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Introduction

1.1 Obesity and AT in relation to low grade inflammation
Obesity is a major health issue, affecting more than one third of the mature US population1 
and responsible for up to 18% of deaths in US population between ages 45 and 85 years.2 
In Europe, the prevalence of obesity is 16.6% on average, ranging from 7.9% in Romania 
to 28.5% in Hungary (11.4% in the Netherlands).3 Central in the development of obesity 
is the increase in fat mass (adipose tissue, AT), as a consequence of increased storage of 
energy in the form of triglycerides in adipocytes. Besides adipocytes, AT consists of cells of 
the stromal vascular fraction, e.g. endothelial cells, fibroblast, mesenchymal stem cells and 
immune cells.4, 5 In lean AT, these immune cells are mainly tissue resident macrophages and 
regulatory T-cells, which are important for AT metabolic and inflammatory homeostasis. 
6-8 Important in this homeostasis is the crosstalk between adipocytes and these immune 
cells. Both cell types secrete signaling peptides, called adipokines, which have autocrine, 
paracrine and endocrine effects. Besides cytokines such as IL-6, IL-8 and MCP-1, which are 
mainly produced by immune cells,9 AT produces peptide-hormones involved in regulation 
of metabolism and energy storage, e.g. adiponectin and leptin. These are predominantly 
produced by adipocytes. AT is distributed throughout the body, but the two most abundant 
fat depots are subcutaneous AT (SCAT) and the abdominal located visceral AT (VAT). In 
general, women have more SCAT, whereas men develop more VAT.10 VAT is thought to be more 
metabolically active, secreting more free fatty acids, inflammatory factors, and containing 
more immune cells. Increased VAT is associated with increased risk of insulin resistance and 
cardiovascular events.11 Thus overall, the AT is not a passive energy storage organ, but an 
endocrine and immunologically active organ for which homeostasis is tightly regulated by 
both adipocytes and immune cells. Obesity is associated with loss of homeostasis and can 
result in AT dysfunction, which describes the state of hypersecretion of proinflammatory, 
pro-atherogenic, and pro-diabetic adipokines.12

Since AT dysfunction is strongly correlated with insulin resistance, type 2 diabetes mellitus 
(T2DM) and cardiovascular diseases (CVD), it is important to identify the early factors 
in the onset of AT dysfunction and to develop preventive strategies. Insulin resistance, 
T2DM and CVD are clustered in the metabolic syndrome and have inflammation as their 
common denominator. The metabolic syndrome is mainly characterized by abdominal 
obesity (as assessed by waist circumference) and metabolic indicators, e.g. hyperglycemia, 
hypertrygliceridemia, elevated blood pressure and reduced HDL cholesterol.13 Exceptions to 
this paradigm are the metabolic healthy obese and metabolic unhealthy non-obese people. 
However, also in these subjects the level of inflammation is strongly correlated to their 
metabolic health.14 This suggests that inflammation is an important target in the prevention 
and early treatment of metabolic disorders.
 
1.1.1 Inflammation
Classically, inflammation is the body’s reaction towards injury and infection and is 
characterized by pain, redness, swelling, and a rise in temperature. This is mediated by 
cells of the immune system and proteins/peptides like cytokines and acute phase reactants. 
Tissue resident immune cells, i.e. dendritic cells and macrophages, as well as circulating 
monocytes, are surveilling and scavenging for pathogens and foreign antigens. Upon 
activation, they secrete a wide array of chemokines and cytokines, thereby activating the 
acute-phase response and recruiting cells of the innate immune system, e.g. neutrophils 
and macrophages, which in turn release damaging molecules to eradicate pathogens, i.e. 
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the inflammatory burst. This response is quick, but is not specific and also damages healthy 
tissue. However, the secreted chemokines and cytokines also attract and activate T and 
B lymphocytes, which are cells of the adaptive immune system and mediate a pattern 
and antigen specific response. This acute inflammation leads to a vast upregulation of 
inflammatory proteins at sites of inflammation and in the circulation. After the damage 
is repaired or the pathogen is cleared, levels quickly drop to normal by negative feedback 
loops to protect the body of collateral damage, whereas failing to resolve the inflammation 
may results in chronic inflammation. This complex regulation of inflammation is controlled 
by various intracellular signaling pathways. 

