomized trial, the statistical plan included a completers analysis taking

a drop-out rate of 20% into account, which was higher than the actual drop-out rate. The drop-out

rate was similar in both groups (10%; n=2) and was therefore assumed to be randomly distributed.

An intention-to-treat analysis would therefore make the reported physiologic effects on oxidative

metabolism and fat oxidation only slightly less pronounced.

In conclusion, the present study showed that 12 wk of EGCG+RES supplementation improved

skeletal muscle oxidative capacity, preserved fasting and postprandial fat oxidation, and prevented

an increase in TAG concentrations compared with PLA. These putative beneficial metabolic

effects did not translate into improved peripheral, hepatic, or adipose tissue insulin sensitivity after
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intramuscular lipid content, EE, adiposity or insulin sensitivity [36, 37]. Alternatively, a higher

oxidative capacity of skeletal muscle mitochondria was found to be predictive of a lower fasting

respiratory exchange ratio or, in other words, a greater relative reliance on lipids instead of

carbohydrate as a fuel source during fasting conditions [37-39]. Interestingly, we found that 12 wk

EGCG+RES supplementation increased skeletal muscle oxidative capacity in permeabilized

muscle fibers. This was accompanied by an increased muscle protein content of OxPhos

complexes and an upregulation of mitochondrial pathways (citric acid cycle and respiratory

electron transport chain, Figure 5.2 and 5.3). In line with these findings, we and others previously

showed that RES increased mitochondrial capacity by activating the AMPK-SIRT-PGC1α-

pathway [7, 8, 13]. It has been suggested that EGCG increases β-adrenergic stimulation by

norepinephrine due to catechol-O-methyltransferase inhibition [10, 40]. However, in our previous

study we did not observe altered norepinephrine concentrations after EGCG+RES

supplementation [20]. Finally, reduced oxidative stress, indicated by a reduced unfolded protein

response pathway [41], might have contributed to the observed improvement of skeletal muscle

oxidative capacity [42-44] or vice versa [45].

An increased mitochondrial capacity might reflect an improved metabolic risk profile, because

increased mitochondrial capacity has been associated with higher insulin sensitivity in several

cross-sectional studies in men [37-39, 46]. Therefore, we hypothesized that the improvements in

lipid metabolism may lead to increased insulin sensitivity after 12 wk of EGCG+RES

supplementation. However, we did not find a significant change in peripheral, hepatic, or AT

insulin sensitivity. To date, only three human clinical trials with RES, but not a single study with

EGCG, examined the effects of polyphenol supplementation on peripheral and hepatic insulin

sensitivity by using the gold standard hyperinsulinemic-euglycemic clamp. In accordance with our

findings, these studies did not show significant changes in peripheral [17, 18, 29] and hepatic [18]

insulin sensitivity in lean [18] and obese [17] patients or in patients with non-alcoholic fatty-liver

disease [29] after supplementation with RES for 4, 8 or 12 weeks, respectively. Importantly, in

these studies, mitochondrial capacity was not assessed [29] or did not improve [17, 18], on the

basis of gene expression and protein abundance of related enzymes. Therefore, the present study

is the first, to our knowledge, to show that combined EGCG+RES supplementation has beneficial

effects on skeletal muscle oxidative capacity, although this was not accompanied by increased

peripheral, hepatic, or AT insulin sensitivity in overweight and obese men and women.

In line with these findings, the insulin-mediated stimulation of carbohydrate oxidation and

suppression of lipid oxidation were not affected by EGCG+RES supplementation after meal

ingestion or during the hyperinsulinemic-euglycemic clamp. Previously, we showed that single
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supplementation of RES for 4 weeks and combined EGCG+RES supplementation for 3 days

improved metabolic flexibility in humans [13, 20], as shown by a more pronounced suppression

of postprandial fat oxidation. The apparent discrepancy between the present and earlier studies

may be explained by the duration of supplementation. EGCG+RES supplementation had no effect

on postprandial glucose, insulin and FFA concentrations or local interstitial glucose and glycerol

concentrations. This is in agreement with other placebo-controlled trials in Caucasians [13, 19],

whereas sex-specific analyses may show metabolic effects [14].

Strikingly, we found that EGCG+RES supplementation for 12 weeks attenuated the increase in

plasma TAG during the HFMM test that was seen in the PLA group. Previous studies in humans

[13, 14] and rodents [9, 31, 47] also showed reduced plasma TAG after EGCG or RES

supplementation. This might, at least in part, be explained by a reduced intestinal lipid uptake, an

improved buffering capacity of dietary TAGs in adipose tissue, or increased peripheral (e.g.

muscle and liver) TAG extraction. In accordance, a reduced intestinal lipid uptake after EGCG

supplementation in rodents has been suggested [9], although this could not be confirmed in humans

[30]. In addition, EGCG+RES supplementation may have affected hepatic lipid clearance, storage,

and oxidation, as indicated by several animal studies [47-49].

In the present study, we analyzed EGCG, RES and dihydro-RES plasma concentrations before and

after intervention. In future studies, a more detailed characterization of polyphenol metabolites

might provide additional insight into polyphenol-induced effects on oxidative metabolism,

because polyphenolic metabolites may exert distinct effects on peripheral tissues [50, 51].

Furthermore, due to the extensive phenotyping in the current controlled trial, multiple statistical

comparisons were made, which may increase the likelihood of obtaining false-positive results.

Nevertheless, the fact that our major findings on variables of mitochondrial oxidative capacity and

proteins in oxidative phosphorylation and fat oxidation all point toward the same direction of an

improvement with EGCG+RES compared with PLA makes it highly unlikely that these are chance

findings. Third, in this randomized trial, the statistical plan included a completers analysis taking

a drop-out rate of 20% into account, which was higher than the actual drop-out rate. The drop-out

rate was similar in both groups (10%; n=2) and was therefore assumed to be randomly distributed.

An intention-to-treat analysis would therefore make the reported physiologic effects on oxidative

metabolism and fat oxidation only slightly less pronounced.

In conclusion, the present study showed that 12 wk of EGCG+RES supplementation improved

skeletal muscle oxidative capacity, preserved fasting and postprandial fat oxidation, and prevented

an increase in TAG concentrations compared with PLA. These putative beneficial metabolic

effects did not translate into improved peripheral, hepatic, or adipose tissue insulin sensitivity after
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12 weeks. Importantly, the improved mitochondrial capacity and fat oxidation may improve

physical conditions [52] and play a role in the prevention of weight gain [53] and the worsening

of insulin resistance [4] in the long term.
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12 weeks. Importantly, the improved mitochondrial capacity and fat oxidation may improve

physical conditions [52] and play a role in the prevention of weight gain [53] and the worsening

of insulin resistance [4] in the long term.
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Supplemental Methods

Dual energy Xray absorptiometry
Dual energy Xray absorptiometry measurements have been evaluated against computed
tomography [1].

Microarray analysis
For microarray analysis, total RNA was extracted from skeletal muscle biopsies using the Trizol
method (Qiagen, Venlo, Netherlands). 100 ng of intact total RNA was processed applying the
GeneChip® WT PLUS Reagent Kit (Affymetrix, Santa Clara, CA, USA) according to the
manufacture’s manual. Fragmented and labelled single strand (ss)-cDNA (quantity and quality
verified via Nanodrop-8000 and Agilent 2100 Bioanalyzer) of each sample was hybridized onto a
Human Transcriptome Array (HTA) 2.0 GeneChip® (Affymetrix). Hybridization, washing and
scanning of the GeneChips was performed using the Affymetrix GeneChip® Hybridization oven
640, Fluidics Station 450/250 and Scanner 3000, according to the manufacture’s user guides.
Quality control of the scanned HTA 2.0 GeneChips was performed using the Expression Console
application (Affymetrix Launcher software). Gene chip data were analyzed using the MADMAX
database and analysis pipeline [2]. Probe sets were defined according to Dail et al. [3]. Ranked
gene lists based on the intensity based moderated t-statistics [4] were used as input for Gene Set
Enrichment Analysis, which was run with 1000 permutations [5, 6]. Functional data analysis was
based upon FDR q-value <0.2 on the filtered data set (IQR >0.2 (log2), intensity >20, >5 arrays,
>5 probes/gene). The data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus [7] and are accessible through GEO Series accession number GSE71614
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71614).

Skeletal muscle lipid composition
For determination of lipid composition, skeletal muscle biopsies were dissected free from
extramyocellular adipose, blood and connective tissue before lyophilisation. Total lipids were
extracted after addition of internal standards by the chloroform-methanol (2:1 vol/vol) method.
After evaporation under nitrogen at 37°C, lipids were separated into diacylglycerol and
triacylglycerol by thin-layer chromatography and transferred into tubes for methylation with 1 mL
of toluene-methanol BF3-methanol (14%, 20-55-25%). Incubation in capped tubes for 30 minutes
at 100°C was followed by addition of 2 mL pentane to the samples and after vortexing and
centrifugation (1000 g, 5 min, 20°C) pentane extracts were isolated and evaporated (nitrogen,
30°C) before fatty acid profiles were determined on an analytical gas chromatograph, as described
previously [8].

High-fat mixed meal composition
Ingredients:
125 g whole milk (3.5 % fat), 15 g sugar, 50 g whipped crème, 150 g whipped crème ice
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Macronutrient composition
Energy content 625 kcal
Protein 6.3 energy%
Carbohydrate 32.6 energy%
Fat 61.2 energy%
Saturated fatty acids (FA) 35.5 energy%
Mono-unsaturated FA 18.8 energy%
Poly-unsaturated FA 1.7 energy%

Analysis of plasma epigallocatechin-3-gallate (EGCG) and resveratrol (RES)
concentrations
	
Chemicals and reagents
Trans-resveratrol (RES) and (-)-epigallocatechin-3-gallate (EGCG) were synthesized by DSM
Nutritional Products Ltd. Dihydro-RES was purchased from abcam Biochemicals (Cambridge,
UK) and β-glucuronidase was purchased from Sigma Aldrich (Buchs, Switzerland). Internal
standard RES-phenyl-13C6 was purchased from Isoscience (King of Prussia, PA, US). Other
chemicals used were analytical grade and obtained from Sigma-Aldrich (Buchs, Switzerland).
Water used was passed through a Milli-Q water purification system (Merck Millipore, Darmstadt
Germany).

Resveratrol (RES) determination

Instrumentation
Separation and quantification was performed on an Agilent system coupling a 1290 HPLC with
an AB Sciex QTRAP 4000 quadrupole mass spectrophotometer operating in negative
TurboIonSpray mode. The analytical column was an Agilent Eclipse Plus Rapid Resolution HD
C18 (2.1x50 mm, 1.8 µm). Samples were eluted using a binary reverse phase gradient (Chanel A:
5 mM ammonium acetate and Chanel B: methanol) as follows: 0.00-0.50 min, 10% B, flow
rate=0.6 mL/min; 0.50-2.50 min: gradient to 82% B, flow rate=0.6 mL/min; 2.50-2.60 min:
gradient to 100% B, flow rate=0.8 mL/min; 2.60-4.00 min: 100% B, flow rate=800 mL/min; 4.00-
4.50 min: gradient to 10% B, flow rate=0.6 mL/min; 4.50–5.00 min: 10% B, flow
rate=0.6 mL/min. Quantification was done by applying external calibration using internal standard
(RES-phenyl-13C6). The criteria for identification and quantification were the retention time and
MRM transition m/z 227/185 for trans-RES, m/z 229/123 for dihydro-RES and m/z 233/189 for
RES-phenyl-13C6.
Plasma sample preparation
Immediately after centrifugation of the Vacutainer® tube containing EDTA, plasma samples were
distributed in two tubes (with a minimum of 500 mL plasma / tube) snap-frozen and stored at -
80°C till analysis. For analysis 50 µL of plasma sample, quality control or calibration samples
were pipetted in Eppendorf tubes. 50 µL of ammonium acetate buffer 200 mM (for free form
determination), or 50 µL of β-glucuronidase solution at 5000 UI/mL (for total form determination),
and 10 µL of internal standard solution were added and mixed on a shaking system. For total form
determination, the mixture was then incubated under shaking (800 rpm) at 37°C for 5 h before the
extraction steps. Then 400 µL of ethyl acetate was added to the samples and mixed. Afterwards,
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the samples were centrifuged for 5 min at 3000 rpm at approximately 8°C. 250 µL supernatant
was then evaporated to dryness under nitrogen at nominal 40°C. Finally, the residue was dissolved
in 200 µL of injection solvent (methanol/ammonium acetate 5 mM (90:10, v/v)) and placed in the
auto-sampler for injection.

(-)-Epigallocatechin-3-gallate (EGCG) determination

Instrumentation
Separation and quantification was performed on an Agilent system coupling a 1290 HPLC with
an AB Sciex QTRAP 4000 quadrupole mass spectrophotometer operating in negative
TurboIonSpray mode. The analytical column was an Agilent Eclipse Plus Rapid Resolution HD
C18 (2.1x50 mm, 1.8 µm). Samples were eluted using a binary reverse phase gradient (Chanel A:
0.1% formic acid and Chanel B: acetonitrile +0.1% formic acid) as follows: 0.00-0.50 min, 10%
B, flow rate=0.6 mL/min; 0.50-2.50 min: gradient to 82% B, flow rate=0.6 mL/min; 2.50-2.60
min: gradient to 100% B, flow rate=0.8 mL/min; 2.60-4.00 min: 100% B, flow rate=800 mL/min;
4.00-4.50 min: gradient to 10% B, flow rate=0.6 mL/min; 4.50-5.00 min: 10% B, flow rate=0.6
mL/min. Quantification was done by applying external calibration using internal standard ((-)-
gallocatechin gallate (GCG)). The criteria for identification and quantification were the retention
time and MRM transition m/z 457/169 for EGCG and for internal standard.
Plasma sample preparation
Immediately after centrifugation of the Vacutainer® tube containing K-EDTA, 500 mL plasma
were collected in a tube and mixed at room temperature with 500 mL stabilizing buffer [100 mg
ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate and 10 g ascorbic acid were
dissolved in 1000 mL sodium acetate buffer (sodium acetate buffer 35 mM: 2.38 g sodium acetate
trihydrate and 1.00 mL acetic acid dissolved in water and adjusted to 1000 mL), pH 5.0], snap-
frozen in liquid nitrogen and stored at -80°C till analysis.
To determine free EGCG, 50 mL internal standard (GCG) was added to 200 mL stabilized plasma
followed by a two times liquid-liquid extraction with ethyl acetate. After centrifugation, an aliquot
of the organic phase is evaporated to dryness, re-dissolved in 0.1% formic acid and placed in the
auto-sampler for injection.

Validation
The analytical methods used for the quantification of polyphenols in plasma samples were
validated according to the following guidelines: Guideline on Bioanalytical Method Validation (9)
and Guidance for industry: Bioanalytical Method Validation (10). To assess the daily and long-
term laboratory performance of the method, dedicated standard and quality control samples have
been analyzed daily with the unknown samples to ensure the accuracy and precision of the methods
(±15%; ±20% for lower limit of quantification (LLQ)-value). For EGCG, RES and dihydro-RES
the detection limits were 2.5, 10 and 10 ng/mL (5.45¸ 43.8 and 43.4 nM), respectively.
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Supplemental Results

Supplemental Table S5.1: Condensed selection of significantly affected pathways by
EGCG+RES and PLA supplementation in skeletal muscle identified with GSEA

  Gene set NES
FDR
q-
value

Placebo - up-regulated (limited to NES ≥ 2.1)
 GENE.EXPRESSION 2.45 0.00
 WP2005.MIR.TARGETED.GENES.IN.MUSCLE.CELL.TARBASE 2.43 0.00
 L13A.MEDIATED.TRANSLATIONAL.SILENCING.OF.CERULOPLASMIN.EXPRESSION 2.43 0.00
 X3.UTR.MEDIATED.TRANSLATIONAL.REGULATION 2.43 0.00
 GTP.HYDROLYSIS.AND.JOINING.OF.THE.60S.RIBOSOMAL.SUBUNIT 2.40 0.00
 EUKARYOTIC.TRANSLATION.INITIATION 2.40 0.00
 TRANSLATION 2.39 0.00
 MRNA.SPLICING.MAJOR.PATHWAY 2.39 0.00
 PROCESSING.OF.CAPPED.INTRON.CONTAINING.PRE.MRNA 2.39 0.00
 MRNA.SPLICING 2.38 0.00
 FORMATION.OF.A.POOL.OF.FREE.40S.SUBUNITS 2.36 0.00
 CAP.DEPENDENT.TRANSLATION.INITIATION 2.35 0.00
 METABOLISM.OF.MRNA 2.35 0.00
 HIV.INFECTION 2.34 0.00
 KEGG_RIBOSOME 2.34 0.00
 METABOLISM.OF.RNA 2.34 0.00
 KEGG_SPLICEOSOME 2.33 0.00
 MITOTIC.ANAPHASE 2.32 0.00
 WP2684.HOST.INTERACTIONS.OF.HIV.FACTORS 2.32 0.00
 NONSENSE.MEDIATED.DECAY.NMD.ENHANCED.BY.THE.EXON.JUNCTION.COMPLEX.EJC. 2.31 0.00
 WP1864.MUSCLE.CONTRACTION 2.31 0.00
 NONSENSE.MEDIATED.DECAY.NMD. 2.31 0.00
 SEPARATION.OF.SISTER.CHROMATIDS 2.30 0.00
 WP2757.MITOTIC.METAPHASE.AND.ANAPHASE 2.30 0.00
 SRP.DEPENDENT.COTRANSLATIONAL.PROTEIN.TARGETING.TO.MEMBRANE 2.29 0.00
 MITOTIC.METAPHASE.AND.ANAPHASE 2.29 0.00
 WP2004.MIR.TARGETED.GENES.IN.LYMPHOCYTES.TARBASE 2.28 0.00
 TRANSLOCATION.OF.GLUT4.TO.THE.PLASMA.MEMBRANE 2.28 0.00
 HOST.INTERACTIONS.OF.HIV.FACTORS 2.26 0.00
 AUTODEGRADATION.OF.CDH1.BY.CDH1.APC.C 2.26 0.00
 WP411.MRNA.PROCESSING 2.26 0.00
 RNA.POLYMERASE.II.TRANSCRIPTION 2.26 0.00
 KEGG_RNA.TRANSPORT 2.26 0.00
 INFLUENZA.INFECTION 2.26 0.00
 INFLUENZA.LIFE.CYCLE 2.25 0.00
 PEPTIDE.CHAIN.ELONGATION 2.25 0.00
 WP2746.SIGNALING.BY.THE.B.CELL.RECEPTOR.BCR. 2.25 0.00
 CELL.CYCLE 2.24 0.00
 EUKARYOTIC.TRANSLATION.TERMINATION 2.24 0.00
 NONSENSE.MEDIATED.DECAY.NMD.INDEPENDENT.OF.THE.EXON.JUNCTION.COMPLEX.EJC. 2.23 0.00

PHOSPHORYLATION.SITE.MUTANTS.OF.CTNNB1.ARE.NOT.TARGETED.TO.THE.PROTEASOM
E.BY.THE.DESTRUCTION.COMPLEX 2.22 0.00

 WP2777.TRANSLOCATION.OF.GLUT4.TO.THE.PLASMA.MEMBRANE 2.21 0.00
 WP2002.MIR.TARGETED.GENES.IN.EPITHELIUM.TARBASE 2.21 0.00
 MUSCLE.CONTRACTION 2.21 0.00
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 ACTIVATION.OF.NF.KAPPAB.IN.B.CELLS 2.21 0.00
DELETIONS.IN.THE.AXIN.GENES.IN.HEPATOCELLULAR.CARCINOMA.RESULT.IN.ELEVATED.
WNT.SIGNALING 2.20 0.00
APC.C.CDH1.MEDIATED.DEGRADATION.OF.CDC20.AND.OTHER.APC.C.CDH1.TARGETED.PR
OTEINS.IN.LATE.MITOSIS.EARLY.G1 2.20 0.00

 M.PHASE 2.20 0.00
 INFLUENZA.VIRAL.RNA.TRANSCRIPTION.AND.REPLICATION 2.20 0.00
 VIRAL.MRNA.TRANSLATION 2.20 0.00
 APC.C.MEDIATED.DEGRADATION.OF.CELL.CYCLE.PROTEINS 2.19 0.00
 REGULATION.OF.MITOTIC.CELL.CYCLE 2.19 0.00
 MISSPLICED.GSK3BETA.MUTANTS.STABILIZE.BETA.CATENIN 2.19 0.00
 ANTIGEN.PROCESSING.UBIQUITINATION.PROTEASOME.DEGRADATION 2.19 0.00
 AXIN.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX.ACTIVATING.WNT.SIGNALING 2.19 0.00
 EUKARYOTIC.TRANSLATION.ELONGATION 2.18 0.00
 WP1889.PROCESSING.OF.CAPPED.INTRON.CONTAINING.PRE.MRNA 2.18 0.00
 APC.TRUNCATION.MUTANTS.HAVE.IMPAIRED.AXIN.BINDING 2.18 0.00
 DEGRADATION.OF.BETA.CATENIN.BY.THE.DESTRUCTION.COMPLEX 2.18 0.00
 TCF7L2.MUTANTS.DON.T.BIND.CTBP 2.18 0.00
 HIV.LIFE.CYCLE 2.17 0.00
 WP2683.INFLUENZA.LIFE.CYCLE 2.17 0.00
 S45.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.17 0.00
 DELETIONS.IN.THE.AMER1.GENE.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.17 0.00
 TRUNCATIONS.OF.AMER1.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.17 0.00
 CYCLIN.A.CDK2.ASSOCIATED.EVENTS.AT.S.PHASE.ENTRY 2.17 0.00
 APC.TRUNCATION.MUTANTS.ARE.NOT.K63.POLYUBIQUITINATED 2.16 0.00
 T41.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.16 0.00
 VIF.MEDIATED.DEGRADATION.OF.APOBEC3G 2.16 0.00
 S33.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.15 0.00
 AMER1.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.15 0.00
 CELL.CYCLE.MITOTIC 2.15 0.00
 DEGRADATION.OF.GLI1.BY.THE.PROTEASOME 2.15 0.00
 S37.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.15 0.00
 LATE.PHASE.OF.HIV.LIFE.CYCLE 2.15 0.00
 REGULATION.OF.APC.C.ACTIVATORS.BETWEEN.G1.S.AND.EARLY.ANAPHASE 2.15 0.00
 AXIN.MISSENSE.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.15 0.00
 TRANSLATION.INITIATION.COMPLEX.FORMATION 2.14 0.00

ACTIVATION.OF.THE.MRNA.UPON.BINDING.OF.THE.CAP.BINDING.COMPLEX.AND.EIFS.AND.S
UBSEQUENT.BINDING.TO.43S 2.14 0.00

 CYCLIN.E.ASSOCIATED.EVENTS.DURING.G1.S.TRANSITION 2.13 0.00
 REGULATION.OF.APOPTOSIS 2.13 0.00
 WP1782.APC.C.MEDIATED.DEGRADATION.OF.CELL.CYCLE.PROTEINS 2.13 0.00
 TRUNCATED.APC.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.12 0.00
 APC.C.CDC20.MEDIATED.DEGRADATION.OF.MITOTIC.PROTEINS 2.12 0.00
 FORMATION.OF.THE.TERNARY.COMPLEX.AND.SUBSEQUENTLY.THE.43S.COMPLEX 2.12 0.00
 UBIQUITIN.DEPENDENT.DEGRADATION.OF.CYCLIN.D 2.12 0.00
 CDC20.PHOSPHO.APC.C.MEDIATED.DEGRADATION.OF.CYCLIN.A 2.12 0.00
 APC.C.CDC20.MEDIATED.DEGRADATION.OF.SECURIN 2.12 0.00
 REGULATION.OF.ORNITHINE.DECARBOXYLASE.ODC. 2.12 0.00
 KEGG_MRNA.SURVEILLANCE.PATHWAY 2.11 0.00
 SCF.BETA.TRCP.MEDIATED.DEGRADATION.OF.EMI1 2.11 0.00
 VPU.MEDIATED.DEGRADATION.OF.CD4 2.11 0.00
 WP1848.METABOLISM.OF.CARBOHYDRATES 2.11 0.00
 ACTIVATION.OF.APC.C.AND.APC.C.CDC20.MEDIATED.DEGRADATION.OF.MITOTIC.PROTEINS 2.11 0.00
 KEGG_PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM 2.11 0.00
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 MUSCLE.CONTRACTION 2.21 0.00
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 ACTIVATION.OF.NF.KAPPAB.IN.B.CELLS 2.21 0.00
DELETIONS.IN.THE.AXIN.GENES.IN.HEPATOCELLULAR.CARCINOMA.RESULT.IN.ELEVATED.
WNT.SIGNALING 2.20 0.00
APC.C.CDH1.MEDIATED.DEGRADATION.OF.CDC20.AND.OTHER.APC.C.CDH1.TARGETED.PR
OTEINS.IN.LATE.MITOSIS.EARLY.G1 2.20 0.00

 M.PHASE 2.20 0.00
 INFLUENZA.VIRAL.RNA.TRANSCRIPTION.AND.REPLICATION 2.20 0.00
 VIRAL.MRNA.TRANSLATION 2.20 0.00
 APC.C.MEDIATED.DEGRADATION.OF.CELL.CYCLE.PROTEINS 2.19 0.00
 REGULATION.OF.MITOTIC.CELL.CYCLE 2.19 0.00
 MISSPLICED.GSK3BETA.MUTANTS.STABILIZE.BETA.CATENIN 2.19 0.00
 ANTIGEN.PROCESSING.UBIQUITINATION.PROTEASOME.DEGRADATION 2.19 0.00
 AXIN.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX.ACTIVATING.WNT.SIGNALING 2.19 0.00
 EUKARYOTIC.TRANSLATION.ELONGATION 2.18 0.00
 WP1889.PROCESSING.OF.CAPPED.INTRON.CONTAINING.PRE.MRNA 2.18 0.00
 APC.TRUNCATION.MUTANTS.HAVE.IMPAIRED.AXIN.BINDING 2.18 0.00
 DEGRADATION.OF.BETA.CATENIN.BY.THE.DESTRUCTION.COMPLEX 2.18 0.00
 TCF7L2.MUTANTS.DON.T.BIND.CTBP 2.18 0.00
 HIV.LIFE.CYCLE 2.17 0.00
 WP2683.INFLUENZA.LIFE.CYCLE 2.17 0.00
 S45.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.17 0.00
 DELETIONS.IN.THE.AMER1.GENE.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.17 0.00
 TRUNCATIONS.OF.AMER1.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.17 0.00
 CYCLIN.A.CDK2.ASSOCIATED.EVENTS.AT.S.PHASE.ENTRY 2.17 0.00
 APC.TRUNCATION.MUTANTS.ARE.NOT.K63.POLYUBIQUITINATED 2.16 0.00
 T41.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.16 0.00
 VIF.MEDIATED.DEGRADATION.OF.APOBEC3G 2.16 0.00
 S33.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.15 0.00
 AMER1.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.15 0.00
 CELL.CYCLE.MITOTIC 2.15 0.00
 DEGRADATION.OF.GLI1.BY.THE.PROTEASOME 2.15 0.00
 S37.MUTANTS.OF.BETA.CATENIN.AREN.T.PHOSPHORYLATED 2.15 0.00
 LATE.PHASE.OF.HIV.LIFE.CYCLE 2.15 0.00
 REGULATION.OF.APC.C.ACTIVATORS.BETWEEN.G1.S.AND.EARLY.ANAPHASE 2.15 0.00
 AXIN.MISSENSE.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.15 0.00
 TRANSLATION.INITIATION.COMPLEX.FORMATION 2.14 0.00

ACTIVATION.OF.THE.MRNA.UPON.BINDING.OF.THE.CAP.BINDING.COMPLEX.AND.EIFS.AND.S
UBSEQUENT.BINDING.TO.43S 2.14 0.00

 CYCLIN.E.ASSOCIATED.EVENTS.DURING.G1.S.TRANSITION 2.13 0.00
 REGULATION.OF.APOPTOSIS 2.13 0.00
 WP1782.APC.C.MEDIATED.DEGRADATION.OF.CELL.CYCLE.PROTEINS 2.13 0.00
 TRUNCATED.APC.MUTANTS.DESTABILIZE.THE.DESTRUCTION.COMPLEX 2.12 0.00
 APC.C.CDC20.MEDIATED.DEGRADATION.OF.MITOTIC.PROTEINS 2.12 0.00
 FORMATION.OF.THE.TERNARY.COMPLEX.AND.SUBSEQUENTLY.THE.43S.COMPLEX 2.12 0.00
 UBIQUITIN.DEPENDENT.DEGRADATION.OF.CYCLIN.D 2.12 0.00
 CDC20.PHOSPHO.APC.C.MEDIATED.DEGRADATION.OF.CYCLIN.A 2.12 0.00
 APC.C.CDC20.MEDIATED.DEGRADATION.OF.SECURIN 2.12 0.00
 REGULATION.OF.ORNITHINE.DECARBOXYLASE.ODC. 2.12 0.00
 KEGG_MRNA.SURVEILLANCE.PATHWAY 2.11 0.00
 SCF.BETA.TRCP.MEDIATED.DEGRADATION.OF.EMI1 2.11 0.00
 VPU.MEDIATED.DEGRADATION.OF.CD4 2.11 0.00
 WP1848.METABOLISM.OF.CARBOHYDRATES 2.11 0.00
 ACTIVATION.OF.APC.C.AND.APC.C.CDC20.MEDIATED.DEGRADATION.OF.MITOTIC.PROTEINS 2.11 0.00
 KEGG_PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM 2.11 0.00
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 RIBOSOMAL.SCANNING.AND.START.CODON.RECOGNITION 2.10 0.00
 CLASS.I.MHC.MEDIATED.ANTIGEN.PROCESSING.PRESENTATION 2.10 0.00
Placebo - down-regulated
 GPCR.LIGAND.BINDING -2.03 0.08
 WP1825.GPCR.LIGAND.BINDING -2.05 0.09
 CLASS.A.1.RHODOPSIN.LIKE.RECEPTORS. -1.97 0.09
 WP455.GPCRS.CLASS.A.RHODOPSIN.LIKE -1.99 0.09
 KEGG_NEUROACTIVE.LIGAND.RECEPTOR.INTERACTION -2.08 0.13
EGCG+RES - up-regulated (limited to NES ≥ 1.8)
 KEGG_VALINE.LEUCINE.AND.ISOLEUCINE.DEGRADATION 1.83 0.10
 PYRUVATE.METABOLISM.AND.CITRIC.ACID.TCA.CYCLE 1.85 0.10
 WP2677.SIGNALING.BY.TYPE.1.INSULIN.LIKE.GROWTH.FACTOR.1.RECEPTOR.IGF1R. 1.84 0.10
 WP2023.CELL.DIFFERENTIATION.META 1.83 0.10

WP1935.TRANSPORT.OF.GLUCOSE.AND.OTHER.SUGARS.BILE.SALTS.AND.ORGANIC.ACIDS.
METAL.IONS.AND.AMINE.COMPOUNDS 1.80 0.11

 KEGG_DILATED.CARDIOMYOPATHY 1.85 0.11
 WP2766.THE.CITRIC.ACID.TCA.CYCLE.AND.RESPIRATORY.ELECTRON.TRANSPORT. 1.94 0.11
 KEGG_CALCIUM.SIGNALING.PATHWAY 1.81 0.11
 TRANSCRIPTION.COUPLED.NER.TC.NER. 1.81 0.11
 CITRIC.ACID.CYCLE.TCA.CYCLE. 1.87 0.12
 WP1848.METABOLISM.OF.CARBOHYDRATES 1.85 0.12
 WP78.TCA.CYCLE 1.87 0.13
 KEGG_CITRATE.CYCLE.TCA.CYCLE. 1.88 0.14
 WP534.GLYCOLYSIS.AND.GLUCONEOGENESIS 1.95 0.15
  PI3K.CASCADE 1.89 0.16
EGCG+RES – down-regulated
 PHASE.1.FUNCTIONALIZATION.OF.COMPOUNDS -2.05 0.04
 WP43.OXIDATION.BY.CYTOCHROME.P450 -1.76 0.19
 KEGG_METABOLISM.OF.XENOBIOTICS.BY.CYTOCHROME.P450 -1.79 0.19
  CYTOCHROME.P450.ARRANGED.BY.SUBSTRATE.TYPE -1.82 0.19

EGCG+RES, epigallocatechin-3-gallate plus resveratrol; GESA, gene set enrichment analysis; NES, normalized enrichment score;
q indicates statistical significance of false discovery rate (FDR) of post versus pre-enrichment
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Supplemental Table S5.2: Skeletal muscle lipid fractions before and after 12 wk of
supplementation with EGCG+RES or PLA

PLA
(n=17)

EGCG+RES
(n=12) Time Treatment Time*treatment

Week 0 Week 12 Week 0 Week 12 P P P

DAG
Total, µmol/g 13.6 ± 1.6 11.7 ± 1.9 20.4 ± 6.9 14.9 ± 2.8 0.23 0.22 0.52
SFA, % 35.4 ± 2.0 36.9 ± 2.6 37.4 ± 2.6 37.0 ± 2.4 0.68 0.72 0.59
MUFA, % 52.8 ± 1.7 51.0 ± 2.4 49.8 ± 3.4 49.7 ± 3.5 0.61 0.48 0.70
PUFA, % 11.8 ± 0.5 12.1 ± 0.8 12.8 ± 1.2 13.3 ± 1.3 0.62 0.29 0.92
TAG
Total, µmol/g 308 ± 103 285 ± 98 392 ± 137 154 ± 31 0.24 0.83 0.27
SFA, % 38.9 ± 2.1 40.1 ± 2.2 43.9 ± 3.9 42.9 ± 3.8 0.88 0.27 0.62
MUFA, % 51.1 ± 1.6 50.0 ± 1.8 44.7 ± 4.4 46.8 ± 4.0 0.93 0.13 0.55

PUFA, % 10.1 ± 0.6 9.9 ± 0.6 11.4 ± 1.3 10.4 ± 1.3 0.37 0.42 0.52

Values are means ± SEMs. Data were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and
treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. DAG, diacylglycerol; EGCG+RES,
epigallocatechin-3-gallate plus resveratrol; MUFA, mono-unsaturated fatty acids; PUFA, poly-unsaturated fatty acids; PLA,
placebo; post, after intervention; pre, before intervention; SFA, saturated fatty acids; TAG, triacylglycerol.

	
time, min time, min	

Supplemental Figure S5.1: Local fasting and postprandial interstitial blood flow before and
after the intervention
Values are means ± SEMs (n=17). Interstitial local blood flows (ethanol outflow/inflow-ratios) were measured after an overnight
fast (at 0 min) and postprandial (from 0 to 240 min) by means of microdialysis in skeletal muscle (M. gastrocnemius; A) and
abdominal subcutaneous adipose tissue (B) of male subjects. Fasting values (t=0 min), AUCs during the HFMM test (calculated
from t= 0-240 min) and the incremental AUCs were analyzed using a two-factor repeated-measures ANOVA, with time (Ptime, pre,
post) and treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. Reported P-values refer to the
AUCs of the respective metabolite concentrations. AT, adipose tissue; EGCG+RES, epigallocatechin-3-gallate plus resveratrol;
PLA, placebo; post, after intervention; pre, before intervention; SM, skeletal muscle. Dashed line, open circles: PLApre; solid line,
filled circles: PLApost; Dashed line, open squares: EGCG+RESpre; solid line, filled squares: EGCG+RESpost.
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Supplemental Table S5.2: Skeletal muscle lipid fractions before and after 12 wk of
supplementation with EGCG+RES or PLA

PLA
(n=17)

EGCG+RES
(n=12) Time Treatment Time*treatment

Week 0 Week 12 Week 0 Week 12 P P P

DAG
Total, µmol/g 13.6 ± 1.6 11.7 ± 1.9 20.4 ± 6.9 14.9 ± 2.8 0.23 0.22 0.52
SFA, % 35.4 ± 2.0 36.9 ± 2.6 37.4 ± 2.6 37.0 ± 2.4 0.68 0.72 0.59
MUFA, % 52.8 ± 1.7 51.0 ± 2.4 49.8 ± 3.4 49.7 ± 3.5 0.61 0.48 0.70
PUFA, % 11.8 ± 0.5 12.1 ± 0.8 12.8 ± 1.2 13.3 ± 1.3 0.62 0.29 0.92
TAG
Total, µmol/g 308 ± 103 285 ± 98 392 ± 137 154 ± 31 0.24 0.83 0.27
SFA, % 38.9 ± 2.1 40.1 ± 2.2 43.9 ± 3.9 42.9 ± 3.8 0.88 0.27 0.62
MUFA, % 51.1 ± 1.6 50.0 ± 1.8 44.7 ± 4.4 46.8 ± 4.0 0.93 0.13 0.55

PUFA, % 10.1 ± 0.6 9.9 ± 0.6 11.4 ± 1.3 10.4 ± 1.3 0.37 0.42 0.52

Values are means ± SEMs. Data were analyzed by using a two-factor repeated-measures ANOVA, with time (Ptime, pre, post) and
treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. DAG, diacylglycerol; EGCG+RES,
epigallocatechin-3-gallate plus resveratrol; MUFA, mono-unsaturated fatty acids; PUFA, poly-unsaturated fatty acids; PLA,
placebo; post, after intervention; pre, before intervention; SFA, saturated fatty acids; TAG, triacylglycerol.

	
time, min time, min	

Supplemental Figure S5.1: Local fasting and postprandial interstitial blood flow before and
after the intervention
Values are means ± SEMs (n=17). Interstitial local blood flows (ethanol outflow/inflow-ratios) were measured after an overnight
fast (at 0 min) and postprandial (from 0 to 240 min) by means of microdialysis in skeletal muscle (M. gastrocnemius; A) and
abdominal subcutaneous adipose tissue (B) of male subjects. Fasting values (t=0 min), AUCs during the HFMM test (calculated
from t= 0-240 min) and the incremental AUCs were analyzed using a two-factor repeated-measures ANOVA, with time (Ptime, pre,
post) and treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant. Reported P-values refer to the
AUCs of the respective metabolite concentrations. AT, adipose tissue; EGCG+RES, epigallocatechin-3-gallate plus resveratrol;
PLA, placebo; post, after intervention; pre, before intervention; SM, skeletal muscle. Dashed line, open circles: PLApre; solid line,
filled circles: PLApost; Dashed line, open squares: EGCG+RESpre; solid line, filled squares: EGCG+RESpost.
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Supplemental Figure S5.2: Local fasting and postprandial interstitial metabolite
concentrations before and after the intervention
Values are means ± SEMs (n=17). Interstitial metabolite concentrations (glycerol, glucose, lactate and pyruvate) were measured
after an overnight fast (at 0 min) and postprandial (from 0 to 240 min) by means of microdialysis in skeletal muscle (M.
gastrocnemius; A-D) and abdominal subcutaneous adipose tissue (E-H) of male subjects. Fasting values (t=0 min), AUCs during
the HFMM test (calculated from t= 0-240 min) and the incremental AUCs were analyzed using a two-factor repeated-measures
ANOVA, with time (Ptime, pre, post) and treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant.
Reported P-values refer to the AUCs of the respective metabolite concentrations. AT, adipose tissue; EGCG+RES,
epigallocatechin-3-gallate plus resveratrol; PLA, placebo; post, after intervention; pre, before intervention; SM, skeletal muscle.
Dashed line, open circles: PLApre; solid line, filled circles: PLApost; Dashed line, open squares: EGCG+RESpre; solid line, filled
squares: EGCG+RESpost.
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Supplemental Figure S5.2: Local fasting and postprandial interstitial metabolite
concentrations before and after the intervention
Values are means ± SEMs (n=17). Interstitial metabolite concentrations (glycerol, glucose, lactate and pyruvate) were measured
after an overnight fast (at 0 min) and postprandial (from 0 to 240 min) by means of microdialysis in skeletal muscle (M.
gastrocnemius; A-D) and abdominal subcutaneous adipose tissue (E-H) of male subjects. Fasting values (t=0 min), AUCs during
the HFMM test (calculated from t= 0-240 min) and the incremental AUCs were analyzed using a two-factor repeated-measures
ANOVA, with time (Ptime, pre, post) and treatment (Ptreatment, PLA, EGCG+RES) as factors. P<0.05 was considered significant.
Reported P-values refer to the AUCs of the respective metabolite concentrations. AT, adipose tissue; EGCG+RES,
epigallocatechin-3-gallate plus resveratrol; PLA, placebo; post, after intervention; pre, before intervention; SM, skeletal muscle.
Dashed line, open circles: PLApre; solid line, filled circles: PLApost; Dashed line, open squares: EGCG+RESpre; solid line, filled
squares: EGCG+RESpost.
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Abstract

Background: Dietary polyphenols may have beneficial effects on adipose tissue mass and function in

rodents, but human studies are scarce.

Methods: In a randomized, placebo-controlled study, 25 (10 women) overweight and obese humans

received a combination of polyphenols epigallocatechin-gallate and resveratrol (282 mg/d, 80 mg/d,

respectively, EGCG+RES, n=11) or placebo (PLA, n=14) supplementation for 12 weeks. Adipose tissue

biopsies were collected for assessment of adipocyte morphology and microarray analysis.

Results: EGCG+RES had no effects on adipocyte size and distribution compared with PLA. However, we

identified that pathways contributing to adipogenesis, cell cycle and apoptosis were significantly

downregulated by EGCG+RES versus PLA. Furthermore, EGCG+RES significantly decreased expression

of pathways related to energy metabolism, oxidative stress, inflammation, and immune defense as

compared with PLA.

Conclusion: In conclusion, the adipose tissue gene expression profile indicates a reduced cell turnover after

12-week EGCG+RES supplementation in overweight-obese subjects. It remains to be elucidated whether

these alterations translate into long term metabolic effects.

Graphical Abstract

	

Polyphenols are naturally
abundant ingredients in tea
(EGCG) and wine (RES) and
may improve metabolic health
through effects on adipose
tissue (AT). Overweight
subjects consumed either
polyphenol-supplements or
placebos (PLA) for 12 weeks.
We observed no effect on fat
cell size, but the expression of
genes related to inflammation
and metabolism was lower after
the polyphenol-intervention vs
PLA. While a reduction in
inflammatory pathways may be
beneficial towards metabolic
health, a reduction in fat cell
metabolism may impair the
physiological function of AT	
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Background

Enlargement of abdominal subcutaneous adipocytes is an independent marker of insulin resistance

[1], and predicts the development of type 2 diabetes [2]. Additionally, adipose tissue (AT)

dysfunction rather than an increased fat mass per se is associated with the development of insulin

resistance. This suggests that both the morphology and function of AT determine the risk of

developing chronic metabolic conditions accompanying the obese phenotype.

Epigallocatechin-3-gallate (EGCG) and resveratrol (RES) are dietary polyphenols, abundantly

available in green tea and in grapes, respectively. Both have been shown to prevent the

development of fat mass accretion and insulin resistance in rodents on obesogenic diets via

inhibition of adipogenesis and inflammation, and increased lipolysis and energy expenditure [3-

6]. However, most human studies have not found significant effects on AT mass and whole-body

metabolic profile after supplementation with either EGCG or RES [7, 8]. Nevertheless, RES

supplementation for 4 weeks induced a reduction in adipocyte size in obese men [9], which was

accompanied by an AT gene expression profile indicative of increased adipose tissue turnover

including adipogenesis, autophagy and inflammation.

We have recently postulated that combining different polyphenols may lead to additional and/or

synergistic and, therefore, more pronounced metabolic effects compared with single

supplementation. Indeed, while EGCG supplementation alone for 3 days was ineffective [10],

combined EGCG and RES (EGCG+RES) supplementation increased energy expenditure and

plasma leptin concentrations in overweight subjects [11]. More recently, we have shown that

combined EGCG+RES supplementation for 12 weeks increased whole-body fat oxidation and

mitochondrial capacity in skeletal muscle, but did not significantly alter whole-body lipolysis, AT

and skeletal muscle lipolysis and tissue-specific insulin sensitivity [12]. Here, we investigated

whether EGCG+RES supplementation for 12 weeks induces alterations in abdominal

subcutaneous AT morphology and gene expression profiles in overweight and obese men and

women compared with placebo (PLA).
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obese men and premenopausal women [12]. These doses have been shown safe and effective

before [9, 11]. This trial was registered at clinicaltrials.gov (NCT02381145).

Before and after intervention, an abdominal subcutaneous AT biopsy was collected after an

overnight fast. All subjects gave written informed consent for participation in the original study,

which was approved by the Medical Ethical Committee of Maastricht University Medical Center+.

All procedures were conducted according to the Declaration of Helsinki.

Abdominal subcutaneous adipocyte size
AT biopsies (~1 g) were taken before and after intervention under local anesthesia using a needle

biopsy technique [22], snap-frozen using liquid nitrogen and stored at -80°C until further analyses.

One portion of the biopsy was embedded in paraffin, of which sections were cut for staining

(hematoxylin and eosin), digital imaging and computerized measurement of 400 individual

adipocytes to determine adipocyte morphology [22].

Adipose tissue gene and protein expression
For gene expression analysis, total RNA was extracted from frozen AT aliquots (~300 mg) using

the Trizol method (Qiagen, Venlo, Netherlands). Starting from 100 ng total RNA, fragmented and

labeled ss-cDNA of each sample was hybridized onto a Human Transcriptome Array 2.0

GeneChip® (Affymetrix) [12]. Gene chip data were analyzed using the MADMAX database and

analysis pipeline [23]. Probe sets were defined according to Dail et al. [24]. Ranked gene lists

created according to the intensity based moderated t-statistics [25] were used as input for Gene Set

Enrichment Analysis (GSEA), which was run with 1000 permutations [26, 27]. Functional data

analysis was conducted on the filtered data set (interquartile range >0.2 (log2), intensity >20 on at

least 5 arrays, >5 probes/gene) based upon a false discovery rate (FDR) q-value <0.05 testing for

time*treatment interactions (EGCG+RES versus PLA). An upstream analysis was performed on

the differentially expressed genes (P<0.05) in AT with Ingenuity Pathway Analysis (June 2015,

QIAGEN Silicon Valley, Redwood City, CA, USA).

In addition, we determined gene expression by RT-qPCR for a selection of physiologically

significant genes that were most pronounced affected (FC>1.25; p<0.05) in the microarrays

(ATP6V1A, ATP6V1H, CD68, HSL, LAMP2, PI4K2A, UCP2, GAPDH). Reverse transcription

of 300 ng of total RNA was performed using iScript cDNA synthesis kit (Bio-Rad), and SYBR-

Green based RT-qPCRs were performed using an iCycler (Bio-Rad). Reactions were performed

in duplicate on the same plate in a total volume of 25 μL containing 5 μL 1:6 cDNA, 12.5 μL

SYBR-Green master mix (IQ SYBR Green Supermix), and gene-specific primers (Biolegio,
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Nijmegen, The Netherlands; primer sequences see Supplemental Table S6.4). Expression was

normalized by GAPDH and the ΔΔCT method was used for calculating relative expression.