1.1.2 NF-κB signaling
One of the major pathways involved in inflammation is the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) pathway (figure 1A). NF-κB is a nuclear 
transcription factor which, upon activation, can lead to transcription of a wide range of 
proinflammatory proteins and peptides. One of the most potent activators of NF-κB is 
lipopolysaccharide (LPS), a constituent of the cell wall of gram-negative bacteria. LPS can 
bind Toll-like receptor 4 (TLR4), which recognizes pathogen-associated molecular patterns 
(PAMPs), resulting in the activation of the NF-κB pathway. NF-κB is present in the cytoplasm 
and has a nuclear localization signal (NLS) by which NF-κB can translocate to the nucleus, 
where it can bind NF-κB response elements in the DNA, leading to the transcription of 
various genes. In its inactive state, the NLS is fenced off by κB inhibitor alpha (IκBα), which 
sequesters NF-κB in the cytoplasm. Upon activation by pathogen or cytokine receptors, 
IκB Kinase (IKK) is phosphorylated, which in turn phosphorylates IκBα and targets it for 
proteasomal degradation, resulting in the dissociation of NF-κB. Once in the nucleus, NF-κB 
is the transcriptional regulator of a wide array of genes, especially proinflammatory factors 
such as interleukin 1β (IL-1β), IL-6, tumor necrosis factor alpha (TNF-α) and macrophage 
chemotactic protein-1 (MCP-1).15, 16

Since NF-κB is already present in an inactive form, it can rapidly respond to an infection or 
injury. NF-κB-induced IL-6 and TNF-α expression in turn leads to the activation of various 
acute phase proteins like C-reactive protein (CRP), serum amyloid A (SAA) and complement 
proteins. These acute phase reactants are mainly produced by the liver and can lead to an 
upregulation up to 30000-fold in the first phase of the immune response.17, 18 Their main 
functions are opsonization (tagging pathogens for phagocytosis), chemotaxis and killing 
pathogens.

1.1.3 Chronic low-grade inflammation
Normally, the increased levels of proinflammatory proteins and acute phase reactants 
is resolved quickly. However, several conditions are characterized by chronic low-grade 
inflammation. Especially in obesity, increased levels of CRP and IL-6 are observed, but at 
a low level compared to an acute immune response.19 AT is an important contributor to 
plasma IL-6 levels and IL-6 increases with increasing adiposity.20 Visceral AT directly drains 
to the liver through the portal vein, by which increased AT IL-6 levels directly result in 
increased hepatic production of CRP.21 Although adipocytes can secrete IL-6, non-fat cells, 
especially macrophages, are the major producers of AT IL-6 during obesity.9 Increasing fat 
mass in obesity is associated with a loss of metabolic homeostasis leading to inflammation 
(AT dysfunction). A hallmark in AT dysfunction is a change in the composition and activation 
state of immune cells. The number of regulatory T-cells decreases and there is an increase 
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in proinflammatory T-cells that precedes a vast increase in proinflammatory macrophages.8, 

22, 23 The resulting AT inflammation leads to chronically increased levels of inflammatory 
markers in the circulation.

1.1.4 Postprandial low-grade inflammation
As discussed above, chronic energy excess will lead to obesity and low-grade inflammation. 
However, acute energy excess can also induce low-grade inflammation. Meals and dietary 
challenges with high carbohydrate and/or fat content can lead to elevated levels of 
proinflammatory plasma markers in the postprandial phase, i.e. the first hours after the 
meal. This postprandial inflammation is especially evident in obese and insulin resistant 
individuals, where metabolic and inflammatory homeostasis is already compromised.24, 