Western blot staining was performed in protein lysates from whole fat homogenates after standard

SDS-PAGE and Western blotting, using the MitoProfile® Total OXPHOS antibody cocktail

(MS601, Mitosciences, Oregon, USA) and an HRP-labeled secondary antibody (P0161, DAKO,

Heverlee Belgium). Protein expression values were determined and equally loaded and, as for

PCR, standardized against GAPDH protein expression. Protein quantification of oxidative

phosphorylation (OxPhos)-complexes was performed by Image Lab™ Software (V5.2.1. Build

11, BioRad, Veenendaal, the Netherlands).

Statistics
Data are expressed as mean ± SEM. Variables were normally distributed. Baseline differences

between the EGCG+RES and PLA group were tested by Student’s unpaired t-test. The effects of

EGCG+RES supplementation compared with PLA were analyzed using a 2-factor (time and

treatment) repeated-measures ANOVA. Gene expression data are expressed as fold-changes

calculated as the change from baseline for the EGCG+RES group as compared to the change from

baseline in the PLA-group: Limma (log 2 based) Fold Change = ((Mean FC: INTV_t3-

INTV_t0)*(-(Mean FC: PLA_t3-PLA_t0)). Statistics was done using SPSS 19.0 (IBM

Corporation, Armonk, NY, USA) for Macintosh. P<0.05 was considered as statistically

significant.

Results

Subjects characteristics
Twenty-five subjects (10 women, 15 men) were included in the present sub-study, since AT

biopsies were not available for all individuals that completed the main trial (n=38). At baseline,

subject characteristics and sex-distribution were not significantly different between groups in the

total study population [12], and were comparable in the present sub-study (14 PLA; 8 men, 6

women; 11 EGCG+RES, 7 men, 4 women, Table 6.1).

Adipocyte size
EGCG+RES supplementation had no significant effect on mean adipocyte size or surface area in

abdominal subcutaneous AT (Figure 6.1A-B). In line, adipocyte size distribution was unchanged

after EGCG+RES supplementation (Figure 6.1C), indicating that EGCG+RES did not induce a

shift from large to small adipocytes or vice versa.
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Table 6.1: Subject characteristics and plasma biochemistry
PLA

(n=14)
EGCG+RES

(n=11)
Week 0 Week 12 Week 0 Week 12 P

Age, years 40±3 36±3
BMI, kg/m2 29.7±1.1 30.5±0.7
Waist-to-hip-ratio 0.88±0.03 0.88±0.03
Diastolic BP, mmHg 111±3 119±2
Systolic BP, mmHg 74±2 76±2
HbA1c, % 5.15±0.08 5.05±0.06
2h-Glucose, mmol/l 5.29±0.29 5.19±0.3
Glucose, mmol/l 5.11±0.11 5.12±0.12 5.13±0.13 5.08±0.14 0.50
Insulin, mU/l 9.0±1.2 10.6±1.1 8.7±1.3 7.8±1.2 0.03
HOMA-IR 2.03±0.26 2.39±0.24 1.97±0.29 1.77±0.27 0.03
Free fatty acids, µmol/l 532±32 491±18 497±55 532±53 0.33
Triacylglycerol, mmol/l 1.06±0.22 1.31±0.24 1.75±0.25 1.93±0.27 0.65
Adiponectin, µg/ml 8.3±1.0 8.6±1.0 7.0±1.1 7.1±1.1 0.77
Leptin, ng/ml 23.1±4.5 24.3±4.5 17.8±5.1 16.1±5.1 0.16
Interleukin-6, pg/ml 1.00±0.17 0.91±0.13 0.69±0.19 0.77±0.14 0.46
Interleukin-8, pg/ml 9.28±0.94 10.32±1.06 9.79±1.07 9.79±1.20 0.43
TNF-α, pg/ml 2.86±0.24 3.3±0.46 2.87±0.27 2.81±0.52 0.26
EGCG, ng/ml 0±0 0±0 0±0 15±10 <0.01
RES, ng/ml 0±0 0±0 0±0 233±55 <0.01
Dihydro-RES, ng/ml 0±0 0±0 0±0 177±35 <0.01

BMI, Body-Mass-Index; BP, blood pressure; HbA1c, glycated hemoglobin A 1c; 2h-glucose, plasma glucose after oral glucose-
tolerance test; HOMA-IR, Homeostatic Model Assessment of insulin resistance; TNF-α, tumor necrosis factor alpha; EGCG,
epigallocatechin-3-gallate; RES, resveratrol. Values given as mean ± SEM. P, P-value for statistical significance of time*treatment
interaction.

Adipose tissue gene expression profile
Of the 26876 genes on the array, 10987 were analyzed after filtering (Interquartile range>0.2

(log2), intensity>20 on at least 5 arrays, >5 probes/gene). 763 genes were differentially expressed

after EGCG+RES supplementation as compared to PLA (P<0.05), of which 424 genes showed

higher expression levels (Supplemental Table S6.1).

Using the Databases Kyoto Encyclopedia of Genes and Genomes, Wikipathways, and Biocarta,

we identified 332 pathways that were differentially expressed between EGCG+RES and PLA.

Strikingly, expression levels of all these pathways were lower after EGCG+RES supplementation

as compared to the PLA group, as indicated by negative normalized enrichment scores (NES),

whereas no pathways were significantly enriched after EGCC+RES supplementation

(Supplemental Table S6.2). More specific, gene sets related to cell turnover (circadian rhythm,

cytoskeleton, and apoptosis/autophagy) and transcription and translation showed lower expression

levels (Figure 6.2, rows 1-19). Furthermore, EGCG+RES decreased the expression of pathways

related to energy and substrate metabolism, oxidative stress, immune defense (Figure 6.2, rows

Dietary polyphenols and adipose tissue
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20-48) and various diseases, including Alzheimer’s, several types of cancer, and infectious,

immune, and inflammatory diseases (Supplemental Table S6.2).

Figure 6.1: Abdominal subcutaneous adipocyte morphology and OxPhos protein
expression before and after intervention
A) Mean adipocyte diameter, B) surface area, and C) adipocyte size distribution, and D) mitochondrial protein content of complexes
I-V were not affected by EGCG+RES supplementation compared with PLA. Open bars: week 0; solid bars: week 12. Statistical
significance of time*supplementation interaction indicated as *, when P<0.05. Values are given as means ± SEM (EGCG+RES,
n=5; PLA n=9).
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Next, we selected individual genes - by significance (P<0.05) and fold-change (FC>1.25) in the

microarray analysis - and measured their mRNA expression using quantitative real-time PCR (RT-

qPCR), with GAPDH as housekeeping gene. We observed no statistically significant differences

in mRNA levels between the EGCG+RES and the PLA-group, although the expression pattern

(direction of change) was similar for microarray and RT-qPCR results, for all but 2 individual

genes (Supplemental Table S6.1).

Figure 6.2: Adipose tissue gene expression changes by intervention
Gene set enrichment analysis (GSEA) of adipose tissue microarray data revealed that gene sets (Kyoto Encyclopedia of Genes,
Genomes, Wikipathways, and Biocarta database) related to cell turnover (1-19), energy and substrate metabolism (20-40),
inflammation and the immune system (41-48) were significantly downregulated following EGCG+RES supplementation (PLA,
n=12; EGCG+RES, n=6, data are first presented by individual and in the last two columns as average per group). Red color
indicates downregulated pathways, whereas green color indicates upregulated pathways after EGCG+RES versus PLA. Functional
data analysis was based upon FDR q-value <0.05 on the filtered data set (interquartile range > 0.2 (log2), intensity >20 on at least
5 arrays, >5 probes per gene) for the interaction (EGCG+RES versus PLA) with GSEA which was run with 1000 permutations.
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As an indication of macrophage infiltration in the AT, we also measured CD68-expression by RT-

qPCR. The microarray data showed a significantly lower CD68 expression, indicative for a

reduced macrophage infiltration in AT. The RT-qPCR for CD68 expression displayed a tendency

in the same direction, but did not reach statistical significance. Possible regulators of adipogenesis

(β-estradiol, Prolactin), oxidative stress (Genistein, nuclear factor and erythroid 2-like 2 (NRF2))

and inflammation (TNF-α) were identified by upstream analysis of significantly altered genes

(n=763) as potentially inhibited after EGCG+RES supplementation (Supplemental Table S6.3).

Therefore, the upstream analysis suggests that EGCG+RES supplementation leads to a decrease

in adipogenesis, oxidative stress and inflammation related gene expression. In line, downstream-

gene sets regulated by anti-carcinogenic and immune-suppressant drugs were identified as

activated and implicate an inhibited proliferation capacity (5-Flourouracil, Trichostatin A,

Gentamicin, CD437 and sirolimus).

Adipose tissue oxidative phosphorylation (OxPhos) protein expression
Protein expression of mitochondrial complex V tended to be decreased by EGCG+RES

supplementation compared with PLA (P=0.11, Figure 6.1D). Complexes II, III and I+IV were not

significantly affected by EGCG+RES (P=0.31, P=0.61, P=0.55, respectively).

Discussion

Numerous rodent studies have demonstrated that dietary polyphenols, including EGCG and RES,

modulate AT biology [3, 5]. Here, we demonstrate that supplementation of EGCG+RES for 12

weeks downregulated gene expression of pathways related to adipocyte turnover, energy

metabolism, inflammation, and the immune defense. However, EGCG+RES did not induce

alterations in adipocyte morphology or OxPhos protein expression in overweight and obese

subjects. Importantly, food intake and diet composition did not change throughout the intervention

as assessed by 3-day food records [12].

The present study demonstrated that EGCG+RES supplementation decreased the expression of

gene sets related to adipogenesis, apoptosis and lipolysis, which are major determinants of adipose

tissue and lipid turnover [13-15] and a reduction in both may therefore be indicative of a reduced

adipocyte turnover. This, in turn, may have caused the reduced expression of pathways related to

substrate metabolism and mitochondrial function, possibly related to lower energy requirements

of AT. We acknowledge that other advanced techniques such as isotope dilution may provide more

direct evidence of adipose tissue turnover and should be applied in future studies [16]. Importantly,

a low turnover rate of adipocytes may reflect a less flexible metabolic phenotype. Indeed,
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gene sets regulated by anti-carcinogenic and immune-suppressant drugs were identified as

activated and implicate an inhibited proliferation capacity (5-Flourouracil, Trichostatin A,

Gentamicin, CD437 and sirolimus).

Adipose tissue oxidative phosphorylation (OxPhos) protein expression
Protein expression of mitochondrial complex V tended to be decreased by EGCG+RES

supplementation compared with PLA (P=0.11, Figure 6.1D). Complexes II, III and I+IV were not

significantly affected by EGCG+RES (P=0.31, P=0.61, P=0.55, respectively).

Discussion

Numerous rodent studies have demonstrated that dietary polyphenols, including EGCG and RES,

modulate AT biology [3, 5]. Here, we demonstrate that supplementation of EGCG+RES for 12

weeks downregulated gene expression of pathways related to adipocyte turnover, energy

metabolism, inflammation, and the immune defense. However, EGCG+RES did not induce

alterations in adipocyte morphology or OxPhos protein expression in overweight and obese

subjects. Importantly, food intake and diet composition did not change throughout the intervention

as assessed by 3-day food records [12].

The present study demonstrated that EGCG+RES supplementation decreased the expression of

gene sets related to adipogenesis, apoptosis and lipolysis, which are major determinants of adipose

tissue and lipid turnover [13-15] and a reduction in both may therefore be indicative of a reduced

adipocyte turnover. This, in turn, may have caused the reduced expression of pathways related to

substrate metabolism and mitochondrial function, possibly related to lower energy requirements

of AT. We acknowledge that other advanced techniques such as isotope dilution may provide more

direct evidence of adipose tissue turnover and should be applied in future studies [16]. Importantly,

a low turnover rate of adipocytes may reflect a less flexible metabolic phenotype. Indeed,
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decreased adipocyte and lipid turnover has been related to hypertrophic, dysfunctional AT [13],

obesity [15] and familial combined hyperlipidemia [14]. Nevertheless, the observed inactivation

of pathways corresponding to adipose tissue turnover did not translate into a change in adipocyte

size or AT mass in the present study (Figure 6.1). In line with these morphological findings, plasma

metabolic profile and whole body, and AT insulin sensitivity did not change significantly after the

intervention [12], despite a slight reduction in fasting insulin levels in this subgroup (Table 6.1).

At first glance, the present data seem in contrast to a previous study of our group, demonstrating

that adipocyte size was significantly reduced, whereas fat mass was unchanged, after 30 days of

RES supplementation (150 mg/d) in obese men [9]. In that study, gene expression and pathway

analysis indicated that RES increased adipogenesis and enhanced lysosomal and phagosomal lipid

breakdown, which may have contributed to the observed reduction in adipocyte size [9].

Importantly, however, the duration of supplementation, the lower dose of RES and the addition of

EGCG as supplement in the present study might explain these opposing findings.

Intriguingly, the present data demonstrate that pathways related to oxidative stress, inflammation

and the immune response showed lower expression levels in AT after EGCG+RES intake

compared with PLA (Supplemental Table S6.2). These findings are consistent with previous

studies showing anti-oxidant and anti-proliferative effects of EGCG and RES, which led to the

administration of polyphenols in chemoprevention and cancer therapy [17, 18]. However, due to

the importance of oxidative stress and autophagy in cell and tissue homeostasis, cancer

development and cardiometabolic complications [19, 20], the (patho)physiological relevance of

the present findings over a longer supplementation period remains to be investigated. Contrary to

our observations, Konings et al. [9] reported an elevated gene expression for pathways related to

immune response. This was interpreted as subsequent effect induced by an increased lysosomal

lipid breakdown, and by the decrease in adipocyte size causing traction forces between the

adipocytes and their embedding extracellular matrix. As indicated above, duration of

supplementation, addition of EGCG supplementation and the inclusion of female subjects may

have played a role in these differential findings. Despite the small sample size of this study, which

is its major limitation, the results were consistent. If feasible, future studies would benefit from

inclusion of a more thorough assessment of macrophage infiltration to characterize the

inflammatory status of the AT.

We were not able to confirm the microarray data in a statistically significant way by RT-qPCR of

individual genes although the mRNA transcripts followed a similar pattern as our gene expression

array data. Over the past decade microarray technology has been established as a sensitive and

robust method to detect changes in gene expression patterns [21]. Selection of a handful of genes
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introduces a bias in the analysis that may be avoided by using a transcriptome-wide method. In

addition, the GSEA and upstream analysis does not focus on individual genes, but rather on sets

of genes, i.e. pathways. Therefore, with the subtle changes we observed for individual genes,

potential false positive or false-negative genes have less impact on the overall results using

microarray analysis as compared to analyses of individual genes with RT-qPCR.

In conclusion, the present study illustrated that EGCG+RES supplementation for 12 weeks may

induce a suppression of gene sets related to adipocyte turnover (adipogenesis and

apoptosis/autophagy), inflammation and the immune system in AT in overweight and obese men

and women. Although EGCG+RES did not induce any significant effects on body composition,

AT morphology, lipolysis, and insulin sensitivity [12], it remains to be determined how the

alterations of the AT transcriptome may translate into beneficial changes in metabolic health on

longer terms.
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AT Adipose tissue
EGCG Epigallocatechin-gallate
FDR False discovery rate
GSEA Gene set enrichment analysis
OxPhos Oxidative Phosphorylation
PLA Placebo
RES Resveratrol
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Supplemental Results

Supplemental Table S6.1: Condensed selection of most up- and downregulated genes
(n=25, inclusive and plus genes analyzed with RT-qPCR)

Gene Entrez ID Description FC P FC P
Most downregulated, sorted by FC Micro-array RT-qPCR
1 MS4A6E 245802 membrane-spanning 4-domains,

subfamily A, member 6E
-2.042 0.031

2 GPR183 1880 G protein-coupled receptor 183 -1.620 0.006
3 SPESP1 246777 sperm equatorial segment protein 1 -1.494 0.004
4 RNASE6 6039 ribonuclease, RNase A family, k6 -1.489 0.026
5 LOC101927405 101927405 uncharacterized LOC101927405 -1.482 0.020
6 CD68 968 CD68 molecule -1.455 0.041 -1.033 0.779
7 LOC102723793 102723793 uncharacterized LOC102723793 -1.429 0.023
8 LOC102724528 102724528 uncharacterized LOC102724528 -1.420 0.020
9 GPNMB 10457 glycoprotein (transmembrane) nmb -1.412 0.050
10 SLMO2 51012 slowmo homolog 2 (Drosophila) -1.411 0.046
11 CXCL16 58191 chemokine (C-X-C motif) ligand 16 -1.409 0.023
12 UCP2 7351 uncoupling protein 2 (mitochondrial,

proton carrier)
-1.400 0.004 -1.347 0.655

13 CTSD 1509 cathepsin D -1.399 0.025
14 PRDX3 10935 peroxiredoxin 3 -1.395 0.010
15 LOC101929216 101929216 uncharacterized LOC101929216 -1.394 0.047
16 SLC31A1 1317 solute carrier family 31 (copper

transporter), member 1
-1.393 0.005

17 GPRIN3 285513 GPRIN family member 3 -1.388 0.003
18 TMSB4X 7114 thymosin beta 4, X-linked -1.375 0.004
19 SAMHD1 25939 SAM domain and HD domain 1 -1.375 0.040
20 MS4A7 58475 membrane-spanning 4-domains,

subfamily A, member 7
-1.373 0.029

21 S100A4 6275 S100 calcium binding protein A4 -1.368 0.019
22 MMP19 4327 matrix metallopeptidase 19 -1.366 0.039
23 MIR4435-1HG 541471 MIR4435-1 host gene (non-protein

coding)
-1.364 0.018

24 RPL23A 6147 ribosomal protein L23a -1.363 0.028
25 IFI6 2537 interferon, alpha-inducible protein 6 -1.360 0.039

Additional genes selected by hypothesis to physiological relevance
PI4K2A 55361 phosphatidylinositol 4-kinase type 2

alpha
-1.283 0.001 -1.377 0.600

LAMP2 3920 lysosomal-associated membrane
protein 2

-1.279 0.008 -2.034 0.111

LIPE 3991 lipase, hormone-sensitive -1.271 0.019 1.155 0.576
ATP6V1A 523 ATPase, H+ transporting, lysosomal

70kDa, V1 subunit A
-1.255 0.009 -1.079 0.560

ATP6V1H 51606 ATPase, H+ transporting, lysosomal
50/57kDa, V1 subunit H

-1.250 0.004 -1.074 0.982

Most upregulated, sorted by FC
1 RNU6-23P 100873755 RNA, U6 small nuclear 23,

pseudogene
2.057 0.013

2 MIR6875 102466755 microRNA 6875 1.790 0.002
3 MIR4442 100616477 microRNA 4442 1.688 0.004
4 MIR3689D2 100616344 microRNA 3689d-2 1.623 0.030
5 TRM-CAT1-1 100189201 transfer RNA-Met (CAT) 1-1 1.611 0.011
6 MIR6873 102466754 microRNA 6873 1.590 0.004
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Supplemental Results

Supplemental Table S6.1: Condensed selection of most up- and downregulated genes
(n=25, inclusive and plus genes analyzed with RT-qPCR)

Gene Entrez ID Description FC P FC P
Most downregulated, sorted by FC Micro-array RT-qPCR
1 MS4A6E 245802 membrane-spanning 4-domains,

subfamily A, member 6E
-2.042 0.031

2 GPR183 1880 G protein-coupled receptor 183 -1.620 0.006
3 SPESP1 246777 sperm equatorial segment protein 1 -1.494 0.004
4 RNASE6 6039 ribonuclease, RNase A family, k6 -1.489 0.026
5 LOC101927405 101927405 uncharacterized LOC101927405 -1.482 0.020
6 CD68 968 CD68 molecule -1.455 0.041 -1.033 0.779
7 LOC102723793 102723793 uncharacterized LOC102723793 -1.429 0.023
8 LOC102724528 102724528 uncharacterized LOC102724528 -1.420 0.020
9 GPNMB 10457 glycoprotein (transmembrane) nmb -1.412 0.050
10 SLMO2 51012 slowmo homolog 2 (Drosophila) -1.411 0.046
11 CXCL16 58191 chemokine (C-X-C motif) ligand 16 -1.409 0.023
12 UCP2 7351 uncoupling protein 2 (mitochondrial,

proton carrier)
-1.400 0.004 -1.347 0.655

13 CTSD 1509 cathepsin D -1.399 0.025
14 PRDX3 10935 peroxiredoxin 3 -1.395 0.010
15 LOC101929216 101929216 uncharacterized LOC101929216 -1.394 0.047
16 SLC31A1 1317 solute carrier family 31 (copper

transporter), member 1
-1.393 0.005

17 GPRIN3 285513 GPRIN family member 3 -1.388 0.003
18 TMSB4X 7114 thymosin beta 4, X-linked -1.375 0.004
19 SAMHD1 25939 SAM domain and HD domain 1 -1.375 0.040
20 MS4A7 58475 membrane-spanning 4-domains,

subfamily A, member 7
-1.373 0.029

21 S100A4 6275 S100 calcium binding protein A4 -1.368 0.019
22 MMP19 4327 matrix metallopeptidase 19 -1.366 0.039
23 MIR4435-1HG 541471 MIR4435-1 host gene (non-protein

coding)
-1.364 0.018

24 RPL23A 6147 ribosomal protein L23a -1.363 0.028
25 IFI6 2537 interferon, alpha-inducible protein 6 -1.360 0.039

Additional genes selected by hypothesis to physiological relevance
PI4K2A 55361 phosphatidylinositol 4-kinase type 2

alpha
-1.283 0.001 -1.377 0.600

LAMP2 3920 lysosomal-associated membrane
protein 2

-1.279 0.008 -2.034 0.111

LIPE 3991 lipase, hormone-sensitive -1.271 0.019 1.155 0.576
ATP6V1A 523 ATPase, H+ transporting, lysosomal

70kDa, V1 subunit A
-1.255 0.009 -1.079 0.560

ATP6V1H 51606 ATPase, H+ transporting, lysosomal
50/57kDa, V1 subunit H

-1.250 0.004 -1.074 0.982

Most upregulated, sorted by FC
1 RNU6-23P 100873755 RNA, U6 small nuclear 23,

pseudogene
2.057 0.013

2 MIR6875 102466755 microRNA 6875 1.790 0.002
3 MIR4442 100616477 microRNA 4442 1.688 0.004
4 MIR3689D2 100616344 microRNA 3689d-2 1.623 0.030
5 TRM-CAT1-1 100189201 transfer RNA-Met (CAT) 1-1 1.611 0.011
6 MIR6873 102466754 microRNA 6873 1.590 0.004
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7 TRS-AGA3-1 790951 transfer RNA-Ser (AGA) 3-1 1.583 0.011
8 SNORA71E 677821 small nucleolar RNA, H/ACA box 71E 1.571 0.010
9 RNASEK-

C17orf49
100529209 RNASEK-C17orf49 readthrough 1.565 0.003

10 MIR936 100126326 microRNA 936 1.547 0.001
11 TRM-CAT6-1 100189226 transfer RNA-Met (CAT) 6-1 1.520 0.025
12 ERCC6-PGBD3 101243544 ERCC6-PGBD3 readthrough 1.513 0.006
13 MIR133B 442890 microRNA 133b 1.505 0.002
14 TRK-CTT6-1 100188995 transfer RNA-Lys (CTT) 6-1 1.500 0.044
15 CT47B1 643311 cancer/testis antigen family 47,

member B1
1.498 0.001

16 LOC728554 728554 THO complex 3 pseudogene 1.485 0.007
17 LOC101929974 101929974 uncharacterized LOC101929974 1.481 0.008
18 TRS-CGA4-1 100189152 transfer RNA-Ser (CGA) 4-1 1.476 0.014
19 IGLJ4 28830 immunoglobulin lambda joining 4 (non-

functional)
1.474 0.015

20 MIR3147 100422939 microRNA 3147 1.473 0.010
21 LOC729468 729468 putative PGM5-like protein 1 1.463 0.007
22 TRAJ7 28748 T cell receptor alpha joining 7 1.455 0.007
23 MIR1292 100302138 microRNA 1292 1.448 0.033
24 MIR1185-2 100302209 microRNA 1185-2 1.438 0.010
25 TRG-CCC5-1 100189045 transfer RNA-Gly (CCC) 5-1 1.431 0.012

Shortened list of the most up- and downregulated genes as analyzed by micro-array (both, n=25) and additional genes (n=7) based
on their physiological relevance to our hypothesis analyzed by RT-qPCR. Fold-changes are calculated as fold-change from
baseline for the EGCG+RES group as compared to the fold-change from baseline in the PLA-group, and P-values are raw p-
values from regularized paired t-test (FC(EGCG+RES)*FC(PLA)).
	
	
Supplemental Table S6.2: Condensed list of up- and downregulated pathways (NES < -2.0)

 Pathway NES q-
value Source

Cell cycle
 APC.C.MEDIATED.DEGRADATION.OF.CELL.CYCLE.PROTEINS -2.85 0.000 WP1782
 CELL.CYCLE -2.36 0.000 KEGG
 CELL.CYCLE.CHECKPOINTS -3.02 0.000 WP1775
 EGF.EGFR.SIGNALING.PATHWAY -2.31 0.000 WP437
 EUKARYOTIC.TRANSCRIPTION.INITIATION -2.48 0.000 WP405
 G13.SIGNALING.PATHWAY -2.32 0.000 WP524
 M.G1.TRANSITION -2.80 0.000 WP2785
 MITOTIC.G1.G1.S.PHASES -2.67 0.000 WP1858
 MITOTIC.METAPHASE.AND.ANAPHASE -2.85 0.000 WP2757
 MITOTIC.PROPHASE -2.50 0.000 WP2654
 S.PHASE -2.74 0.000 WP2772
Cellular maintenance
 ANDROGEN.RECEPTOR.SIGNALING.PATHWAY -2.51 0.000 WP138
 CIRCADIAN.RHYTHM -2.29 0.000 KEGG
 DIURNALLY.REGULATED.GENES.WITH.CIRCADIAN.ORTHOLOGS -2.25 0.000 WP410
 FCGAMMA.RECEPTOR.FCGR.DEPENDENT.PHAGOCYTOSIS. -2.23 0.000 WP2719
 PHAGOSOME -2.79 0.000 KEGG
 OTHER.GLYCAN.DEGRADATION -2.06 0.002 KEGG
 MEMBRANE.TRAFFICKING -2.67 0.000 WP1846
 N.GLYCAN.BIOSYNTHESIS -2.18 0.001 KEGG
 CDC42RAC -2.16 0.001 BIOC
 SPHINGOLIPID.METABOLISM -2.28 0.000 WP2788
 ADHERENS.JUNCTION -2.28 0.000 KEGG
 LYSOSOME -3.58 0.000 KEGG

Dietary polyphenols and adipose tissue

175

Transcription & Translation
 RIBOSOME -2.39 0.000 KEGG
 DEADENYLATION.DEPENDENT.MRNA.DECAY -2.14 0.001 WP2659
 HISTONE.MODIFICATIONS -2.42 0.000 WP2369
 METABOLISM.OF.NON.CODING.RNA -2.10 0.001 WP2715
 MRNA.CAPPING -2.22 0.000 WP1861
 RNA.DEGRADATION -2.39 0.000 KEGG
 MRNA.PROCESSING -2.14 0.001 WP411
 RNA.TRANSPORT -2.55 0.000 KEGG
 PROCESSING.OF.CAPPED.INTRON.CONTAINING.PRE.MRNA -2.51 0.000 WP1889
 SPLICEOSOME -2.19 0.000 KEGG
 REGULATION.OF.DNA.REPLICATION -2.81 0.000 WP1898
 REGULATION.OF.MRNA.STABILITY.BY.PROTEINS.THAT.BIND.AU.RICH.ELEMENTS -3.00 0.000 WP2733
 REGULATORY.RNA.PATHWAYS -2.30 0.000 WP1901
 MRNA.SURVEILLANCE.PATHWAY -2.25 0.000 KEGG
 RNA.POLYMERASE.II.TRANSCRIPTION -2.46 0.000 WP1906
 SRP.DEPENDENT.COTRANSLATIONAL.PROTEIN.TARGETING.TO.MEMBRANE -2.36 0.000 WP2737
 SYNTHESIS.OF.DNA -2.68 0.000 WP1925
 TRANSCRIPTIONAL.REGULATION.OF.WHITE.ADIPOCYTE.DIFFERENTIATION -2.23 0.000 WP2751
Metabolism mitochondria
 ELECTRON.TRANSPORT.CHAIN -2.81 0.000 WP111
 ENERGY.METABOLISM -2.29 0.000 WP1541
 NOTCH.SIGNALING.PATHWAY -2.14 0.001 WP61
 OXIDATIVE.PHOSPHORYLATION -2.79 0.000 KEGG
 RESPIRATORY.ELECTRON.TRANSPORT.ATP.SYNTHESIS.BY.CHEMIOSMOTIC.COU

PLING.AND.HEAT.PRODUCTION.BY.UNCOUPLING.PROTEINS.
-2.58 0.000 WP1902

 SIGNALING.BY.NOTCH1 -2.18 0.001 WP2720
 NOTCH.SIGNALING.PATHWAY -2.11 0.001 KEGG
 CITRATE.CYCLE.TCA.CYCLE. -2.24 0.000 KEGG
 THE.CITRIC.ACID.TCA.CYCLE.AND.RESPIRATORY.ELECTRON.TRANSPORT. -2.61 0.000 WP2766
Metabolism Protein/AA
 DEGRADATION.OF.BETA.CATENIN.BY.THE.DESTRUCTION.COMPLEX -2.72 0.000 WP2773
 METABOLISM.OF.AMINO.ACIDS.AND.DERIVATIVES -2.34 0.000 WP2693
 PROTEASOME.DEGRADATION -2.78 0.000 WP183
 PROTEASOME -2.42 0.000 BIOC
 PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM -3.09 0.000 KEGG
 VALINE.LEUCINE.AND.ISOLEUCINE.DEGRADATION -2.15 0.001 KEGG
 LYSINE.DEGRADATION -2.14 0.001 KEGG
 PROTEIN.EXPORT -2.37 0.000 KEGG
Metabolism substrate & energy
 AMPK.SIGNALING.PATHWAY -2.17 0.001 KEGG
 PYRUVATE.METABOLISM -2.21 0.000 KEGG
 FATTY.ACID.BETA.OXIDATION -2.05 0.002 WP143
 FATTY.ACID.BIOSYNTHESIS -2.31 0.000 WP357
 FATTY.ACID.ELONGATION -2.19 0.000 KEGG
 FATTY.ACID.TRIACYLGLYCEROL.AND.KETONE.BODY.METABOLISM -2.25 0.000 WP1817
 MAPK.SIGNALING.PATHWAY -2.08 0.002 WP382
 METABOLISM.OF.CARBOHYDRATES -2.08 0.001 WP1848
 PENTOSE.PHOSPHATE.PATHWAY -2.23 0.000 KEGG
 REGULATION.OF.LIPID.METABOLISM.BY.PEROXISOME.PROLIFERATOR.ACTIVATED

.RECEPTOR.ALPHA.PPARALPHA.
-2.24 0.000 WP2797

 TRANSLOCATION.OF.GLUT4.TO.THE.PLASMA.MEMBRANE -2.31 0.000 WP2777
 BIOSYNTHESIS.OF.UNSATURATED.FATTY.ACIDS -2.04 0.002 KEGG
Cholesterol & Micronutrients
 IRON.UPTAKE.AND.TRANSPORT -2.15 0.001 WP2670
 REGULATION.OF.CHOLESTEROL.BIOSYNTHESIS.BY.SREBP.SREBF. -2.10 0.001 WP2686
 TERPENOID.BACKBONE.BIOSYNTHESIS -2.11 0.001 KEGG
 SREBP.SIGNALLING -2.23 0.000 WP1982
Oxidative stress
 DETOXIFICATION.OF.REACTIVE.OXYGEN.SPECIES -2.22 0.000 WP2824
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Transcription & Translation
 RIBOSOME -2.39 0.000 KEGG
 DEADENYLATION.DEPENDENT.MRNA.DECAY -2.14 0.001 WP2659
 HISTONE.MODIFICATIONS -2.42 0.000 WP2369
 METABOLISM.OF.NON.CODING.RNA -2.10 0.001 WP2715
 MRNA.CAPPING -2.22 0.000 WP1861
 RNA.DEGRADATION -2.39 0.000 KEGG
 MRNA.PROCESSING -2.14 0.001 WP411
 RNA.TRANSPORT -2.55 0.000 KEGG
 PROCESSING.OF.CAPPED.INTRON.CONTAINING.PRE.MRNA -2.51 0.000 WP1889
 SPLICEOSOME -2.19 0.000 KEGG
 REGULATION.OF.DNA.REPLICATION -2.81 0.000 WP1898
 REGULATION.OF.MRNA.STABILITY.BY.PROTEINS.THAT.BIND.AU.RICH.ELEMENTS -3.00 0.000 WP2733
 REGULATORY.RNA.PATHWAYS -2.30 0.000 WP1901
 MRNA.SURVEILLANCE.PATHWAY -2.25 0.000 KEGG
 RNA.POLYMERASE.II.TRANSCRIPTION -2.46 0.000 WP1906
 SRP.DEPENDENT.COTRANSLATIONAL.PROTEIN.TARGETING.TO.MEMBRANE -2.36 0.000 WP2737
 SYNTHESIS.OF.DNA -2.68 0.000 WP1925
 TRANSCRIPTIONAL.REGULATION.OF.WHITE.ADIPOCYTE.DIFFERENTIATION -2.23 0.000 WP2751
Metabolism mitochondria
 ELECTRON.TRANSPORT.CHAIN -2.81 0.000 WP111
 ENERGY.METABOLISM -2.29 0.000 WP1541
 NOTCH.SIGNALING.PATHWAY -2.14 0.001 WP61
 OXIDATIVE.PHOSPHORYLATION -2.79 0.000 KEGG
 RESPIRATORY.ELECTRON.TRANSPORT.ATP.SYNTHESIS.BY.CHEMIOSMOTIC.COU

PLING.AND.HEAT.PRODUCTION.BY.UNCOUPLING.PROTEINS.
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 FOXO.SIGNALING.PATHWAY -2.14 0.001 KEGG
 GLUTATHIONE.METABOLISM -2.18 0.001 KEGG
 OXIDATIVE.STRESS -2.12 0.001 WP408
Inflammation, Immune system
 INTERFERON.GAMMA.SIGNALING -2.39 0.000 WP1836
 MYD88.MAL.CASCADE.INITIATED.ON.PLASMA.MEMBRANE -2.28 0.000 WP2761
 TNF.ALPHA.SIGNALING.PATHWAY -2.18 0.000 WP2808
 TOLL.LIKE.RECEPTOR.SIGNALING.PATHWAY -2.26 0.000 WP75
 TYPE.II.INTERFERON.SIGNALING.IFNG. -2.31 0.000 WP619
 AGE.RAGE.PATHWAY -2.11 0.001 WP2324
 ASPARAGINE.N.LINKED.GLYCOSYLATION -2.69 0.000 WP1785
 B.CELL.RECEPTOR.SIGNALING.PATHWAY -2.03 0.002 WP23
 CLASS.I.MHC.MEDIATED.ANTIGEN.PROCESSING.AMP.PRESENTATION -3.07 0.000 WP2796
 ANTIGEN.PROCESSING.AND.PRESENTATION -2.79 0.000 KEGG
 COSTIMULATION.BY.THE.CD28.FAMILY -2.13 0.001 WP1799
 MHC.CLASS.II.ANTIGEN.PRESENTATION -2.81 0.000 WP2679
 SIGNALING.BY.THE.B.CELL.RECEPTOR.BCR. -2.49 0.000 WP2746
 TCR.SIGNALING -2.30 0.000 WP1927
Autophagy/apoptosis
 APOPTOSIS.MODULATION.BY.HSP70 -1.89 0.008 WP384
 REGULATION.OF.APOPTOSIS -2.62 0.000 WP1896
 SIGNALING.BY.EGFR -2.48 0.000 WP1910
Infection, disease, cancer
 ALLOGRAFT.REJECTION -2.33 0.000 KEGG
 ALZHEIMER.S.DISEASE -2.34 0.000 KEGG
 ASTHMA -2.11 0.001 KEGG
 AUTOIMMUNE.THYROID.DISEASE -2.16 0.001 KEGG
 CHAGAS.DISEASE.AMERICAN.TRYPANOSOMIASIS. -2.10 0.001 KEGG
 EPITHELIAL.CELL.SIGNALING.IN.HELICOBACTER.PYLORI.INFECTION -2.29 0.000 KEGG
 EPSTEIN.BARR.VIRUS.INFECTION -2.69 0.000 KEGG
 SIGNALING.PATHWAYS.IN.GLIOBLASTOMA -2.14 0.001 WP2261
 GRAFT.VERSUS.HOST.DISEASE -2.37 0.000 KEGG
 HEPATITIS.B -2.31 0.000 KEGG
 HEPATITIS.C -2.22 0.000 KEGG
 HERPES.SIMPLEX.INFECTION -2.92 0.000 KEGG
 HIV.LIFE.CYCLE -2.93 0.000 WP2658
 HOST.INTERACTIONS.OF.HIV.FACTORS -3.02 0.000 WP2684
 HUNTINGTON.S.DISEASE -2.56 0.000 KEGG
 INFLAMMATORY.BOWEL.DISEASE.IBD. -2.16 0.001 KEGG
 INFLUENZA.A -2.97 0.000 KEGG
 INFLUENZA.LIFE.CYCLE -2.47 0.000 WP2683
 INTEGRATED.BREAST.CANCER.PATHWAY -2.33 0.000 WP1984
 LATENT.INFECTION.OF.HOMO.SAPIENS.WITH.MYCOBACTERIUM.TUBERCULOSIS -2.24 0.000 WP2700
 LEGIONELLOSIS -2.30 0.000 KEGG
 LEISHMANIASIS -2.36 0.000 KEGG
 MEASLES -2.79 0.000 KEGG
 NON.ALCOHOLIC.FATTY.LIVER.DISEASE.NAFLD. -2.12 0.001 KEGG
 PARKINSON.S.DISEASE -2.33 0.000 KEGG
 RHEUMATOID.ARTHRITIS -2.53 0.000 KEGG
 SALMONELLA.INFECTION -2.19 0.000 KEGG
 STAPHYLOCOCCUS.AUREUS.INFECTION -2.54 0.000 KEGG
 SYSTEMIC.LUPUS.ERYTHEMATOSUS -2.68 0.000 KEGG
 TOXOPLASMOSIS -2.52 0.000 KEGG
 TUBERCULOSIS -2.68 0.000 KEGG
 TYPE.I.DIABETES.MELLITUS -2.17 0.001 KEGG
 VIBRIO.CHOLERAE.INFECTION -2.65 0.000 KEGG
 VIRAL.CARCINOGENESIS -2.60 0.000 KEGG

VIRAL.MYOCARDITIS -2.67 0.000 KEGG
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NES, normalized enrichment score; q, statistical significance of false discovery rate (FDR) of post versus pre-enrichment
comparing changes after EGCG+RES versus changes after placebo; Source represents the database, in which the respective
pathway has been identified.
	
	
Supplemental Table S6.3: Ingenuity upstream analysis including related genes

Upstream regulator Downstream targets
/pathways Genes P

Adipogenesis

Inhibited β-Estradiol adipogenesis chemical - endogenous
mammalian 49 0.040

Inhibited Prolactin early in adipogenesis cytokine 30 <0.001
Activated miR-124-3p adipogenic mature microRNA 24 0.001

Oxidative stress
Inhibited Genistein PPARs, NRF, autophagy chemical drug 34 <0.001
Inhibited NFE2L2, =NRF2 antioxidant defense transcription regulator 31 0.001

Inflammation and Immune defense
Inhibited TNF-a inflammation cytokine 49 0.023

Activated Sirolimus
(=Rapamycin)

impairs T- & B-cell
proliferation and
activation

chemical drug 29 0.007

Anti-carcinogenic
Inhibited Trichostatin A antibiotic, inhibits histone

deacetylase
chemical drug 30 0.040

Inhibited Gentamicin antibiotic, binds bacterial
ribosome

chemical drug 24 0.002

Activated 5-Fluorouracil cytostaticum chemical drug 26 <0.001

Activated CD 437
adipogenesis, anti-
carcinogenic (by ER-
stress)

chemical drug 25 <0.001

PPAR-α, Peroxisome proliferator-activated receptor α; NFE2L2, Nuclear factor (erythroid-derived 2)-like 2 (=NRF2); TNF-α,
tumor necrosis factor alpha. P, statistical significance of activation/inhibition of upstream regulator for post versus pre-
enrichment.	

Supplemental Table S6.4: Primer Sequences for RT-qPCR
Gene name Forward Primer Reverse Primer

ATP6V1A GAGATCCTGTACTTCGCACTGG GGGGATGTAGATGCTTTGGGT
ATP6V1H CAGAAGTTCGTGCAAACAAAGTC TCAGGGCTTCGTTTCATTTCAA
CD68 CCCTATGGACACCTCAGCTTT GAAGGACACATTGTACTCCACC
HSL (LIPE) GCGGATCACACAGAACCTGG AC AGCAGGCGGCTTACCCT CAC
LAMP2 GAAAATGCCACTTGCCTTTATGC AGGAAAAGCCAGGTCCGAAC
PI4K2A TTGTCCTTAACCAGGGCTATCT GTACGGGGAACAATGTTGAGT
UCP2 GGAGGTGGTCGGAGATACCAA ACAATGGCATTACGAGCAACAT
Endogenous control Forward Primer Reverse Primer
GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG

Primer sequences for SYBR-Green based RT-qPCR analyses. F, forward; R, reverse.
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 FOXO.SIGNALING.PATHWAY -2.14 0.001 KEGG
 GLUTATHIONE.METABOLISM -2.18 0.001 KEGG
 OXIDATIVE.STRESS -2.12 0.001 WP408
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 TYPE.II.INTERFERON.SIGNALING.IFNG. -2.31 0.000 WP619
 AGE.RAGE.PATHWAY -2.11 0.001 WP2324
 ASPARAGINE.N.LINKED.GLYCOSYLATION -2.69 0.000 WP1785
 B.CELL.RECEPTOR.SIGNALING.PATHWAY -2.03 0.002 WP23
 CLASS.I.MHC.MEDIATED.ANTIGEN.PROCESSING.AMP.PRESENTATION -3.07 0.000 WP2796
 ANTIGEN.PROCESSING.AND.PRESENTATION -2.79 0.000 KEGG
 COSTIMULATION.BY.THE.CD28.FAMILY -2.13 0.001 WP1799
 MHC.CLASS.II.ANTIGEN.PRESENTATION -2.81 0.000 WP2679
 SIGNALING.BY.THE.B.CELL.RECEPTOR.BCR. -2.49 0.000 WP2746
 TCR.SIGNALING -2.30 0.000 WP1927
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 APOPTOSIS.MODULATION.BY.HSP70 -1.89 0.008 WP384
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 ALLOGRAFT.REJECTION -2.33 0.000 KEGG
 ALZHEIMER.S.DISEASE -2.34 0.000 KEGG
 ASTHMA -2.11 0.001 KEGG
 AUTOIMMUNE.THYROID.DISEASE -2.16 0.001 KEGG
 CHAGAS.DISEASE.AMERICAN.TRYPANOSOMIASIS. -2.10 0.001 KEGG
 EPITHELIAL.CELL.SIGNALING.IN.HELICOBACTER.PYLORI.INFECTION -2.29 0.000 KEGG
 EPSTEIN.BARR.VIRUS.INFECTION -2.69 0.000 KEGG
 SIGNALING.PATHWAYS.IN.GLIOBLASTOMA -2.14 0.001 WP2261
 GRAFT.VERSUS.HOST.DISEASE -2.37 0.000 KEGG
 HEPATITIS.B -2.31 0.000 KEGG
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 INTEGRATED.BREAST.CANCER.PATHWAY -2.33 0.000 WP1984
 LATENT.INFECTION.OF.HOMO.SAPIENS.WITH.MYCOBACTERIUM.TUBERCULOSIS -2.24 0.000 WP2700
 LEGIONELLOSIS -2.30 0.000 KEGG
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 NON.ALCOHOLIC.FATTY.LIVER.DISEASE.NAFLD. -2.12 0.001 KEGG
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 RHEUMATOID.ARTHRITIS -2.53 0.000 KEGG
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 STAPHYLOCOCCUS.AUREUS.INFECTION -2.54 0.000 KEGG
 SYSTEMIC.LUPUS.ERYTHEMATOSUS -2.68 0.000 KEGG
 TOXOPLASMOSIS -2.52 0.000 KEGG
 TUBERCULOSIS -2.68 0.000 KEGG
 TYPE.I.DIABETES.MELLITUS -2.17 0.001 KEGG
 VIBRIO.CHOLERAE.INFECTION -2.65 0.000 KEGG
 VIRAL.CARCINOGENESIS -2.60 0.000 KEGG

VIRAL.MYOCARDITIS -2.67 0.000 KEGG
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NES, normalized enrichment score; q, statistical significance of false discovery rate (FDR) of post versus pre-enrichment
comparing changes after EGCG+RES versus changes after placebo; Source represents the database, in which the respective
pathway has been identified.
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During diet-induced weight gain adipose tissue (AT) expands due to increased fat storage, which

may lead to alterations such as impaired lipid accumulation and angiogenesis, hypoxia, fibrotic

tissue [1] and an imbalance in the secretion of pro- and anti-inflammatory proteins [2]. These

changes can, at least in part, be reversed through weight loss, which affects AT metabolism,

resulting in decreased adipocyte size, number of AT macrophages [3] and increased adipogenic

capacity of pre-adipocytes [4], all accompanied by a less inflammatory secretion profile.

Eventually weight loss can reduce the risk for diabetes [5] because it significantly enhances

systemic insulin sensitivity [6]. However, metabolic impairments are more correlated with AT

morphology and function than with body fat mass per se [7, 8]. Which genetic, behavioural, and

environmental interactions alter white AT morphology and function, including its ability to

expand, is still debated. Nevertheless, the induced changes may lead to AT inflammation, lipid

overflow, and ectopic fat storage [9], consequently impairing peripheral glucose disposal and

systemic insulin sensitivity, and stimulating systemic low-grade inflammation [10]. These

alterations are associated with the increase of the obesity-related diseases T2DM, CVD and

NAFLD [11]. Consequently, an alleviation of subcutaneous AT (scAT) dysfunction by restoring

its adipogenic potential, secretory profile, insulin sensitivity and lipid buffering capacity [11-13],

or a redistribution of lipids into the beneficial femoral AT depots [14], favours metabolic health.

Modifying AT (dys)-functions and inflammation with nutritional bio-actives offers a potential

therapeutic option, alone or as add-on therapy to other weight loss strategies, to antagonize obesity-

related metabolic impairments. Therefore, the objective of this thesis was to investigate whether

nutritional bio-actives (polyphenols, carotenoids and n-3 PUFAs) affect human white AT biology,

hence contributing to improvements of metabolic profiles in humans.