25 Interestingly, postprandial inflammation also occurs in healthy subjects. Several studies 
showed increase levels of proinflammatory cytokines such as CRP and TNF-α, but also 
increased NF-κB activity in circulating mononuclear cells of healthy subjects.26-28 Evidence 
suggests that postprandial inflammation is mediated by oxidative stress. Postprandial 
spikes in glucose result in increased levels of oxidative stress markers and a decreased 
total antioxidant capacity.25, 29, 30 Besides proinflammatory plasma markers, postprandial 
hyperglycemia and hypertriglyceridemia also induces increased plasma levels of endothelial 
adhesion molecules: several studies showed increased levels of adhesion molecules such as 
intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM) after a 
high-fat or high-carbohydrate load.31-33 It is suggested that repeated postprandial oxidative 
stress and inflammation can contribute to insulin resistance and atherosclerosis.34-36 Excess 
glucose and free fatty acids can lead to an overload of the electron transport chain, resulting 
in increased production of oxygen radicals. These radicals can induce redox-sensitive 
transcription factors like NF-κB.37

1.1.5 Inflammation-induced insulin resistance
Postprandial as well as chronic low-grade inflammation are suggested to play a role in the 
onset of insulin resistance and atherosclerosis.19, 34, 38 Elevated proinflammatory factors 
can directly induce insulin resistance via intermediates of the proinflammatory NF-κB and 
c-Jun N-terminal kinase (JNK) signaling pathways.39 One way by which inflammation can 
induce insulin resistance is by interfering with normal insulin receptor signaling (figure 
1). Normally, when insulin binds the insulin receptor, the insulin receptor substrate (IRS) 
is recruited to the insulin receptor, which becomes phosphorylated at tyrosine residues. 
This phosphorylation activates a complex signaling cascade and, among others, results 
in the translocation of vesicles with glucose transporter 4 (GLUT4) to the cell membrane. 
The resulting insertion of GLUT4 in the cell membrane facilitates the uptake of glucose 
from the circulation. Inflammatory factors like IKK and JNK can induce inhibitory serine 
phosphorylation of IRS. This prevents docking of IRS to the insulin receptor, thereby 
preventing insulin-mediated glucose uptake, leading to prolonged hyperglycemia.39, 40 As a 
result the capacity to clear blood glucose from the circulation is severely compromised. To 
compensate for the continuous high blood glucose levels, the β-cells secrete more insulin, 
resulting in hyperinsulinemia and eventually, in the exhaustion of β-cells. The inability of the 
body to produce enough insulin to compensate hyperglycemia marks the transition from 
insulin resistance to T2DM. 

1.1.6. Inflammation and atherosclerosis
Adhesion molecules such as ICAM and VCAM, as well as chemokines, such as monocyte 
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chemotactic protein-1, are expressed on endothelial cells upon activation by various triggers 
such as oxygen radicals, LPS, oxidized LDL and cytokines. This process is called endothelial 
activation.41 The adhesion molecules are able to bind counter receptors on circulating 
immune cells such as monocytes and mediate the transmigration of leukocytes through 
the endothelium to sites of inflammation. The upregulation of vascular adhesion molecules 
by low-grade inflammation is thought to be critical in the onset of atherosclerosis, because 
it leads to accumulation of macrophages in the vascular intima.42,43 The accumulated 
macrophages and activated endothelial cells create an inflammatory environment, resulting 
in foam cell formation and to the formation of atheromatic plaques.43 Activated vascular 
smooth muscle cells form a layer around the plaque, keeping it stably encapsulated. In a 
more progressive stage, cytokines can induce apoptosis in the vascular smooth muscle cells. 
This will cause destabilization and eventually leads to rupture of the plaque, often resulting 
in clinical cardiovascular events.44  Hence, reduction of adhesion molecules may prevent 
cardiac events.

1.2 Dietary prevention
Dietary patterns rich in fruits and vegetables as well as the Mediterranean diet are associated 
with a decreased risk of metabolic disorders and reduced inflammatory markers, in contrast 
to diets high in fats and refined carbohydrates.19 Moreover, it was shown that, for example, 
orange juice did not evoke postprandial inflammation and could even reduce postprandial 
inflammation induced by fat or glucose intake.45, 46 These beneficial dietary effects are likely 
caused by bioactive compounds, which can be defined as nutritional constituents with a 
presumable health effect.47 

1.2.1 Broccoli sprouts and sulforaphane
Recently, it was shown that four weeks intake of 10 g/day broccoli sprout powder could 
decrease plasma oxidative stress markers and increase total antioxidant capacity in 

Introduction

Figure 2. Schematic representation of the conversion of glucoraphanin to sulforaphane by myrosinase

T2DM patients.48 Additionally, it also reduced insulin levels and was associated with 
increased insulin sensitivity.49 Broccoli sprouts are a rich source of the bioactive compound 
sulforaphane (SFN). Sulforaphane is an isothiocyanate (-N=C=S) that is formed by hydrolysis 
of the glucosinolate glucoraphanin (figure 2). 
Hydrolysis is catalysed by myrosinase, a plant-specific enzyme for defence against 
herbivores.50 Normally, myrosinase and glucoraphanin are compartmentally separated, but 
when the plant is damaged by chewing or crushing, myrosinase converts glucoraphanin into 
sulforaphane.51 Our group recently showed, using stable isotope-labeled broccoli seeds, that 
there is no de novo synthesis of glucoraphanin and that all glucoraphanin originates from 
the seed reserves.52 Therefore, glucoraphanin dilutes when the broccoli crop grows. Hence, 
a higher intake of SFN can be achieved by eating young broccoli cultivars. Young broccoli 
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sprouts are widely studied because of the potent cancer preventive activity of SFN.53 The 
most prominent chemoprotective effect of SFN is attributed to its potency as inducer of 
phase-2 detoxification enzymes, especially the activation of the Kelch-like ECH-associated 
protein 1 (Keap1) - nuclear factor E2-related factor 2 (Nrf2) pathway.54, 55 Oxidative stress 
and SFN can disrupt the association between Keap-1 and Nrf2 in the cytoplasm, leading 
to translocation of Nrf2 to the nucleus were it binds Antioxidant Response Elements (ARE) 
in the promoter regions of antioxidant and detoxification enzymes.54, 55  Nrf2 also inhibits 
NF-κB and therefore SFN has indirect anti-inflammatory activity.56 However, SFN is also 
reported to directly inhibit NF-κB activity by interfering with IKK activation, prevention of 
IκBα degradation and nuclear translocation of NF-κB.57 Moreover, it was shown that SFN can 
prevent NF-κB signaling by interfering with TLR4 signaling.58, 59 FFAs ligated to fetuin A (acting 
as FFA carrier), are endogenous ligands for TLR4 and can induce low-grade inflammation 
in this way.60, 61 FFAs are increased in abdominal obesity and are strongly related with 
insulin resistance and are thought to be an important link between metabolic inflammation 
and insulin resistance.62 Interestingly, it was reported that SFN could inhibit cytokine and 
chemically-induced β-cell damage via the NF-κB pathway, resulting in restoration of insulin 
secretion.63 In addition, SFN may inhibit expression of ICAM and VCAM on endothelial cells 
in animal and in vitro experiments.64-66 Hence, SFN may be beneficial in obesity-induced low-
grade inflammation.

1.2.2 Dietary fiber and short-chain fatty acids (SCFA)
Consumption of refined starchy foods results in faster and higher postprandial blood glucose 
response than unprocessed starchy foods. This has been conceptualized in the glycemic 
index (GI), which can be defined as “the incremental area under the glucose response curve 
after a standard amount of carbohydrate from a test food relative to that of a control food 
(either white bread or glucose)”.67 This concept has been further improved by accounting 
for the amount of available carbohydrate of the food product, i.e. the glycemic load (GL). 
As example, carrots and white bread have GI’s of 71 and 70, respectively, whereas carrots 
contain little carbohydrate compared to white bread, resulting in a GL of 3.8 and 21.0 
respectively (67). Since glucose excursions are associated with inflammation, T2DM and 
CVD, researchers focussed on lowering the glucose response. Indeed, it was shown that 
long-term adherence to a low GI diet reduced inflammatory markers and improved insulin 
sensitivity,68 in contrast to intake of high GI foods.69 One way to accomplish a lower GI is by 
increasing the amount of fiber and resistant starch. Fiber and resistant starch pass the small 
intestine undigested and are fermented in the colon by gut microbiota, a process that yield 
short-chain fatty acids (SCFA). SCFA are fatty acids (or their conjugate base) with aliphatic 
side chains of up to six carbon atoms, e.g. acetate (C2), propionate (C3) and butyrate (C4), 
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see figure 3. These SCFA are differentially utilized by the body: butyrate is the main fuel 
source for colonocytes, whereas propionate is used by the liver for gluconeogenesis and 
acetate is used by the liver for cholesterol synthesis and by muscle cells to oxidize it for 
energy generation.70