Favorable modulations of AT (dys)-functions and metabolic profiles

Due to the increasing prevalence of obesity-related comorbidities and the limited success of

promoting lifestyle changes, human intervention studies are conducted to investigate nutritional

bio-actives as additional preventive or therapeutic strategy. These studies demonstrated that the

supplementation with the polyphenols trans-resveratrol (Res) and epigallocatechin-3-gallate

(EGCG; green tea extract (GTE)) decreased plasma glucose, insulin and lipid levels and

ameliorated insulin sensitivity, blood pressure and markers of inflammation independent of

changes in body-weight [15-18]. They may also improve AT function as shown for Res by a shift

to smaller fat cells and modifications of AT lipolysis and inflammation [19, 20]. Human studies

investigating the impact of combinations on the regulation of adipocyte metabolism and AT
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(dys-)functions are scarce and results for single constituents are often controversial. This calls for

more nutritional studies testing combinations of bio-actives with distinct mechanism of action

under controlled settings and for supportive in-vitro experiments with primary human adipocytes

to elucidate mechanisms underlying the impact of bio-actives on AT function.

Role of nutritional bio-actives in modifying the morphology and gene expression
of adipocytes and AT
The morphology of AT is a determinant for its functionality and accordingly, hypertrophic AT

(enlarged adipocytes) is more insulin resistant and lipolytically active, and secretes more pro-

inflammatory cytokines than hyperplastic AT (increased number of smaller adipocytes) [7, 21,

22]. In-vitro adipocyte cultures can partly mirror AT metabolism and therefore we developed an

automated fluorescent assay with murine C3H10 T1/2 adipocytes to measure effects of dietary

constituents on the lipid accumulation in-vitro (Chapter 2). This high content assay is a novel

robust method to quantify changes in cytosolic lipid droplet (LD) content during adipocyte

differentiation, and was validated with nutritional substances that had been shown to affect murine

adipogenesis. Compared to the commonly utilized Oil Red O staining procedure [23], the assay

eliminates the tedious error-prone microscopically counting of LDs, and concomitantly determines

size and intensity of the LDs. Additionally, we demonstrated that n-3 PUFAs and beta-carotene

(dose-dependent reduction of LDs), but also (all-E)-lycopene (Lyc) and hydroxytyrosol

significantly reduced lipid accumulation. Our findings are in line with effects described for EGCG

[24], docosahexaenoic acid [25] and beta-carotene [26], while the inhibitory effects of Lyc and the

lack of effects of Res, described as anti-adipogenic in murine cell models [27], were unexpected.

Studies with murine cell lines only give hints how and which bio-actives might influence the

storage of LDs in human AT and several natural substances seem to act on different biological

pathways of AT. Therefore, we conducted in-vitro studies with primary human white adipocytes:

i) to confirm the previous murine data and ii) to test whether combinations of dietary bio-actives

(with distinct mechanisms of action) are more efficacious regarding inhibition of lipid

accumulation than individual constituents (Chapter 3 and 4). Human multipotent adipose-derived

stem (hMADS) cells were isolated from subcutaneous white AT of age-matched lean and obese

donors (Chapter 4). The effects observed with the murine adipocytes were only partly consistent

with those of the human adipocytes, which might be indicative for species differences. However,

we demonstrated for the first time that combining Lyc and/or eicosapentaenoic acid (EPA) with

Res significantly reduced the lipid accumulation in in-vitro differentiated human adipocytes

(Chapter 3). The combination Lyc/Res was also anti-lipogenic when using slightly modified
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differentiation conditions (less rosiglitazone (5 mM), Chapter 4). However here, Res seemed to

be the key driver of the altered features in differentiated hMADS cells, because it diminished LD

accumulation and blunted basal and ISO-stimulated lipolysis to the same extent as the

combination, whereas Lyc showed no effect. Hypertrophic insulin resistant AT displays alterations

in adipogenic and lipolytic gene and protein expression [28, 29], hence we further investigated

whether the bio-actives modified the transcriptional profile of adipocytes. Indeed, the effects on

the LD quantity in in-vitro differentiated murine and human adipocytes could, in part, be related

to changes in the balance between the adipogenic, lipogenic and lipolytic gene expression. The

anti-adipogenic effects of Res have been attributed to the activation of AMP-activated protein

kinase (AMPK) [30] and SIRT1 [31], which repress the regulators of adipogenesis, PPAR-gamma

and C/EBP-alpha. Such a suppression was observed in our human adipocytes by Res and the

combinations Lyc/Res and EPA/Res, which led to a subsequent down-regulation of the lipogenic

markers GLUT-4, LPL, FAS and FABP-4. GLUT-4 protein levels in AT gauge adipose insulin

sensitivity and a decreased GLUT-4 mRNA and protein content is described in insulin resistant

overweight, pre-diabetic and T2DM subjects [32, 33]. Therefore, a suppression of GLUT-4 and

LPL mRNA by bio-actives is not beneficial when it translates into reduced protein levels and

finally diminishes glucose uptake and TAGs/FFAs buffering capacity of adipocytes. Accordingly,

the effects of bio-actives on protein expression, translocation, and phosphorylation status and on

functional uptake need to be investigated in further evaluations. The same applies for the anti-

lipolytic protein PLIN-1 and the lipases ATGL and HSL, which were in contrast to other studies

[34, 35] significantly suppressed by Res and the combination Lyc/Res, resulting in a blunted

lipolytic activity in hMADS cells (Chapter 4). This is in agreement with the concept that partial

inhibition of adipocyte lipolysis (using pharmacological ATGL and HSL blockers) could prevent

ectopic lipid storage and development of insulin resistance under high fat diet (HFD) conditions

[36, 37].

Taken together, AT biology is species-specifically regulated, which hampers comparisons of

findings in murine and human adipocytes. Furthermore, conflicting effects of bio-active

substances in human cellular assays could be explained by the application of varying culture and

differentiation conditions. These comprise different cell passages, seeding densities,

concentrations of i) FCS (0% -10%) and cAMP elevating agents, ii) varying hormones and proteins

(e.g., dexamethasone, cortisol, insulin, transferrin, and triiodothyronine (T3)), and iii) the use of

varying PPAR-gamma ligands (thiazolidinediones (TZD)) at different stages during the adipocyte

differentiation [27, 38-41]. Indeed, an alteration of the differentiation conditions, e.g. by reducing
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the level of the PPAR-gamma agonist rosiglitazone, dramatically changed the metabolic response

of differentiating human pre-adipocytes (HPAd) to bio-actives e.g. Res, although the

morphological features (LD quantity) of the 14 days differentiated CTRL cells were comparable

(Chapter 3 and 4). As the differentiation of human adipocytes is often induced via low

rosiglitazone concentrations during the first 3 days, we hypothesize that our hMADS cell

differentiation procedure (Chapter 4) emphasized effects of the bio-actives that are more

comparable with formerly reported results e.g., for Res [42, 43]. Interestingly, other groups use

rosiglitazone together with T3 for the formation of beige/brown-adipocytes [40]. This raises the

question, whether we study beige or white adipocyte metabolism and function in-vitro.

Combining nutritional bio-actives: in-vitro versus in-vivo effects on AT

Nutritional bio-actives that decrease the volume of existing and increase the number of adipocytes

and thus induce hyperplastic WAT expansion in-vivo, are considered major preventive and

therapeutic measures against metabolic complications of obesity [33]. Yet, we showed in a

randomized, double-blind, placebo (PLA) controlled study that a 12-week EGCG/Res

supplementation did not change the abdominal scAT morphology in overweight-obese subjects

(Chapter 6). Due to the unilocular LDs in adipocytes in-vivo, we determined the cells size and not

the LD number (in-vitro) as indicator of lipid content. The unaltered adipocyte morphology is in

contrast with the reduced subcutaneous adipocyte size shown by Konings et al. [19] after a 4-week

treatment with Res only (150 mg/d). However, it is in line with the unchanged body fat mass

reported in Chapter 5 and by other groups that supplemented Res [44, 45] or EGCG [46, 47] over

12 weeks. Ahmed et al. illustrated that the combination EGCG/Res additively inhibited in-vitro

lipid accumulation in HPAd and 3T3-L1 adipocytes (15 µM or 30 µM each, respectively), which

were differentiated with the same adipogenic cocktail (no TZD). The individual bio-actives

displayed no inhibitory effects on adipogenic differentiation [48]. Together these data indicate that

translation from in-vitro to the in-vivo physiology is limited, also due to the fact that bio-actives

may affect different metabolic processes: in-vivo TAGs, stored in adipocytes, are generated from

FAs which are derived from chylomicrons and VLDL via extracellular lipolysis, whereas FAs /

TAGs in in-vitro differentiated adipocytes are mainly synthesized from glucose via de-novo

lipogenesis. Furthermore, a reduced fat storage capacity of adipocytes in-vitro is not necessarily

favorable in metabolically compromised subjects because without compensatory mechanisms like

increased recruitment of new adipocytes or fat oxidation, the excess of dietary fat is likely to be

stored ectopically [49]. Yet, a reduced lipid content in hypertrophic AT could decrease features of

AT dysfunction like hypoxia and fibrosis [50].
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Although EGCG/Res supplementation did not influence AT morphology, the gene chip data

indicated that this combination induced significant changes in the scAT gene expression profile

depicted by a suppression of gene sets related to adipocyte differentiation, inflammation, and the

immune system. More specific, a simultaneous down-regulation of gene expression markers of

adipogenesis, autophagy and apoptosis implies that EGCG/Res reduced adipocyte turnover, as

discussed in Chapter 6. A low adipocyte turnover may increase the risk for hypertrophic fat cells

and subsequently reduces insulin sensitivity [7]. Yet, we did not observe any changes in

subcutaneous adipocyte size after 12 weeks. Nevertheless, during weight gain, a reduced adipocyte

turnover could impair metabolic functions and health, which requires further studies. As AT of

obese subjects can consist of over 50% of immune cells, the ‘AT’ transcriptional profile reflects

an overall gene expression of all cells within the tissue [51]. Thus, the observed down-regulation

of inflammatory signaling pathways after EGCG/Res supplementation suggests that AT

inflammation is attenuated. This could on the one hand ameliorate AT function and preclude

systemic low-grade inflammation [52], but on the other hand might affect healthy AT expansion

as this is dependent on well-functioning inflammatory processes [53]. However, microarray results

from other Res intervention studies reported opposite [15] or no effects [45], indicating that the

combination might exhibit different effects than the single polyphenols per se, and gives rise to

interpret these data circumspectly in the absence of the corresponding control groups.

Improvement of adipose insulin sensitivity, and lipolytic and mitochondrial
capacity
Dysfunctional and insulin resistant adipocytes, exhibiting low GLUT-4 levels and a high adipo-

/cytokine (e.g. RBP-4) secretion, mainly contribute to a decline in whole-body insulin sensitivity

[33, 54]. Hence, modifying AT functions by decreasing the size of large adipocytes with bio-

actives, would create smaller insulin sensitive adipocytes. Therefore, we measured the AT-specific

lipolytic activity, insulin sensitivity and mitochondrial capacity after 12-week EGCG/Res

supplementation (Chapter 5 and 6). Unexpectedly, a down-regulation of genes related to

mitochondrial and energy metabolism following EGCG/Res did not translate into a decreased

expression of oxidative phosphorylation (OxPhos) proteins in AT. In line, AT lipolysis (measured

by in situ microdialysis) and AT insulin sensitivity (measured as % suppression of plasma FFA

during a hyperinsulinemic-euglycemic clamp) were not influenced by the intervention, although a

tendency of visceral AT (VAT) mass reduction (measured by DEXA), was noted. In comparison,

a 30-day treatment with Res led to a slightly reduced postprandial AT lipolysis, i.e. an indication

for an improved insulin sensitivity [15]. In accordance with this study differentiated hMADS cells

in Chapter 4 showed a blunted Res-mediated lipolysis. However, these findings contradict the
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suggestion that Res enhances stimulated lipolysis in adipocytes [55], what may lead to ectopic

lipid storage after long-term supplementation of bio-actives in humans, if no compensatory

increase in fat oxidation is induced in these non-adipose tissues. Interestingly, AMPK signaling,

the main switch regarding fuel metabolism and energy homeostasis [56], and uncoupling proteins

were also downregulated in AT after 12-weeks EGCG/Res supplementation. This is contrary to

the growing evidence from in-vitro and rodent studies, that nutritional bio-actives can activate

AMPK [57, 58] and stimulate browning of WAT [59], thereby mediating their anti-obesity

potential [60].

Role of nutritional bio-actives in modulating AT inflammation and secretory
activity
In AT of obese humans more than 90% of the adipo-/cytokines are secreted by non-adipose cells

[61] and these molecules modify pro-and anti-inflammatory responses in AT itself and other

tissues, e.g. liver and muscles [1]. Because large adipocytes are characterized by a shift towards a

pro-inflammatory AT profile [21], a reduction in lipid content should attenuate AT inflammation

and consequently metabolic dysfunction [62]. As shown in Chapter 3 and 4, the morphological

changes induced by Res, EPA and the combinations in in-vitro differentiating human adipocytes

were accompanied by a reduced secretion of the pro-inflammatory cytokines IL-6, MCP-1 and

HGF. Numerous in-vitro and in-vivo studies illustrated similar effects of Lyc, Res, and EPA, as

they reduced inflammatory cytokines (IL-6, MCP-1, PAI-1 and TNF-alpha) and lowered systemic

and HDL-associated inflammation in human adipocytes [42, 63-65], obese or diabetic rodents [66-

69], and humans [70-73]. These studies also underline that the health promoting effects of EPA

are mostly attributed to its activation of the G-protein coupled receptor (GPR) 120 [74] and its

anti-inflammatory and pro-resolving lipid mediators [75, 76]. Furthermore, these studies

corroborate that the anti-inflammatory effects of nutritional bio-actives are based on the inhibition

of NF-kappaB [77-80], which regulates adipocyte-specific cytokine secretion [81]. In Chapter 3

and 4, we demonstrated that Lyc, Res, and EPA suppressed the secretion of IL-6 and MCP-1

without prior stimulation of inflammatory pathways. This could be translated in-vivo into a

reduced attraction of macrophages into AT [82] and consequently prevent inflammation and

insulin resistance [83]. Astonishingly, the lipophile Lyc, showed only moderate anti-inflammatory

effects. In comparison, Res and the combination Lyc/Res were much more effective regarding the

suppression of pro-inflammatory cytokine release and showed comparable effects. This re-

emphasises that Res seems to be the key driver for the observed anti-inflammatory shift under non-

inflamed conditions, whereas Lyc may attenuate inflammation in induced models [63, 84].

Surprisingly, Res and the combinations significantly reduced adiponectin secretion in-vitro. This
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is in contrast to recent findings with murine and human adipocytes [42, 85, 86] and human AT

explants [20], where Res and EPA increased adiponectin secretion or prevented its suppression by

TNF-alpha. Alternatively, the chronic presence of bio-actives may have indirectly reduced

adiponectin production by inhibiting differentiation into human fat cells. In-vivo we did not

observe any impact of EGCG/Res supplementation on plasma IL-6, IL-8, TNF-alpha, adiponectin,

and leptin levels (Chapter 5). This opposes our in-vitro results and other animal and human studies

testing Res [87, 88] and EGCG [17, 89]. In summary, both blocking pro-inflammatory and/or

increasing anti-inflammatory proteins in obese AT might ameliorate metabolic profiles and

diminish obesity-related metabolic diseases [90], although it was recently proposed that AT-

inflammation is essential for healthy WAT expansion [53]. As discussed above and reviewed

recently [60, 91], nutritional bio-actives bare a great potential in contributing to these

improvements and warrant further investigations. Obviously, nutritional bio-actives can not only

affect AT functions such as adipo-/cytokine secretion and thus indirectly influence other tissues,

but also directly act on the cross-talk between organs and modify their functions and whole-body

metabolic parameters.

Impact of supplementation with nutritional bio-actives on insulin

sensitivity and metabolic health

Res and EGCG might affect metabolic profiles and insulin sensitivity, as seen in diet-induced

obese rodents and human intervention studies, possibly through modifications of energy

metabolism and substrate oxidation (mitochondrial function) in peripheral organs. These effects

are mediated via the activation of the AMPK pathway (by both) and SIRT1 / PGC-1alpha

stimulation (by Res: [15, 92, 93]) or catechol-O-methyl-transferase inhibition [by EGCG: [17, 94-

96]). Timmers et al. reported that Res increased insulin sensitivity in obese men, but decreased

fasting and postprandial energy expenditure (EE) [15], which could lead to weight gain during

long-term supplementation (>30 days). They proposed that EGCG’s EE increasing effects [97]

could counteract Res’s “side symptom”. Indeed, a 3-day EGCG/Res intervention in overweight

subjects showed increased resting EE and metabolic flexibility [98]. Based on these short-term

metabolic effects it was hypothesized that the combination EGCG/Res might also improve insulin

sensitivity and metabolic profiles in long(er)-term studies. Therefore, we performed a randomized,

double-blind parallel study to investigate whether i) the supplementation with EGCG/Res can

increase insulin sensitivity and ii) the positive short-term metabolic effects could be maintained

for 12 weeks in non-diabetic overweight-obese subjects (Chapter 5). Forty-two male and female
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overweight-obese subjects were examined before and after a 12-week intervention with

EGCG/Res (n=20, 282 / 80 mg/d, respectively) or PLA (n=22). The primary outcome was tissue-

specific insulin sensitivity (peripheral, hepatic and AT insulin sensitivity as assessed by a

hyperinsulinemic-euglycemic clamp). Secondary outcomes were body composition, skeletal

muscle (SM) oxidative capacity, fat oxidation, lipolysis (via microdialysis) and AT and SM gene

expression profiles.

Effects on tissue-specific insulin sensitivity
Improvements in whole-body lipid metabolism as observed in Chapter 5 are suggested to increase

insulin sensitivity [99, 100] and improve obesity-associated metabolic risk factors (CVD, [101]).

However, the observed improvement in whole-body lipid metabolism (discussed below) and the

tendency in VAT mass reduction after EGCG/Res did not translate into improved HOMA-IR

values or clamp-derived tissue-specific insulin sensitivity (peripheral, liver, AT). The unaffected

insulin sensitivity is reflected by an unchanged expression of insulin signaling-related genes in AT

and SM, an unmodified skeletal muscle lipid content, and no changes in markers of systemic

inflammation. In agreement with our observation (Chapter 5) are two studies that reported

unchanged insulin sensitivity after 4- or 12-week Res supplementation [44, 45]. Nevertheless, the

slight increase (~11%) in SM mitochondrial capacity with EGCG/Res (Chapter 5), may be

insufficient to impact insulin sensitivity after 12 weeks, but in the long run it could prevent insulin

resistance by delaying a decline in mitochondrial function. In addition, the maintenance of

adequate whole-body fat oxidation with EGCG/Res during fasting and in postprandial conditions

(Chapter 5) may minimize mitochondrial overload and hence the built-up of harmful lipids and

reactive oxygen species (ROS). Because EGCG and Res seem to modulate fasting glucose and

insulin concentrations (HOMA-IR), they are regarded insulin sensitizing bio-actives [102, 103].

However, pronounced beneficial effects of Res on insulin sensitivity were previously mainly

observed in populations that had already, in contrast to our population (normoglycemic and mildly

insulin resistant), metabolic impairments (e.g. T2DM and NAFLD) [103, 104]. So, it appears

likely that an improvement in insulin sensitivity by Res is dependent on the donor characteristics,

in particular the severity of the metabolic impairment. A study that investigated a low-caloric diet

with or without EGCG supplementation, using a comparable dose (300 mg/d, 12 weeks) as in our

study, showed no additional effect of EGCG on measured metabolic parameters, including

HOMA-IR, and liver function in obese women [105]. Furthermore, a 4-week Res intake (150

mg/d) did not influence markers of (cardio-)metabolic risk (BMI, HOMA-IR) and inflammation

(IL-6, TNF-alpha) in overweight-obese subjects [106]. Although, a one-year supplementation with

low doses of Res (8 and 16 mg) showed anti-inflammatory effects in patients with CVD risk using
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statins [107], emphasizing the dosage question (see below). Contrary to animal studies, the more

recent systematic review by Christenson et al. concluded that there is insufficient evidence for Res

to be used as anti-obesity supplement in humans [104], as the majority of reviewed studies reported

no effects of Res on their primary outcomes of interest (body mass, fat mass and central obesity)

in overweight-obese subjects. This conclusion and published reports of health-improving effects

in mainly metabolically compromised subjects [102, 103] agree with our results that showed no

effect of the combination on body weight and composition, and insulin sensitivity in obese but

otherwise metabolically healthy subjects. Besides its putative effects regarding glycemic control

and insulin sensitivity [108], Res and also EGCG may be potent bio-actives to reduce inflammation

and oxidative stress, consequently contributing to metabolic health or being used in

chemoprevention [109]. Thus, it remains to be investigated whether the combined EGCG/Res

supplementation could exhibit effects on insulin sensitivity through its effects on lipid metabolism

in obese with severe insulin-resistance or diabetic subjects.

Effects on lipid metabolism - mitochondrial function, ectopic lipid storage
(skeletal muscle) and fat oxidation
Although 12-week EGCG/Res supplementation did not alter body weight and EE (discussed

further below), it induced increased mitochondrial capacity of SM and attenuated systemic

parameters, besides the effects on adipose function (Chapters 3, 4, and 6). Both polyphenols

activated AMPK and PGC-1alpha, the master stimulator of mitochondrial biogenesis [92, 95],

probably adding to the increased mitochondrial capacity observed after 12 weeks EGCG/Res

intake (Chapter 5). This is in accordance with the increased oxidative metabolism found in

overweight-obese men after Res (30 days) and EGCG/Res (3 days) supplementation [15, 98]. The

ex-vivo increased SM oxidative capacity (~11%, measured as oxygen consumption rate) described

in chapter 5 was comparable to the increase in respiratory capacity (~10%) after 4-week Res

supplementation [15], although only in our study (Chapter 5) a concomitant increase in the

expression of OxPhos proteins was observed. This indicates that longer and combined

supplementation does not further increase mitochondrial function per se but might rather induce

mitochondrial biogenesis. Although this conclusion needs to be confirmed by measuring the

mtDNA copy number. In line with these findings, the gene expression of mitochondrial pathways

was also upregulated after 12 weeks. However, the gene expression profile in skeletal muscle

differed from that in AT (Chapter 6), pointing towards a tissue-specific effect of combined

polyphenol supplementation on the transcriptional level. ROS formed during mitochondrial

respiration modulate many cellular processes. A temporary increase in ROS by HFD or exercise

promoted mitochondrial biogenesis in SM [110, 111], whereas a persistent high ROS production,
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as seen in SM and AT of obese insulin resistant subjects [112-114], impaired mitochondrial

function and activated inflammatory pathways, presumably contributing to insulin resistance

[115]. As polyphenols can enhance ROS scavenging [116, 117], this may also account for the

increase of mitochondrial capacity in our study (Chapter 5). It is still debated if mitochondrial

dysfunction accelerates insulin resistance or if insulin resistance contributes to mitochondrial

dysfunction (for review see [118]). Nevertheless, supplementing nutritional bio-actives would

provide a strategy to interrupt this mutual interference as it may improve either mitochondrial

function (our study) or insulin sensitivity [108]. Both are impaired in obese and diabetic subjects

and promoted by physical inactivity and overeating [119, 120].