SCFA obtained from fermentation are also thought to affect insulin sensitivity. Adding 
resistant starch to a meal results in a lower glucose response and enhanced insulin 
sensitivity.71 Furthermore, increasing the amount of cereal fiber in a meal even lowers the 
glucose response to a second meal and increases insulin sensitivity.72 The same study also 
showed that an evening meal high in cereal fiber could reduce postprandial inflammation 
induced by a next morning glucose challenge. It was hypothesized that these effects are 
mediated by SCFA.72 

In addition, SCFA, especially butyrate, affect cell differentiation and proliferation and can 
therefore function as anticancer agents, mainly by acting as histone deacetylase (HDAC) 
inhibitors.70 Histone acetylation leads to a less condensed form of DNA coiling, which 
makes the DNA more accessible for gene transcription. Hyperacetylation by butyrate affects 
cell cycling and induces butyrate induced apoptosis.73 Interestingly, HDAC inhibition by 
butyrate also leads to repression of LPS-induced proinflammatory genes like IL-6 and IL-
12 in dendritic cells.74 Moreover, it was recently shown that butyrate could increase the 
differentiation of colonic Treg cells by HDAC inhibition, indicating a role for SCFA in immune 
system homeostasis.75 Additionally, it was suggested that butyrate can reduce intestinal 
inflammation in inflammatory bowel disease via NF-κB inhibition.76 Although these data 
suggest that SCFA have immune-modulatory effects in the colon, a comprehensive view of 
systemic effects of SCFA on inflammation is lacking. 

Introduction
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Scope of the thesis

Metabolic disorders are strongly correlated with systemic low-grade inflammation. This is 
especially evident during obesity, which suggests a major role for AT. It remains unclear 
what is the initiating factor in the onset of metabolic inflammation. Therefore, more 
information is needed about the contribution of the different cells of the AT. It is well known 
that adipocytes can secrete inflammatory factors, nevertheless, an in-depth study into the 
role of adipocytes in initiating inflammation is lacking. Additionally, it is known that the 
activation state of macrophages in AT is important for the inflammatory homeostasis of 
the AT. Then again, comprehensive information about the functional differences between 
M1 and M2 activation states on a protein level is not available. This rather fundamental 
information is important for understanding the etiology of pathologies associated with 
metabolic inflammation. Preventing or lowering low-grade inflammation is essential for the 
reduction of the risk of insulin resistance and atherosclerosis. This might be accomplished by 
dietary intervention, since dietary bioactive compounds have promising anti-inflammatory 
effects.

Therefore, the two main questions addressed in this thesis are:

 a) How do human AT cells (adipocytes and macrophages) contribute to the onset of 
metabolic low-grade inflammation?

 b) Can low-grade inflammation be reduced by nutritional intervention? 

These issues were addressed by the following sub questions:

2.1 Do adipocytes prime AT inflammation independent of other immune cells?
Although it is known that AT can secrete various inflammatory factors, it is thought that 
activation of AT macrophages (ATMs) is the primary event in AT inflammation. It is not clear 
what the contribution of adipocytes to the overall AT secretion of inflammatory factors is. We 
performed an in-depth characterization of the gene and protein expression of pro- and anti-
inflammatory factors in both pre-adipocytes and adipocytes. To determine whether these 
inflammatory factors lead to a functional immune response, we tested whether activated 
adipocytes could recruit immune cells in a cell migration assay. The results of this study may 
increase the understanding of the order of events in AT inflammation and dysfunction and 
may give information on the immunological role of adipocytes. (Appendix A)