Concomitantly, we observed a slight increase in whole-body fat oxidation in the EGCG/Res

compared to a slight decrease in the PLA group, while EE remained unchanged in both groups

(Chapter 5). These findings may be explained by the addition of EGCG and the duration of the

intervention, because Timmers et al. observed no increase in fat oxidation after 30-day Res

supplementation in healthy and diabetic obese men [15, 121]. Indeed, it has been shown that

EGCG or GTE can stimulate fat oxidation and suppress the increase of plasma TAG levels after

longer supplementation periods [47, 122-124]. This effect on fat oxidation could also be ascribed

to the increased mitochondrial capacity. Indeed, such an increased oxidative capacity in skeletal

muscle, after 12-week EGCG/Res, could be interpreted as “endurance exercise training”

mimicking effect, with a greater reliance on fat oxidation and hence, reduced carbohydrate

utilization, glycogen depletion [125], and lactate production. This is in line with recent findings

for EGCG [126].

Lipid-spill over from dysfunctional scAT promotes ectopic lipid storage with its consequent

lipotoxicity [49]. After 12-week EGCG/Res supplementation scAT mass and morphology were

unchanged, although the VAT mass tended to be decreased, and the lipid content and composition

in SM was not altered (Chapter 5 and 6). This may reduce the risk of developing cardiometabolic

diseases, since high visceral and skeletal lipid accumulation (untrained subjects [127]) are

associated with cardiovascular, T2DM and metabolic inflammation risk [128-130].

Supplementation of EGCG or Res in rodents has shown to reduce VAT [66, 131, 132] and to

increase hepatic fat oxidation [133, 134]. Based on this, one could speculate that the decrease in

VAT may have improved hepatic function [129] and contributed to the decreased intrahepatic lipid

content in obese men after Res intake [15]. As we neither measured hepatic lipid content nor

substrate oxidation, and hepatic insulin sensitivity was unchanged, the liver’s contribution to the

preserved whole-body fat oxidation by the polyphenols needs to be investigated in future research
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preserved whole-body fat oxidation by the polyphenols needs to be investigated in future research
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by combining tracer methodology with advanced metabolic imaging techniques (e.g. MRI / MRS).

Additionally, the combination of EGCG/Res did not impact local and systemic lipolytic markers

such as interstitial glycerol or plasma FFA levels. This implies that the metabolically beneficial

outcomes seem not mediated by altered lipolysis in SM and AT as reported in man and mice after

Res intake [15, 135]. Taken together, we observed an overall higher fat oxidation during fasting

and postprandially and a blunted increase of postprandial plasma TAG after a high fat mixed meal

(HFMM), which may impede fat accumulation in adipose and non-adipose tissues and could

improve the disturbed lipid-handling observed in skeletal muscle of obese insulin resistant-diabetic

subjects [136, 137]. Therefore, combined EGCG/Res intake might potentially contribute to the

prevention of ectopic lipid storage and associated insulin resistance when supplemented for longer

periods.

Effects on energy expenditure, body weight and composition
In our 12-week intervention study (Chapter 5), combining Res with EGCG did indeed prevent a

previously observed Res-induced (after 30 days) decrease of whole-body EE [15]. However, the

increased resting EE observed after 3-days treatment with EGCG/Res [98] and the insulin

sensitizing effect reported for Res alone [15] could not be confirmed in our combined long-term

supplementation study. In agreement with the unaffected EE are the unchanged food intake, body

weight and composition, although there was a trend towards a decreased VAT mass (~11%) after

12 weeks EGCG/Res intake. Nonetheless, EGCG/Res supplementation significantly preserved

whole-body fat oxidation (relative increase as compared to PLA), increased mitochondrial

capacity in SM, and prevented a postprandial increase of TAG plasma levels compared with PLA.

These findings are consistent with a rodent study which described that chronic upregulation of

whole-body fatty acid oxidation (by pharmacological or genetic means) did not alter EE and total

body fat mass [138]. Again, the translation of results from rodents to humans is inadequate,

because Res or EGCG prevented body weight gain and visceral fat accumulation in rodent models

were obesity was induced using a HFD [66, 131], whereas in human intervention studies already

obese subjects were supplemented. So far, no consistent effects on body weight and composition

have been reported after supplementation of humans with polyphenols (reviewed in [104, 139]).

This underlines that polyphenols might have species-specific modes of actions that furthermore

depend on the bioavailability and dosage.

Bioavailability and dosage of nutritional bio-actives
Overall, bioavailability of nutritional bio-actives including polyphenols is poor [140, 141] and

makes the extrapolation of in-vitro data to in-vivo models difficult. Nevertheless, the 12-week
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EGCG/Res supplementation (Chapter 5 and 6) increased the plasma levels of EGCG, Res and

dihydro-Res significantly. The applied doses of EGCG (200-800 mg/d [142]) and Res (75–1500

mg/d [44, 45]) in this and other intervention studies are considered as safe and well tolerated.

Interestingly, a study in healthy subjects showed that catechin metabolites from orally

supplemented GTE were incorporated into the skin after a 12-week treatment and protected it from

UV-induced stress [143]. This shows that despite their low bioavailability, polyphenols and

derived metabolites accumulated in distinct tissues where they exert their anti-inflammatory /

antioxidant effects. An attempt to increase e.g., the bioavailability of Res is the co-administration

with other polyphenols, which competitively inhibit metabolizing enzymes and thus delay the

elimination of Res from the circulation [144]. This could explain why we measured higher plasma

levels of Res (274 ng/ml, chap. 5 vs 183 ng/ml [15]) when supplementing 80 mg/d Res together

with 282 mg/d EGCG compared to 150 mg/d Res alone as used by Timmers et al. [15]. The poor

bioavailability of bio-actives from vegetable matrices can be enhanced when e.g. tomato products

are processed and co-ingested with lipids [145, 146]. Like for EPA, which is, regardless of its

formulation, orally ample bioavailable [147], also Lyc plasma levels reach a plateau in healthy

adults after a 4-week intake [146]. It was also suggested that requirements of fat-soluble

carotenoids may be dependent on body composition, among other factors, as they are stored in

fatty tissues including the AT and liver [148]. On the contrary, for certain bio-actives e.g. from tea

extracts, a poor intestinal absorption is favorable as these extracts inhibit glucosidases and lipases

and consequently may reduce absorption of macronutrients and hence energy uptake [149, 150].

Furthermore, the dietary composition or medication can impact the effectiveness and absorption

of nutritional bio-actives. A study in mice demonstrated more pronounced effects of Res on

lipogenesis and adipocyte size with a high protein diet compared to a HFD [151]. On the other

hand, in humans the oral delivery of EGCG is highest when taken with water and under fasting

conditions [152]. This shows that standardizing ingestion procedures could minimize the impact

of individual diets. Finally, the biotransformation of polyphenols by gut microbiota and the

modulation of gut microbiota by polyphenols can affect the bioactivity and bioavailability of

polyphenols [153].

Besides bioavailability also the dosage of bio-actives is vital for their effectiveness. Because the

optimal doses and the interactions for Res and EGCG supplements in humans are not known yet,

we used lower doses for the combined polyphenol supplementation over 12 weeks. Interestingly,

high doses of Res were either found not effective (1500 mg/d) [44] or significantly promoting

(3000 mg/d) [154] with respect to metabolic parameters like insulin sensitivity and EE,
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respectively, whereas in both studies no change in body weight was reported after 12 weeks.

EGCG presents a comparable picture: at higher doses (~600 mg/d) it stimulated fat oxidation and

24-h EE [97] and exerted no effects in obese men [155], but at a low dose it increased the fat

oxidation. However, also lower doses (282 mg/d) proved to be ineffective regarding EE and fat

oxidation in obese subjects [126]. Along the lines, the more is not always the merrier, other

intervention studies supplementing with 150-200 mg/d Res, reported an improved insulin

sensitivity [15] and EE [98]. This is contrary to our unchanged EE and insulin sensitivity after

EGCG/Res intake (Chapter 5). Strikingly, high doses of decaffeinated GTE (EGCG 857 mg/d,

Asians) [18] and normal GTE (>540 mg EGCG + ~360 mg caffeine/d) [46] showed no significant

effects on body weight, composition, and other metabolic parameter (hormones, REE, RQ, lipid

absorption) after 12 weeks. In fact, high doses of antioxidants may also induce unfavorable effects

as shown by Ristow et al. who described that high doses of antioxidants (vitamin C (10x RDA)

and E (20x RDA), 4 weeks) blunted the health-promoting effects of exercise e.g. increased insulin

sensitivity, by exaggerated ROS scavenging [156]. Similar bimodal effects are described for n-3

PUFAs, with a significant reduction in markers of oxidative stress like malondialdehyde at lower

concentrations, but an increase at high ones [157].

Conclusions and Future Directions

The human in-vitro (Chapter 3 and 4) and in-vivo studies (Chapter 5 and 6) described in this thesis

contribute to the knowledge of how nutritional bio-actives can affect AT function, insulin

sensitivity, and metabolic profiles and health. The effects of combined bio-actives (Lyc/Res)

treatment on adipocyte features in-vitro did not translate into changes in body composition and

improved tissue-specific insulin sensitivity and lipolysis in-vivo, although an elevated skeletal

muscle mitochondrial capacity and increased whole-body fat oxidation was observed in

overweight-obese adults after 12-week supplementation (EGCG/Res). Hence, it is important that

future research considers the outcomes and limitations of this thesis (summarized below).

1. Our adipose tissue-related data (Chapter 2, 3, 4 and 6) support the concept that applying

nutritional bio-actives is an effective strategy to correct metabolic impairments related to AT

dysfunction [60, 158]. Combining multifunctional molecules that target several signaling

pathways [19, 159, 160] augments the probability of magnified health benefits at lower doses

compared to the single dietary constituents [78]. Therefore, combining Res with other bio-actives

could be advantageous for shifting the release of adipokines towards a less pro-inflammatory
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profile and for improving adipocyte functions (Chapter 3), consequently reducing/preventing

chronic ‘low-grade inflammation’ and metabolic complications accompanying obesity [161, 162].

However, defining the precise molecular effects of differential doses of bio-actives [163] on AT

biology requires further attention.

2. Primary human cells from well characterized donors represent subjects with distinct individual

responses; this better mirrors the in-vivo situation than the use of other non-human adipocyte cell

lines. However, all current cell models operate at distinct un-physiological conditions e.g. high

glucose levels and aqueous medium. These conditions do not facilitate the creation of a proper

ECM and the interaction with it or with neighboring cells [164], which may modify the

differentiation of cells, activity of enzymes, secretion of cytokines [165, 166], and presumably the

effects of test substances. Therefore, adaptations of culturing conditions e.g., via macromolecular

crowding [40, 166, 167], co-cultures and 3-D scaffolding [164] would mimic more closely the

microenvironments found in adipose tissue. In short, standardization of in-vitro differentiation

assays for primary human white adipocytes as suggested by Lee et al. [39], including the use of

macromolecular crowding and more sophisticated 3-D co-cultures, is urgently needed to reshape

the “in-vitro landscape” for studying (synergistic) effects of nutritional bio-actives.

3. The in-vitro findings of this thesis suggest that the effects of nutritional bio-actives, like the

polyphenol Res, on AT function might be largely affected by the applied differentiation protocol

(Chapter 3 and 4), but could also be dependent on intrinsic donor characteristics, which needs to

be investigated in more detail in future research. Therefore, a stringent harmonization of culture

conditions is essential to corroborate the observed biological effects on adipocyte features and to

elucidate the suppression of adiponectin secretion and lipolysis by Res and the combinations.

4. There is increasing evidence from numerous human studies that suggest beneficial effects of

nutritional bio-actives on metabolic diseases. Yet, the optimal doses cannot be determined due to

the variable designs of studies. As indicated in this thesis, there are several factors like the duration

of the intervention and the addition of EGCG that may explain different and inconsistent findings.

Besides the small sample size (Chapter 6), the lack of the additional adequate control groups is

another limitation of the in-vivo studies. Thus, there is an urgent need to further standardize

nutritional intervention studies to minimize confounding factors. The metabolic phenotype

including habitual dietary intake and physical activity, BMI, and the sex-dependent body fat

distribution [14, 168] (merging of overweight and obese men and women, this thesis), the dose,

the supplement nature, and the duration of supplementation are factors that may influence
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intervention effects. Ideally, a cross-over study as designed and performed in other dietary

intervention trials [15, 98] could reduce the influence of inter-individual variation as each

participant is acting as their own control. Yet, this design is limited in study duration.

5. The inclusion of women in our study may have mitigated the effects of the polyphenols because

women appear less responsive in this type of nutritional interventions [47, 98, 169], probably due

to their general healthier status at baseline. Additionally, our small mixed population limits the

comparability with data generated in studies enrolling only men or women [15, 45]. Therefore,

nutritional research studies should be adequately powered, designed, and analyzed to identify sex-

related differences in responses. Preferably, assessments in pre-menopausal women should be

aligned with their menstrual cycle. This and considering different metabolic phenotypes will create

the urgently needed data on intervention responses in males, females, and metabolic subgroups to

define responders and non-responders for prevention and add-on therapies [107, 121].

6. The inconsistency in results reported for human studies supplementing dietary bio-actives

suggests that a more detailed characterization of the cohorts is crucial to better demarcate

subgroups according to their specific metabolic risk (“healthy” versus metabolically impaired

overweight-obese subjects [170]). So, future studies could be improved by also recording the

intake of i) artificial sweeteners that are recommended by diabetes and heart health associations

[171], and ii) micronutrients as their intakes are either too high or too low in the affluent world

[172]. Intriguingly, the glycemic response to a given food is variable between individuals [173]

and seems dependent on the sensitivity of the gut microbiota to sweeteners [174]. Hence, inter-

individual glycemic responses and personal micronutrient inadequacies might influence the

effectiveness of bio-actives in relation to insulin sensitivity and should therefore be considered for

stratifying the study population further. In line, the gut microbiota composition, which depends on

the diet [175], affects the plasma metabolome and associates with insulin resistance [176] and thus

might also modify effects of dietary supplements. Eventually, the application of –omics

technologies could help to assess the genetic background of subgroups and to identify biomarkers

e.g. metabolites of bio-actives that indicate the success of an intervention.

7. As addressed by the FATe project [177] and many others, answering the outstanding questions

how AT expandability is regulated and which other factors besides cell size induce AT

dysfunction, would increase the knowledge of AT biology, and promote a more efficacious use of

medications and dietary supplements. Moreover, future in-vitro or dietary intervention studies

applying combinations of bio-actives should rather investigate mixtures of different classes of
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constituents with more diverse activities [60] in comparison to single constituents and PLA. beta-

Carotene for example affects different molecular targets than Res and it was shown that

carotenoids are promising regarding weight loss in overweight children [178]. In accordance, the

supplementation of a juice and vegetable concentrate reduced systemic inflammation, improved

TAG plasma profiles and insulin sensitivity in overweight boys and adults [159, 179].

To conclude, despite the promotion of balanced diets and enough physical activity obese people

nowadays outnumber underweight people not only in the western-(ized) world, but globally [180].

Therefore, it is crucial to invest in additional nutritional strategies to support weight loss, prevent

weight gain or at least improve AT function and metabolic health. The results of this thesis indicate

that combinations of nutritional bio-actives can positively influence adipocyte functions in-vitro,

illustrated by an anti-inflammatory secretion profile and diminished lipid storage and lipolytic

activity, and prevent in-vivo a decrease of whole-body fat oxidation besides a stimulation of

oxidative capacity in skeletal muscle, favoring weight maintenance. It seems that such

combinations can counteract the effects caused by an energy-dense Western diet [172], which

contains high amounts of fat and added sugar (fructose [181]). The observed prevention of

metabolic deterioration under “challenging” conditions (HFMM, this thesis) seems in agreement

with effects of grape polyphenols observed in rats and humans, that were challenged with a high-

fructose diet [182, 183]. This, together with the growing evidence from animal and human studies,

suggests that dietary supplements could antagonize effects of the obesogenic “cafeteria” diet. To

this end, applying combinations of nutrients that influence different pathways of obesity-

associated metabolic diseases might exceed the favorable effects of individual bio-actives and lead

to additive or synergistic effects. So, supplementing bio-active mixtures represent a more

integrated approach additive to life-style adaptations [184], including increased physical activity.

Overall, bio-actives could enhance the outcome of behavioral/dietary changes, with respect to

improved metabolic health, body weight control, and exercise performance as was demonstrated

for single polyphenol supplementation [123, 124, 184]. Nevertheless, such a comprehensive

strategy can only be effective together with an altered supply of food products. This needs to be

addressed by public health guidelines, and could include limiting and taxing or not subsidizing of

unhealthy foods [185].



Chapter 7

194

intervention effects. Ideally, a cross-over study as designed and performed in other dietary

intervention trials [15, 98] could reduce the influence of inter-individual variation as each

participant is acting as their own control. Yet, this design is limited in study duration.

5. The inclusion of women in our study may have mitigated the effects of the polyphenols because

women appear less responsive in this type of nutritional interventions [47, 98, 169], probably due

to their general healthier status at baseline. Additionally, our small mixed population limits the

comparability with data generated in studies enrolling only men or women [15, 45]. Therefore,

nutritional research studies should be adequately powered, designed, and analyzed to identify sex-

related differences in responses. Preferably, assessments in pre-menopausal women should be

aligned with their menstrual cycle. This and considering different metabolic phenotypes will create

the urgently needed data on intervention responses in males, females, and metabolic subgroups to

define responders and non-responders for prevention and add-on therapies [107, 121].

6. The inconsistency in results reported for human studies supplementing dietary bio-actives

suggests that a more detailed characterization of the cohorts is crucial to better demarcate

subgroups according to their specific metabolic risk (“healthy” versus metabolically impaired

overweight-obese subjects [170]). So, future studies could be improved by also recording the

intake of i) artificial sweeteners that are recommended by diabetes and heart health associations

[171], and ii) micronutrients as their intakes are either too high or too low in the affluent world

[172]. Intriguingly, the glycemic response to a given food is variable between individuals [173]

and seems dependent on the sensitivity of the gut microbiota to sweeteners [174]. Hence, inter-

individual glycemic responses and personal micronutrient inadequacies might influence the

effectiveness of bio-actives in relation to insulin sensitivity and should therefore be considered for

stratifying the study population further. In line, the gut microbiota composition, which depends on

the diet [175], affects the plasma metabolome and associates with insulin resistance [176] and thus

might also modify effects of dietary supplements. Eventually, the application of –omics

technologies could help to assess the genetic background of subgroups and to identify biomarkers

e.g. metabolites of bio-actives that indicate the success of an intervention.

7. As addressed by the FATe project [177] and many others, answering the outstanding questions

how AT expandability is regulated and which other factors besides cell size induce AT

dysfunction, would increase the knowledge of AT biology, and promote a more efficacious use of

medications and dietary supplements. Moreover, future in-vitro or dietary intervention studies

applying combinations of bio-actives should rather investigate mixtures of different classes of

General Discussion

195

constituents with more diverse activities [60] in comparison to single constituents and PLA. beta-

Carotene for example affects different molecular targets than Res and it was shown that

carotenoids are promising regarding weight loss in overweight children [178]. In accordance, the

supplementation of a juice and vegetable concentrate reduced systemic inflammation, improved

TAG plasma profiles and insulin sensitivity in overweight boys and adults [159, 179].

To conclude, despite the promotion of balanced diets and enough physical activity obese people

nowadays outnumber underweight people not only in the western-(ized) world, but globally [180].

Therefore, it is crucial to invest in additional nutritional strategies to support weight loss, prevent

weight gain or at least improve AT function and metabolic health. The results of this thesis indicate

that combinations of nutritional bio-actives can positively influence adipocyte functions in-vitro,

illustrated by an anti-inflammatory secretion profile and diminished lipid storage and lipolytic

activity, and prevent in-vivo a decrease of whole-body fat oxidation besides a stimulation of

oxidative capacity in skeletal muscle, favoring weight maintenance. It seems that such

combinations can counteract the effects caused by an energy-dense Western diet [172], which

contains high amounts of fat and added sugar (fructose [181]). The observed prevention of

metabolic deterioration under “challenging” conditions (HFMM, this thesis) seems in agreement

with effects of grape polyphenols observed in rats and humans, that were challenged with a high-

fructose diet [182, 183]. This, together with the growing evidence from animal and human studies,

suggests that dietary supplements could antagonize effects of the obesogenic “cafeteria” diet. To

this end, applying combinations of nutrients that influence different pathways of obesity-

associated metabolic diseases might exceed the favorable effects of individual bio-actives and lead

to additive or synergistic effects. So, supplementing bio-active mixtures represent a more

integrated approach additive to life-style adaptations [184], including increased physical activity.

Overall, bio-actives could enhance the outcome of behavioral/dietary changes, with respect to

improved metabolic health, body weight control, and exercise performance as was demonstrated

for single polyphenol supplementation [123, 124, 184]. Nevertheless, such a comprehensive

strategy can only be effective together with an altered supply of food products. This needs to be

addressed by public health guidelines, and could include limiting and taxing or not subsidizing of

unhealthy foods [185].
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Introduction
The well-balanced interplay of lipid storage and release (lipolysis) in human adipose tissue (AT)

secures energy homeostasis in times of a nutrient surplus or food shortage, respectively. More

recently, the constant technological progress led to a continuous availability of cheap, processed

energy-dense foods and a dramatic reduction of physical activity. Their concomitant negative

effects are the increasing accumulation of body fat causing obesity, which elevates the risk for

various non-communicable diseases e.g., type-2-diabetes, non-alcoholic fatty liver disease,

cardiovascular diseases, and several forms of cancer. Promoting life-style changes is the first

defence line against increased body fat and metabolic dysfunctions such as insulin resistance,

ectopic fat accumulation and chronic low-grade inflammation. However, apparently this approach

cannot be effectively implemented and maintained in all individuals as shown by the on-going

obesity epidemic. Therefore, further non-invasive strategies need to be explored that contribute to

the reversal or prevention of these metabolic impairments and promote weight loss. This explains

the numerous studies in recent decades on cellular and molecular processes underlying fat

metabolism and on effects of nutrients on adipocyte functions (Chapter 1). In this thesis, we

investigated the effects of nutritional bio-actives like trans-resveratrol (Res), epigallocatechin-3-

gallate (EGCG), (all-E)-lycopene (Lyc), and eicosapentaenoic acid (EPA) on adipocyte functions

and metabolic profiles of overweight-obese humans.

In-vitro study results
To identify nutritional bio-actives that could modulate adipocyte functions (e.g., the accumulation

of cytosolic lipid droplets (LDs) in differentiating adipocytes) valid in-vitro test systems are

required. Therefore, we set-up an automated high content assay using fluorescent microscopy

(ArrayScan® VTI reader) to quantify LDs in adipocytes (Chapter 2). The assay was validated with

several dietary constituents (n-3 polyunsaturated fatty acids (PUFAs), carotenoids, polyphenols)

by determining their influence on LD accumulation and the expression of adipogenic and lipogenic

genes (RT-qPCR). n-3 PUFAs, beta-carotene and hydroxytyrosol strongly inhibited the

rosiglitazone-stimulated lipid formation in murine adipocytes, whereas Lyc and EGCG showed a

moderate and Res no inhibition of LD accumulation. The observed effects on the LD formation

induced by the nutritional constituents correlated with the modulation of the adipogenic genes

PPAR-gamma, C/EBP-alpha, and aP2. Hence, this in-vitro assay is a valuable substitute for the

commonly used Oil Red O procedure, allowing a rapid automated improved quantification of

changes in adipocyte LD parameters.

Human AT dysfunction, characterized by hypertrophic adipocytes, inflammation, and impaired

adipogenesis, rather than an increased fat mass per se, is strongly associated with obesity-related



Appendices

208

Summary

Summary

209

Introduction
The well-balanced interplay of lipid storage and release (lipolysis) in human adipose tissue (AT)

secures energy homeostasis in times of a nutrient surplus or food shortage, respectively. More

recently, the constant technological progress led to a continuous availability of cheap, processed

energy-dense foods and a dramatic reduction of physical activity. Their concomitant negative

effects are the increasing accumulation of body fat causing obesity, which elevates the risk for

various non-communicable diseases e.g., type-2-diabetes, non-alcoholic fatty liver disease,

cardiovascular diseases, and several forms of cancer. Promoting life-style changes is the first

defence line against increased body fat and metabolic dysfunctions such as insulin resistance,

ectopic fat accumulation and chronic low-grade inflammation. However, apparently this approach

cannot be effectively implemented and maintained in all individuals as shown by the on-going

obesity epidemic. Therefore, further non-invasive strategies need to be explored that contribute to

the reversal or prevention of these metabolic impairments and promote weight loss. This explains

the numerous studies in recent decades on cellular and molecular processes underlying fat

metabolism and on effects of nutrients on adipocyte functions (Chapter 1). In this thesis, we

investigated the effects of nutritional bio-actives like trans-resveratrol (Res), epigallocatechin-3-

gallate (EGCG), (all-E)-lycopene (Lyc), and eicosapentaenoic acid (EPA) on adipocyte functions

and metabolic profiles of overweight-obese humans.

In-vitro study results
To identify nutritional bio-actives that could modulate adipocyte functions (e.g., the accumulation

of cytosolic lipid droplets (LDs) in differentiating adipocytes) valid in-vitro test systems are

required. Therefore, we set-up an automated high content assay using fluorescent microscopy

(ArrayScan® VTI reader) to quantify LDs in adipocytes (Chapter 2). The assay was validated with

several dietary constituents (n-3 polyunsaturated fatty acids (PUFAs), carotenoids, polyphenols)

by determining their influence on LD accumulation and the expression of adipogenic and lipogenic

genes (RT-qPCR). n-3 PUFAs, beta-carotene and hydroxytyrosol strongly inhibited the

rosiglitazone-stimulated lipid formation in murine adipocytes, whereas Lyc and EGCG showed a

moderate and Res no inhibition of LD accumulation. The observed effects on the LD formation

induced by the nutritional constituents correlated with the modulation of the adipogenic genes

PPAR-gamma, C/EBP-alpha, and aP2. Hence, this in-vitro assay is a valuable substitute for the

commonly used Oil Red O procedure, allowing a rapid automated improved quantification of

changes in adipocyte LD parameters.

Human AT dysfunction, characterized by hypertrophic adipocytes, inflammation, and impaired

adipogenesis, rather than an increased fat mass per se, is strongly associated with obesity-related



Appendices

210

metabolic diseases. Therefore, in Chapter 3 we investigated the impact of bio-active dietary

constituents on functional features of in-vitro differentiated primary human adipocytes. The bio-

actives Lyc, EPA, and Res were tested for their individual or combined effects. In addition to the

fluorescence assay, AT function-related gene expression and cyto-/adipokine secretion

(LiquiChip®) was measured. Treating differentiating human adipocytes for 14 days with the

combinations Lyc/Res and EPA/Res significantly inhibited the LD formation. Increased PPAR-

gamma mRNA levels and a decreased expression of lipogenic markers (LPL, FAS, GLUT-4) and

PLIN-1 accompanied this reduced lipid accumulation. Furthermore, the secretion of pro-

inflammatory cytokines (IL-6 and CCL2/MCP-1) and adiponectin was blunted by the treatment

with these combinations. These data indicate that treatment with combinations of dietary bio-

actives during adipogenic differentiation can influence adipocyte function by affecting the balance

between adipogenic, lipogenic and lipolytic gene expression, resulting in reduced lipid storage and

a less inflammatory secretion profile. Here we showed for the first time that combining Lyc or

EPA with Res partially augmented the effects of the single compounds on human adipocytes,

supporting the concept of mutual interactions between nutrients.

It is described that human multi-potent adipose-derived stem (hMADS) cells retain inter-

individual genetic and metabolic donor characteristics, which could modify the effect of nutritional

bio-actives. Thus, we studied based on the results of Chapter 3, whether the combination Lyc/Res

affects functional adipocyte features (incl. lipolytic response) of in-vitro differentiated hMADS

cells. The cells were isolated from abdominal subcutaneous white AT of age-matched lean and

obese donors (Chapter 4). The combination Lyc/Res strongly reduced the LD accumulation in

differentiated hMADS cells independently of the donor’s characteristics. Interestingly, Res alone

affected the storage of LDs to a similar extent as Lyc/Res. Moreover, Res and Lyc/Res inhibited

the lipolytic response (glycerol release) under basal and stimulated (beta-adrenergic) conditions in

differentiated hMADS cells. These functional changes were accompanied by a decreased

expression of the adipogenic (PPAR-gamma, C/EBP-alpha), lipogenic (FAS, GLUT-4) and

lipolytic (ATGL, HSL) genes. The IL-6 and adiponectin secretion was also diminished by Res and

the combination, hence reflecting a reduced pro-inflammatory secretion profile. Taken together,

the results described in chapter 4 corroborate that Res is a potent driver of improved functional

features in in-vitro differentiated human adipocytes under the used differentiation conditions and

the effects seem independent of the donor’s characteristics (lean versus obese). Nevertheless,

evidence indicates that combinations of bio-actives may be a more beneficial strategy (as also

observed in chapter 3) for preventing or correcting AT dysfunction and obesity-associated
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metabolic diseases. This may be a result of the constituents targeting distinct pathways in white

AT and other physiological pathways that affect metabolic health.

In-vivo study results
Based on the above-mentioned indications and metabolically beneficial results of a recently

reported short-term clinical study (3 days) with combinations of polyphenols (Most et al. IJO

2014), we investigated in Chapter 5 and 6 whether long-term supplementation of EGCG and Res

(282 and 80 mg/d) had positive effects on tissue-specific insulin sensitivity, mitochondrial capacity

in skeletal muscle, lipid metabolism, and metabolic profiles. Therefore, a randomized, placebo-

controlled, double-blind clinical trial was conducted in overweight-obese, non-diabetic subjects

(21 male, 21 female). The 12-week EGCG/Res supplementation increased the oxidative capacity

in permeabilized muscle fibres (ex-vivo) and preserved fasting and postprandial whole-body fat

oxidation (indirect calorimetry) compared to the PLA group, which showed a significant decline

in fat oxidation. This was corroborated by an elevated expression of genes and proteins involved

in mitochondrial respiration and energy metabolism (skeletal muscle biopsies taken before and

after intervention). Furthermore, pre- and post-intervention measurements showed that the

EGCG/Res supplementation prevented an increase in plasma triacylglycerol levels in the fasted

state and during a high-fat mixed meal test. However, whole-body fat mass, energy expenditure,

and the fasting plasma metabolic profile were not affected, although visceral AT mass (DEXA)

tended to decrease after the intervention. Finally, these observed metabolic changes did not

translate into improved peripheral, hepatic, and AT insulin sensitivity (2-step hyperinsulinemic-

euglycemic clamp), but could in the long term prevent weight gain and the worsening of insulin

resistance (Chapter 5).

Chapter 6 describes the effects of the 12-week EGCG/Res supplementation on the adipose tissue

morphology and transcriptome. Before and after intervention, abdominal subcutaneous AT

biopsies were collected for the assessment of adipocyte size, mitochondrial protein content and

transcriptional profile. The present study showed that the EGCG/Res supplementation had no

effect on mean adipocyte size, adipocyte size distribution, and AT lipolysis (microdialysis)

compared with the PLA group. However, the transcriptome results suggest that the intervention

may induce the suppression of gene sets related to adipogenesis and apoptosis/autophagy,

inflammation, and the immune response in AT of overweight-obese men and women, indicative

of a diminished adipocyte turnover and adipose tissue inflammation, respectively.
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Conclusions
The in-vitro and in-vivo human studies described in this thesis extend the knowledge on whether

and how individual and combinations of nutritional bio-actives benefit AT function, insulin

sensitivity, and metabolic profiles. However, effects of treatment with combinations of bio-actives

on adipocyte features in-vitro e.g., on lipid accumulation and secretory profile, are influenced by

the applied differentiation conditions and do not necessarily translate into changes in AT biology

and energy metabolism in humans in-vivo. Nevertheless, an increased mitochondrial capacity in

skeletal muscle and whole-body fat oxidation were observed in overweight-obese adults after 12-

week supplementation with EGCG/Res. Hence, despite the subtle metabolic improvements, which

may slow the progression of insulin resistance, it remains to be further determined whether

different dosages or metabolites of bio-actives, concomitant to lifestyle interventions and/or

medical treatments, might elicit more favourable effects in the long-term. In summary, bio-actives

have the potential to improve adipocyte functions and therefore the outcomes of lifestyle changes,

although their effects may depend on health and weight status, the gut microbiota, environmental

factors, and genetic predisposition. However, the application of bio-active supplements cannot

compensate for an unhealthy lifestyle including overconsumption of energy-dense, micronutrient

deprived food products and minimal physical activity (Chapter 7).
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Einleitung
Das ausgeklügelte Zusammenspiel von Fetteinlagerung und -freisetzung (Lipolyse) im Fettgewebe

des Menschen sichert die Energie-Homöostasis bei einem Nahrungsüberangebot bzw. in Zeiten

des Nahrungsmangels. Der technologische Fortschritt der letzten Jahrzehnte begünstigte eine

ständige Verfügbarkeit von billigen, industriell verarbeiteten energiereichen Nahrungsmitteln und

eine drastische Abnahme der körperlichen Aktivität. Daraus folgt eine stetige Zunahme des

Gesamtkörperfettes, was zu Adipositas führt und somit das Risiko erhöht, an nichtübertragbaren

Krankheiten wie Typ-2 Diabetes, nichtalkoholischer Fettleber, Herz-Kreislauf Beschwerden und

verschiedenen Krebsformen zu erkranken. Die erste und wichtigste Massnahme, um eine Zunahme

des Körperfettes und metabolische Fehlfunktionen, wie Insulinresistenz, ektopische

Fettansammlung und chronische geringgradige Entzündung zu verhindern, ist die Änderung des

Lebensstils. Jedoch scheint dies schwer umsetzbar zu sein, wie die sich weiterhin epidemisch

ausbreitetende Fettleibigkeit zeigt. Aufgrund dessen sind zusätzliche Strategien notwendig, um

diese metabolischen Störungen umzukehren oder zu verhindern und somit eine Gewichtsabnahme

zu fördern. Dies erklärt die zahlreichen Studien, welche die zellulären und molekularen

Grundlagen des Fettstoffwechsels und den Einfluss von Nährstoffen auf die Fettzellfunktionen

untersuchten (Kapitel 1). In dieser Dissertation haben wir die Effekte von „bioaktiven“

Nahrungsbestandteilen wie z.B. trans-Resveratrol (Res), Epigallocatechin-3-gallat (EGCG), (all-

E)-Lycopin (Lyc), und Eicosapentaensäure (EPA) auf die Funktionen der Fettzellen und die

metabolischen Profile von übergewichtigen Probanden untersucht.

Resultate der in-vitro Studie
Für die Identifizierung von bioaktiven Substanzen, welche Fettzellfunktionen - z.B. die Bildung

von zytosolischen Lipidtröpfchen (LT) während der Adipozyten-Differenzierung - beeinflussen,

braucht es valide in-vitro Testmethoden. Dafür haben wir einen neuen automatischen „high-

content“ Assay etabliert, welcher mittels Fluoreszenz-Mikroskopie (ArrayScan® VTI) die LT in

Adipozyten quantifizieren kann (Kapitel 2). Zur Validierung wurden verschiedene

Nahrungsbestandteile (mehrfach ungesättigte Fettsäuren (n-3 PUFAs), Carotenoide, Polyphenole)

bezüglich ihres Einflusses auf die LT Bildung und auf die Expression adipogener und lipogener

Gene (RT-qPCR) getestet. n-3 PUFAs, beta-Carotin und Hydroxytyrosol inhibierten die

Rosiglitazon-stimulierte Lipidansammlung in murinen Fettzellen stark, wohingegen Lyc und

EGCG eine moderate und Res keine Inhibition aufzeigten. Die Änderung der mRNA Level der

adipogenen Marker PPAR-gamma, C/EBP-alpha und aP2 korrelieren mit der beobachteten

Wirkung der bioaktiven Substanzen auf die LT Bildung. Somit ist dieser in-vitro Assay ein

wertvoller Ersatz für die üblich verwendete Oil Red O Färbung, da er eine verbesserte,
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automatisierte und schnelle Quantifizierung von Lipidtröpfchen-Parametern in Fettzellen

ermöglicht.

Die Fehlfunktion des Fettgewebes, gekennzeichnet durch hypertrophe Adipozyten, Entzündung

und beeinträchtigte Adipogenese, ist im Menschen weniger mit einem erhöhten Körperfettanteil

per se assoziiert als mit den die Adipositas begleitenden metabolischen Krankheiten. Deshalb

haben wir in Kapitel 3 untersucht, welchen Einfluss bioaktive Nahrungsbestandteile auf die

funktionellen Parameter von in-vitro differenzierten primären humanen Adipozyten haben. Die

bioaktiven Substanzen Lyc, EPA, und Res wurden alleine oder in Kombination getestet. Zusätzlich

zum Fluoreszenz-Assay wurde die Expression von Genen des Fettstoffwechsels und die Sekretion

von Zyto-/Adipokinen (LiquiChip®) gemessen. Die 14-tägige Behandlung von differenzierenden

humanen Adipozyten mit den Kombinationen Lyc/Res und EPA/Res inhibierte signifikant die

Bildung von LT. Erhöhte PPAR-gamma mRNA Level und eine verringerte Expression von

lipogenen Markern (LPL, FAS, GLUT-4) und PLIN-1 begleiteten die reduzierte

Lipidakkumulierung. Des Weiteren war die Sekretion von pro-inflammatorischen Zytokinen (IL-

6 und CCL2/MCP-1) und Adiponektin nach der Behandlung mit diesen Kombinationen

abgeschwächt. Diese Daten weisen darauf hin, dass die Behandlung mit bioaktiven Substanz-

Kombinationen während der Adipozyten-Differenzierung die Balanz zwischen adipogener,

lipogener und lipolytischer Genexpression beeinflussen, was in einer verringerten

Lipidansammlung und einem weniger entzündlichen Sekretionsprofil resultiert und somit einer

verbesserten Fettzellfunktion entspricht. Ausserdem zeigen wir hier zum ersten Mal, dass das

Kombinieren von Lyc oder EPA mit Res die Effekte der Einzelsubstanzen auf menschliche

Fettzellen verstärkt, was wiederum das Konzept gegenseitiger Wechselwirkungen zwischen

Nährstoffen bekräftigt.

Es ist beschrieben, dass humane multipotente Stammzellen des Fettgewebes (hMADS Zellen)

interindividuelle genetische und metabolische Eigenschaften der Spender beibehalten, was die

Wirkung von Nahrungsbestandteilen beeinflussen könnte. Somit haben wir basierend auf den

Resultaten von Kapitel 3 untersucht, ob die Kombination Lyc/Res funktionelle

Fettzelleigenschaften (inkl. lipolytische Antwort) von in-vitro differenzierten hMADS Zellen

modifiziert. Die Stammzellen wurden aus abdominalem subkutanem weissem Fettgewebe von

altersgleichen schlanken und adipösen Spendern isoliert (Kapitel 4). Lyc/Res reduzierte,

unabhängig von den Spendereigenschaften, die Lipidakkumulierung in differenzierten hMADS

Zellen signifikant. Interessanterweise, zeigte Res allein eine ähnlich starke Wirkung auf die LT

Bildung wie Lyc/Res. Ferner inhibierten Res and Lyc/Res die lipolytische Antwort (Glycerol

Ausschüttung) in differenzierten hMADS Zellen unter basalen und stimulierten (beta-adrenergen)



Appendices

214

Einleitung
Das ausgeklügelte Zusammenspiel von Fetteinlagerung und -freisetzung (Lipolyse) im Fettgewebe

des Menschen sichert die Energie-Homöostasis bei einem Nahrungsüberangebot bzw. in Zeiten

des Nahrungsmangels. Der technologische Fortschritt der letzten Jahrzehnte begünstigte eine

ständige Verfügbarkeit von billigen, industriell verarbeiteten energiereichen Nahrungsmitteln und

eine drastische Abnahme der körperlichen Aktivität. Daraus folgt eine stetige Zunahme des

Gesamtkörperfettes, was zu Adipositas führt und somit das Risiko erhöht, an nichtübertragbaren

Krankheiten wie Typ-2 Diabetes, nichtalkoholischer Fettleber, Herz-Kreislauf Beschwerden und

verschiedenen Krebsformen zu erkranken. Die erste und wichtigste Massnahme, um eine Zunahme

des Körperfettes und metabolische Fehlfunktionen, wie Insulinresistenz, ektopische

Fettansammlung und chronische geringgradige Entzündung zu verhindern, ist die Änderung des

Lebensstils. Jedoch scheint dies schwer umsetzbar zu sein, wie die sich weiterhin epidemisch

ausbreitetende Fettleibigkeit zeigt. Aufgrund dessen sind zusätzliche Strategien notwendig, um

diese metabolischen Störungen umzukehren oder zu verhindern und somit eine Gewichtsabnahme

zu fördern. Dies erklärt die zahlreichen Studien, welche die zellulären und molekularen

Grundlagen des Fettstoffwechsels und den Einfluss von Nährstoffen auf die Fettzellfunktionen

untersuchten (Kapitel 1). In dieser Dissertation haben wir die Effekte von „bioaktiven“

Nahrungsbestandteilen wie z.B. trans-Resveratrol (Res), Epigallocatechin-3-gallat (EGCG), (all-

E)-Lycopin (Lyc), und Eicosapentaensäure (EPA) auf die Funktionen der Fettzellen und die

metabolischen Profile von übergewichtigen Probanden untersucht.

Resultate der in-vitro Studie
Für die Identifizierung von bioaktiven Substanzen, welche Fettzellfunktionen - z.B. die Bildung

von zytosolischen Lipidtröpfchen (LT) während der Adipozyten-Differenzierung - beeinflussen,

braucht es valide in-vitro Testmethoden. Dafür haben wir einen neuen automatischen „high-

content“ Assay etabliert, welcher mittels Fluoreszenz-Mikroskopie (ArrayScan® VTI) die LT in

Adipozyten quantifizieren kann (Kapitel 2). Zur Validierung wurden verschiedene

Nahrungsbestandteile (mehrfach ungesättigte Fettsäuren (n-3 PUFAs), Carotenoide, Polyphenole)

bezüglich ihres Einflusses auf die LT Bildung und auf die Expression adipogener und lipogener

Gene (RT-qPCR) getestet. n-3 PUFAs, beta-Carotin und Hydroxytyrosol inhibierten die

Rosiglitazon-stimulierte Lipidansammlung in murinen Fettzellen stark, wohingegen Lyc und

EGCG eine moderate und Res keine Inhibition aufzeigten. Die Änderung der mRNA Level der

adipogenen Marker PPAR-gamma, C/EBP-alpha und aP2 korrelieren mit der beobachteten

Wirkung der bioaktiven Substanzen auf die LT Bildung. Somit ist dieser in-vitro Assay ein

wertvoller Ersatz für die üblich verwendete Oil Red O Färbung, da er eine verbesserte,

Zusammenfassung

215

automatisierte und schnelle Quantifizierung von Lipidtröpfchen-Parametern in Fettzellen

ermöglicht.

Die Fehlfunktion des Fettgewebes, gekennzeichnet durch hypertrophe Adipozyten, Entzündung

und beeinträchtigte Adipogenese, ist im Menschen weniger mit einem erhöhten Körperfettanteil

per se assoziiert als mit den die Adipositas begleitenden metabolischen Krankheiten. Deshalb

haben wir in Kapitel 3 untersucht, welchen Einfluss bioaktive Nahrungsbestandteile auf die

funktionellen Parameter von in-vitro differenzierten primären humanen Adipozyten haben. Die

bioaktiven Substanzen Lyc, EPA, und Res wurden alleine oder in Kombination getestet. Zusätzlich

zum Fluoreszenz-Assay wurde die Expression von Genen des Fettstoffwechsels und die Sekretion

von Zyto-/Adipokinen (LiquiChip®) gemessen. Die 14-tägige Behandlung von differenzierenden

humanen Adipozyten mit den Kombinationen Lyc/Res und EPA/Res inhibierte signifikant die

Bildung von LT. Erhöhte PPAR-gamma mRNA Level und eine verringerte Expression von

lipogenen Markern (LPL, FAS, GLUT-4) und PLIN-1 begleiteten die reduzierte

Lipidakkumulierung. Des Weiteren war die Sekretion von pro-inflammatorischen Zytokinen (IL-

6 und CCL2/MCP-1) und Adiponektin nach der Behandlung mit diesen Kombinationen

abgeschwächt. Diese Daten weisen darauf hin, dass die Behandlung mit bioaktiven Substanz-

Kombinationen während der Adipozyten-Differenzierung die Balanz zwischen adipogener,

lipogener und lipolytischer Genexpression beeinflussen, was in einer verringerten

Lipidansammlung und einem weniger entzündlichen Sekretionsprofil resultiert und somit einer

verbesserten Fettzellfunktion entspricht. Ausserdem zeigen wir hier zum ersten Mal, dass das

Kombinieren von Lyc oder EPA mit Res die Effekte der Einzelsubstanzen auf menschliche

Fettzellen verstärkt, was wiederum das Konzept gegenseitiger Wechselwirkungen zwischen

Nährstoffen bekräftigt.

Es ist beschrieben, dass humane multipotente Stammzellen des Fettgewebes (hMADS Zellen)

interindividuelle genetische und metabolische Eigenschaften der Spender beibehalten, was die

Wirkung von Nahrungsbestandteilen beeinflussen könnte. Somit haben wir basierend auf den

Resultaten von Kapitel 3 untersucht, ob die Kombination Lyc/Res funktionelle

Fettzelleigenschaften (inkl. lipolytische Antwort) von in-vitro differenzierten hMADS Zellen

modifiziert. Die Stammzellen wurden aus abdominalem subkutanem weissem Fettgewebe von

altersgleichen schlanken und adipösen Spendern isoliert (Kapitel 4). Lyc/Res reduzierte,

unabhängig von den Spendereigenschaften, die Lipidakkumulierung in differenzierten hMADS

Zellen signifikant. Interessanterweise, zeigte Res allein eine ähnlich starke Wirkung auf die LT

Bildung wie Lyc/Res. Ferner inhibierten Res and Lyc/Res die lipolytische Antwort (Glycerol

Ausschüttung) in differenzierten hMADS Zellen unter basalen und stimulierten (beta-adrenergen)



Appendices

216

Bedingungen. Diese funktionellen Veränderungen wurden von einer veringerten Expression der

adipogenen (PPAR-gamma, C/EBP-alpha), lipogenen (FAS, GLUT-4) und lipolytischen (ATGL,

HSL) Gene begleitet. Die Sekretion von IL-6 und Adiponektin war durch die Behandlung mit Res

und Lyc/Res gleichermassen vermindert, was somit ein geringeres pro-inflammatorisches

Sekretionsprofil darstellt. Zusammengefasst bekräftigen die in Kapitel 4 beschriebenen

Ergebnisse, dass Res eine wirksame Substanz ist, welche die funktionellen Eigenschaften der in-

vitro differenzierten humanen Fettzellen unter den gegebenen Differenzierungsbedingungen

positiv beeinflusst. Ausserdem scheint die Wirkung von Res unabhängig von den

Spendereigenschaften (schlank versus adipös) zu sein. Nichtsdestotrotz gibt es wissenschaftliche

Hinweise (wie auch in Kapitel 3 beobachtet), dass Kombinationen von bioaktiven

Nahrungsbestandteilen geeigneter sein könnten, um Fettgewebefehlfunktionen und Adipositas-

assoziierte metabolische Erkrankungen zu verhindern oder zu behandeln. Dies kann dadurch

bedingt sein, dass die Substanzen auf unterschiedliche Funktionen des weissen Fettgewebes und

auf andere, die metabolische Gesundheit beeinflussende Signalwege abzielen.

Resultate der in-vivo Studie
Basierend auf oben genannten Hinweisen und auf einer jüngst veröffentlichten Kurzzeit-Studie (3

Tage), welche positive metabolische Effekte von Polyphenol-Kombinationen beschrieb (Most et

al. IJO 2014), untersuchten wir in Kapitel 5 und 6, ob eine Langzeit-Supplementierung mit EGCG

und Res (282 und 80 mg/d) eine vorteilhafte Wirkung auf die gewebespezifische

Insulinsensitivität, die mitochondriale Kapazität im Muskel, den Lipid-Stoffwechsel und

metabolische Profile hat. Dafür wurde eine randomisierte, Placebo (PLA)-kontrollierte klinische

Doppelblindstudie in übergewichtigen-adipösen, nicht-diabetischen Probanden (21 Männer, 21

Frauen) durchgeführt. Die 12-wöchige EGCG/Res Supplementierung erhöhte die oxidative

Kapazität in permeabilisierten Muskelfasern (ex-vivo) und bewahrte die in-vivo Fett-Oxidation

(indirekte Kalorimetrie) im nüchternen und postprandialen Zustand verglichen mit der PLA-

Gruppe, in der die Fett-Oxidation signifikant abnahm. Diese Resultate wurden durch eine erhöhte

Expression von Genen und Proteinen (Muskelbiopsien vor und nach Intervention), die im

oxidativen Energiestoffwechsel eine Rolle spielen, bekräftigt. Des Weiteren zeigten die Vorher-

Nachher Messungen, dass die Polyphenolsupplementierung das Ansteigen der Triglyzerid-

Konzentration im Plasma im Nüchternzustand und während des Testens einer fetthaltigen

Mahlzeit verhinderte. Allerdings hat sich der Körperfettanteil, der Energieverbrauch und das Profil

der Blut-Metaboliten im Nüchternzustand nicht verändert, obwohl sich die viszerale Fettmasse

(DEXA) durch die Intervention tendenziell verringert hat. Diese beobachteten günstigen
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metabolischen Veränderungen spiegelten sich jedoch nicht in einer Verbesserung der peripheren,

hepatischen und Fettgewebe-Insulinsensitivität wieder (2-Schritt hyperinsulinämisch-

euglykämische Clamp Technik), könnten aber langfristig eine Gewichtszunahme und

Verschlechterung der Insulinresistenz vorbeugen (Kapitel 5).

Kapitel 6 beschreibt die Wirkung der 12-wöchigen Intervention mit EGCG und Res auf die

Morphologie und das Transkriptom des weissen Fettgewebes. Vor und nach der Supplementierung

wurden subkutane Fettgewebebiopsien vom Bauch genommen, um die Effekte auf die Fettzell-

Grösse, den mitochondrialen Proteingehalt und das Genexpressionsprofil zu bewerten. Es zeigte

sich, dass die EGCG/Res Supplementierung die durchschnittliche Adipozyten-Grösse, die

Grössen-Verteilung und die Fettgewebe-Lipolyse (Mikrodialyse) im Vergleich zur PLA-Gruppe

nicht beeinflusste. Jedoch suggerieren die Transkriptom-Resultate, dass die Intervention eine

Suppression derjenigen Gen-Sets induziert, welche in Verbindung zur Adipogenese und

Apoptose/Autophagie, Entzündung und der Immunantwort im Fettgewebe stehen. Dies könnte

einer veringerten Fettzellerneuerung bzw. Entzündung des Fettgewebes in übergewichtigen-

adipösen Männern und Frauen entsprechen.

Schlussfolgerungen
Die in dieser Arbeit beschriebenen in-vitro und in-vivo Human-Studien, erweitern unser Wissen,

ob und wie individuelle bioaktive Nahrungsinhaltsstoffe oder deren Kombinationen der

Fettgewebe-Funktion, Insulinsensitivität und metabolischen Profilen zugute kommen. Jedoch

werden die Behandlungseffekte von bioaktiven Stoffen/Kombinationen auf in-vitro Adipozyten-

Eigenschaften wie z.B. Fetteinlagerung und Sekretionsprofil, durch die

Differenzierungsbedingungen beeinflusst und lassen sich nicht ohne Weiteres auf die

Fettgewebebiologie und den Energiestoffwechsel des Menschen übertragen. Nichtsdestoweniger

wurde ein Anstieg der mitochondrialen Kapazität im Muskel und ein Erhalt der Ganzkörper-Fett-

Oxidation nach 12-Wochen EGCG/Res Supplementierung in übergewichtigen-adipösen

Erwachsenen beobachtet. Trotz der metabolischen Verbesserungen, welche langfristig die

zunehmende Insulinresistenz verzögern könnten, bedarf es weiterer Untersuchungen um zu zeigen,

ob verschiedene Dosierungen oder Metaboliten von bioaktiven Substanzen zusammen mit

Veränderungen des Lebensstils und/oder medikamentöser Behandlung effektiver wirken.

Zusammengefasst lässt sich sagen, dass bioaktive Nahrungsinhaltsstoffe das Potenzial besitzen die

Fettzellfunktionen und somit die Erfolge von Lebensstiländerungen zu verbessern, wenngleich

deren Effekte vom Gesundheitszustand, Gewicht, der interstinalen Mikroflora, Umweltfaktoren

und genetischer Veranlagung abhängen. Allerdings kann die Anwendung von bioaktiven
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Supplementen einen ungesunden Lebensstil, insbesondere einen erhöhten Konsum an

energiereichen, Mikronährstoffe-armen Nahrungsmitteln und mangelnde sportliche Aktivität,

nicht kompensieren (Kapitel 7).
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What is valorization / knowledge valorization?
The term valorization (surplus value, "Verwertung" in German) describes according to Marx’s

theory “the productive use of a resource, and more specifically the use or application of something

(an object, process or activity) so that it makes money, or generates value, with the connotation

that the thing validates itself and proves its worth when it results in earnings, a yield” [1].

Nowadays, the term valorization / knowledge valorization is also applied in academia and project

management. According to the Dutch Ministry of Education, knowledge valorization is defined as

“the transformation of knowledge into economic and social value”. Its main purpose is the increase

of the likelihood that scientific knowledge is more easily accessible and effectively used for public

benefits [2]. Hence, here we discuss the social and economic relevance of the investigated aspects

and the potential of the scientific findings with respect to their best use, and how specific population

groups, health professionals and industries could benefit from applying the scientific knowledge

described in this thesis.

Social and economic relevance
Multifactorial health conditions such as obesity and obesity-related cardiometabolic disorders are

associated with complex interactions between the genome and various environmental factors. Diet

composition, the intake of total calories, a reduced physical activity and a sedentary lifestyle are

the major drivers of obesity. Hence, obesity has become an epidemic and is one of the major

metabolic risk factors leading to non-communicable diseases (NCDs) like cardiovascular disease,

type 2 diabetes mellitus (T2DM) and non-alcoholic fatty liver disease (NAFLD). According to the

most recent study led by the Imperial College London and the WHO the number of obese adults

increased 7-fold from 100 million in 1975 to 671 million in 2016 with another 1.3 billion adults

being overweight. Shockingly, childhood and adolescent obesity increased 10-fold from 11 million

in 1975 to 124 million in 2016 and additional 213 million overweight children and adolescent, which

are likely to become obese [3, 4]. Evidence suggests that adipose tissue (AT) dysfunction rather than

an increased total fat mass per se links obesity to its accompanying metabolic impairments such as

hyperlipidemia and –glycaemia, chronic low-grade inflammation, endothelial impairment, and

ectopic lipid accumulation that subsequently increase the prevalence of cardiovascular disease,

T2DM and NAFLD. It is estimated that NCDs are the main cause of almost 86% of deaths in Europe,

and 77% of the disease burden; and therefore, the WHO considers obesity to be the 5th leading death

risk worldwide [5]. Due to the growing prevalence of obesity and related NCDs, also in young

individuals, the health care costs for obesity combatting strategies (like gastric banding, liposuction,

gastroduodenal bypass, in addition to lifestyle changes) are increasing dramatically as well. The

European Association for the Study of Obesity (EASO) points out that policymakers should consider
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that currently direct obesity-related costs range from 1.5 to 7% of health care expenditure in the EU

[6] and diabetes accounts for approximately 10% of the total health care spending [7, 8].

Furthermore, these direct costs are accompanied by indirect costs (sick leaves, early retirement, use

of social security funds, premature mortality, reduced productivity) summing up to ~ €390 billion in

2010 for obesity and diabetes. In addition, to these direct and indirect costs, the continued

consumption of highly processed, sugary, and fatty foods poses not only a threat to the global health

care systems but also to the future economic growth. Morgan Stanley, a large scale commercial

bank, estimates an 0.3% OECD1 annual GDP2 growth in a high sugar scenario compared to a 2.2%

with a low sugar scenario in 2035 (“The Bitter Aftertaste of Sugar" [9]). This awareness of the

financial sector should further stimulate public sector education and private sector innovation, and

foster academic investigations to tackle the “diabesity” (a term introduced for “coexistence of

obesity and diabetes” due to the strong association between both conditions) effects on health costs

and productivity [9], because currently government actions including food taxes and stricter

regulations for food industry are not greatly effective in reversing the epidemic.

While surgical interventions provide immediate effect (the long-term effectiveness of surgeries

remains still unclear [10]), they are associated with high costs, mortality, post-operative

complications, and nutrient malabsorption, and therefore are not suitable as public health solution.

Hence safe, effective, and easy-to-comply-with treatments and prevention modalities are needed

to mitigate the development of obesity, paralleled by aiming to improve AT dysfunction and thereby

metabolic impairments. Improving the unhealthy diets and physical activity levels will eliminate the

main causes of obesity-related NCDs, and there are lifestyle interventions e.g., diabetes prevention

studies (DPS, SLIM and EDIPS3) that have proven to be effective by obtaining a ~50% reduction of

the diabetes incidence rate. However, long-term compliance and weight maintenance is difficult to

achieve and requires thus much more efforts by governments, health care services and food

industries to implement these healthy lifestyles everywhere. One attempt to make these lifestyle

interventions more effective is to supplement our diets with nutritional bio-actives. Nutritional bio-

actives, also called dietary bioactive components, can be defined as substances that are non-essential

constituents in foods and dietary supplements, which improve cell, organ and overall body function

and health. Unlike the essential nutrients, they (e.g. polyphenols, carotenoids, and polyunsaturated

fatty acids (PUFA)) are not needed to maintain basic body functions, but they can have an impact

on the health status [11]. Therefore, the identification and scientific substantiation of nutritional bio-

1 <OECD> Organization for Economic Cooperation and Development
2 <GDP> Gross Domestic Product
3 <DPS> Finnish Diabetes Prevention Study, <SLIM> Study on Lifestyle intervention and Impaired glucose
tolerance Maastricht, <EDIPS> European Diabetes Prevention Study
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actives that enhance AT function and mitigate metabolic risk factors may improve the general health

of the metabolically impaired population. The consumption of bio-actives represents an easily

achievable preventive measure with moderate effects and the potential to reach most segments of

the population, thereby having a high health impact. It seems also a promising business for the food

and supplement industry (value of dietary supplements market in EU was €7.2 billion in 2015 [12]).

However, although the scientific knowledge is growing and an increasing number of studies indicate

beneficial effects of bio-actives on obesity-related metabolic diseases, inconsistent data are

reported regarding the effects of individual nutritional bio-actives on AT biology, metabolic profiles,

and energy metabolism. Moreover, well-controlled human intervention studies are scarce. It is

therefore of interest to investigate how single and combinations of dietary bioactive components

(with partly distinct mechanisms of action) impact adipocytes and AT function and whether such

combinations could show favorable (additional / synergistic) effects on the metabolism of obese

humans beside weight loss promotion.

The goal of this PhD project was to fill knowledge gaps in the field of nutritional bio-actives for the

prevention and treatment of metabolic disorders by investigating the combinatory effects of the well-

studied polyphenols resveratrol (Res) and epigallocatechin-3-gallate (EGCG), the carotenoid

lycopene and the PUFA eicosapentaenoic acid (EPA) in a unique human cellular model and in a

placebo-controlled human intervention study with overweight-obese subjects. Therefore, the

translational research described in this thesis was structured going from method development and

validation to in-vitro experiments and finally in-vivo intervention studies.

Relevance of studies
The studies conducted in this thesis expand the current knowledge regarding the potential role of

nutritional bio-actives on AT substrate and energy metabolism, thereby contributing to the

fundamental and applied research ambitions according to the strategic program 2017-2021 of

Maastricht University (UM, section Research, Action: “Maintain a healthy balance between

fundamental and theme-driven research”). The thesis itself is part of the intended high output of PhD

theses, which fosters education, attracts researchers / students, and keeps the university competitive

on the national and international level [13]. On the one hand, in-vitro models are useful and can be

effectively applied for high-throughput screening of the metabolic health effects of nutritional bio-

actives. However, considering nutrient-nutrient interactions, as well as nutrient-gut-microbiome

interactions and systemic bioavailability of bio-actives, human intervention studies are not only

necessary but also remain the gold standard in studying the effects of nutritional bio-actives on

human health and well-being.
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On the other hand, nutritional human studies are challenging and require further standardization,

refinement, and careful execution to high standards like the conduct in accordance with GCP,

rigorous monitoring, and well-controlled and documented dietary intake. In more detail, cellular

models allow for the investigation of several components, their derivatives / metabolites [14], and

combinations in a fast, easy, and well-controlled manner and thus are valuable tools for high-

throughput screening and mechanistic understanding. Because evidence is accumulating that

primary human multipotent adipose-derived (hMADS) cells retain their donor characteristics and

can be differentiated in-vitro into adipocytes, they represent a convenient AT model to investigate

in-vitro responses in metabolically distinct groups. The presented research has corroborated that this

process is responsive to individual nutritional bio-actives and their combinations. The hypothesis for

the conducted studies was that combinations were more effective than individual compounds

regarding their influence on lipid accumulation, various AT functions and metabolic parameters such

as insulin sensitivity. This is suggested by a reduced lipid accumulation and pro-inflammatory

secretion in in-vitro differentiated adipocytes (Lyc/Res), a prevented decrease of fat oxidation in-

vivo and increased skeletal muscle mitochondrial capacity (EGCG/Res) and modified transcriptional

patterns in adipocytes, AT, and muscle after treatment with combinations. However, these findings

were not reflected by increased energy expenditure, changed food intake, improved insulin

sensitivity or white AT loss after 12 weeks supplementation. Therefore, such results should not be

advertised as long-term weight loss solutions to consumers, but they may indicate that the

supplementation of “multi-bio-actives” combined with a healthy lifestyle could help combat

metabolic dysfunction accompanied by excessive weight. In addition, to the putative health benefits

of correcting metabolic parameters this is an attractive business opportunity comparable to

established multi-vitamin / mineral products. Furthermore, attention must be paid to high and

overdosing of nutritional bio-actives and their possible interactions with other nutrients,

semiluxury foods and drugs. The impact of high doses and such interactions may be detrimental

for human health and well-being and needs to be further investigated and communicated to

healthcare professionals advising on lifestyle as well as directly to consumers. Evidence is

accumulating that in-vivo effects of dietary bioactive components seem dependent on the

metabolic status, gut microbiota composition, and gender of the subjects and may be organ-

specific. Thus, a generalization that supplementation with such bio-actives is beneficial for human

health first requires a better characterization of subject subgroups such as responders / non-

responders and reliable biomarkers.
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Target Groups, Activities, and Products
In-vitro and human intervention studies provide detailed knowledge about toxicity, effectiveness,

and safety of different dosages of bio-actives during short and longer-term

treatment / supplementation. This contributes to the establishment of recommended intake values

[11] and scientifically sound health effects of these constituents. Defining recommended intakes of

non-essential nutritional bio-actives is yet difficult due to contradictory results of human

intervention studies. Several reasons may account for this e.g., differences in i) the extent of

obesity and body composition, ii) habitual dietary intake, iii) physical activity levels, iv) the

compliance of the subjects, v) the genetic background, and vi) gut microbiota diversity.

Consequently, for future investigations larger, and longer studies are necessary, carefully adjusted

for confounding or interacting factors e.g., enrolling well-characterized subjects with different

metabolic risk factors, and including adequate controls, to identify beneficial effects for sub-

populations and to establish recommended intake levels. Such studies will provide valuable

information for industries that commercialize dietary supplements and functional foods and will help

raise the awareness of a healthy lifestyle including the consumption of nutritional bio-actives

containing fruits and vegetables [11]. A critical evaluation of beneficial and non-effective nutritional

research outcomes by (inter-)national organizations and independent institutions e.g., EFSA4 should

be mandatory to position results in the right context and protect consumers from health claims

without sufficient scientific evidence. In addition, such overarching evaluations include

inconsistencies in data from human nutrition studies e.g., as reported for Res [15] and addressed

in a recent study by Kjaer et al. [16] and shows that drawing conclusions from a limited number

of studies in different sub-groups are misleading. Therefore, defining new biomarkers for the

intake of bio-actives and their impact on metabolic health with the help of -omics technologies

[17] can give indications regarding sub-populations which benefit from the supplementation with

nutritional bio-actives and subsequently will promote more directed prevention / intervention

strategies. Another option to identify possible target groups is to make all generated data sets

accessible to institutes and companies that integrate the knowledge into the evolving “big data”

approach. This is in accordance with another objective of knowledge valorization: to rapidly share

results with the scientific community and health professionals through publication in international

peer-reviewed journals and presentation at international scientific conferences. Furthermore,

sharing of research outcomes in layman’s terms, in accessible university media channels

(www.uctv.tv; https://www.mumc.nl/en/research) can be a suitable way to translate and spread

scientific knowledge for the society.

4 <EFSA> European Food and Safety Authority
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The cell model chapters emphasize that further improvement, standardization, and validation of in-

vitro models are necessary to i) better mimic in-vivo micro-environments (3D structures, co-cultures,

nutrient supply (supra-physiological vs. physiological nutrient concentrations)), ii) generate

reproducible results (e.g. pro- or anti-adipogenic effects of Res) in independent labs and experiments,

and iii) enable the transition from in-vitro to in-vivo results. These cost-effective in-vitro settings

could eventually reduce or skip future animal experiments (as done in this thesis). The in-vitro assay

established herein to investigate lipid droplet accumulation is also a good starting point to develop

a high-throughput commercial screening method. This method could facilitate a faster

identification of dietary components regarding their effects on adipocyte lipid droplets biology

from individual donors. Moreover, it could determine additive or synergistic effects of

combinations and unravel underlying mechanisms, before investigating selected combinations in

more sophisticated and expensive human in-vitro models, or clinical trials.

The in-vitro anti-inflammatory and anti-adipogenic effects of the bio-actives described in this

thesis could however not be translated in-vivo into beneficial longer-term health effects (including

improved insulin sensitivity and AT morphology). This could be due to the huge complexity of

the potentially involved mechanisms (interactions of numerous cell types and organs) or due to the

enrollment of healthy overweight-obese subjects, which could partly explain some discrepancies

described in the literature. Nevertheless, the multi-organ impact and cross-talk of nutritional bio-

actives in-vivo will hamper that implications from even improved in-vitro cell-based studies

(human cell lines, organoids, 3D-/co-culture models) add significantly to our understanding of

how nutritional bio-actives contribute to human metabolic health.

However, in-vitro data are valuable for the generation of intellectual property (IP). Hence the

inhibitory effects of the combinations on the lipid accumulation in differentiating adipocytes were

already filed in a patent application before publication of our results. In contrast, human intervention

studies offer only small possibilities to create IP because they need a primary objective and an ethical

justification to conduct the investigation, which is mostly based on previous research findings.

Unfortunately, the supplementation with the polyphenol combination EGCG/Res did not show

additive or synergistic (more likely to be patentable) effects when comparing results with other

human invention studies investigating individual polyphenols.

The studies, experiments, and analyses described in this thesis were conducted at the department

of Human Nutrition and Health at DSM Nutritional Products (Basel, Switzerland), the research

department of Human Biology (NUTRIM, Maastricht University, Netherlands), and the Nutrition,

Metabolism, and Genomics Group (Division of Human Nutrition, Wageningen University,

Netherlands). Moreover, the human study was supported by a grant of the Alpro Foundation (Gent,
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The cell model chapters emphasize that further improvement, standardization, and validation of in-
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reproducible results (e.g. pro- or anti-adipogenic effects of Res) in independent labs and experiments,

and iii) enable the transition from in-vitro to in-vivo results. These cost-effective in-vitro settings

could eventually reduce or skip future animal experiments (as done in this thesis). The in-vitro assay

established herein to investigate lipid droplet accumulation is also a good starting point to develop

a high-throughput commercial screening method. This method could facilitate a faster

identification of dietary components regarding their effects on adipocyte lipid droplets biology

from individual donors. Moreover, it could determine additive or synergistic effects of

combinations and unravel underlying mechanisms, before investigating selected combinations in

more sophisticated and expensive human in-vitro models, or clinical trials.
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thesis could however not be translated in-vivo into beneficial longer-term health effects (including

improved insulin sensitivity and AT morphology). This could be due to the huge complexity of

the potentially involved mechanisms (interactions of numerous cell types and organs) or due to the

enrollment of healthy overweight-obese subjects, which could partly explain some discrepancies

described in the literature. Nevertheless, the multi-organ impact and cross-talk of nutritional bio-

actives in-vivo will hamper that implications from even improved in-vitro cell-based studies

(human cell lines, organoids, 3D-/co-culture models) add significantly to our understanding of

how nutritional bio-actives contribute to human metabolic health.

However, in-vitro data are valuable for the generation of intellectual property (IP). Hence the

inhibitory effects of the combinations on the lipid accumulation in differentiating adipocytes were

already filed in a patent application before publication of our results. In contrast, human intervention

studies offer only small possibilities to create IP because they need a primary objective and an ethical

justification to conduct the investigation, which is mostly based on previous research findings.

Unfortunately, the supplementation with the polyphenol combination EGCG/Res did not show

additive or synergistic (more likely to be patentable) effects when comparing results with other

human invention studies investigating individual polyphenols.

The studies, experiments, and analyses described in this thesis were conducted at the department

of Human Nutrition and Health at DSM Nutritional Products (Basel, Switzerland), the research

department of Human Biology (NUTRIM, Maastricht University, Netherlands), and the Nutrition,

Metabolism, and Genomics Group (Division of Human Nutrition, Wageningen University,

Netherlands). Moreover, the human study was supported by a grant of the Alpro Foundation (Gent,
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Belgium). This sets a good example for a fruitful collaboration and networking between

universities and nutrition industry partners, which promotes applied research and joint utilization

of resources for a faster valorization of results. Taken together, the results of this thesis were only

achieved due to these collaborations and importantly, they give novel impulses for further

investigations in the field of nutrition.
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solche eine tolle Familie «Flodder» zu haben.

Last but not least, there are many more things I am grateful for and people I could thank, but it

may be also a good point in time to acknowledge the existence of the universe and all the

evolutionary events that led to our emergence, and to science-driven societies. I hope that these

will be able to save the planet and us by holding back “idiocracy”…May the force be with us ;-D
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