2.2 What are the functional changes in human macrophages polarized to either M1 or 
M2 activation state?
Obese AT is characterized by increased numbers of proinflammatory macrophages. This 
accumulation of macrophages is thought to be a key event in AT inflammation and is 
associated with insulin resistance. It is thought that there is a shift from rather homeostatic 
and anti-inflammatory resident macrophages to an infiltration of proinflammatory 
macrophages. These macrophages are generally classified as either M2 or M1, respectively. 
This is a highly simplified classification system mostly based on surface markers. Information 
about functional differences on a protein level between these activation states is lacking. 
We polarized human THP-1 macrophages in vitro to M1 and M2 macrophages with LPS and 
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IL-4, respectively, and characterized the functional changes by performing a quantitative 
proteomics study. Information on functional changes will help to better understand the 
contribution of macrophages to low-grade AT inflammation. (Appendix B)
 
2.3 Can the HEK293-NF-κB reporter cell line be used as screening assay for the anti-
inflammatory potency of bioactive compounds?
Bioactive compounds receive increasing attention as anti-inflammatory agents, which may 
be used in human intervention studies. Therefore, a rapid cell-based screening tool for 
testing the anti-inflammatory NF-κB potential of bioactive compounds is highly valuable. 
We used the human HEK293-NF-κB-luc2P reporter cell line as screening assay for bioactive 
compounds and tested the anti-inflammatory effects of several bioactive compounds and 
microvegetables, e.g. broccoli seedlings, sulforaphane and SCFA. By establishing the anti-
inflammatory potency of these bioactive compounds in vitro, as well as the underlying 
mechanisms, this screening tool can help to decide which bioactive compounds may have 
promising anti-inflammatory effects to evaluate in in vivo human intervention studies. 
(Appendix C)
 
2.4 Does consumption of broccoli seedlings affect markers of postprandial inflammation 
and endothelial activation in healthy subjects?
In appendix C, we tested the in vitro anti-inflammatory potency of sulforaphane and broccoli 
seedlings. Subsequently we tested whether broccoli seedlings exert anti-inflammatory 
effects in healthy men. Therefore, we aimed to induce postprandial inflammation by oral 
glucose loading. In a randomized cross-over trial the subjects consumed either broccoli 
seedlings or lettuce (no anti-inflammatory activity and no sulforaphane content) followed 
by two consecutive glucose loads. We tested proinflammatory parameters (NF-κB, IL-6 and 
TNF-α) as well as markers for endothelial activation (sICAM and sVCAM). The outcome of 
this study will provide information about postprandial inflammation in healthy men and the 
in vivo anti-inflammatory potency of broccoli seedlings. (Appendix D)
 
2.5 What is the evidence for immune-modulating effects of SCFA?
In the study described in appendix C we assessed the anti-inflammatory effects of SCFA in 
vitro. However, a good overview of potential anti-inflammatory effects in humans beyond 
the colon is lacking. Therefore, we reviewed existing literature on the systemic effects of 
SCFA, butyrate in particular. We assessed information concerning SCFA receptors and the 
mechanisms by which SCFA may exert anti-inflammatory effects. By summarizing the effects 
of SCFA on immune cells as well as the in vivo distribution of the various SCFA, their receptors 
and their potency, we will discuss the relevance of their effects on systemic inflammation, 
with a special focus on low-grade inflammation as observed in obesity. (Appendix E)
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Results and discussion

The first aim of this thesis was to obtain more insight in how two major cell types of the 
AT, adipocytes and macrophages, can contribute to low-grade inflammation as observed 
in obesity. In the study described in appendix A the expression of genes involved in 
inflammation was determined in human primary adipocytes. These adipocytes express a 
wide array of inflammatory genes such as interleukins, chemokines as well as their receptors. 
In addition, they also express MHC-II molecules and acute phase reactants. Subsequently, a 
set of inflammatory factors was analysed at the protein level in the presence and absence 
of LPS. Most of the tested inflammatory proteins, such as ICAM, VCAM, IL-8 and IL-6 were 
up-regulated by LPS, whereas a small number of anti-inflammatory proteins were down-
regulated by LPS, among which IL-10 and IL-13. To test whether this immune regulation has 
any functional relevance, adipocytes were incubated with CD4+ T-cells in a cell migration 
assay. Adipocytes were able to attract CD4+ T-cells and the recruitment potential was 
doubled upon adipocyte stimulation with LPS, an effect that could be partially blocked by 
neutralizing antibodies against MCP-1. These results suggest that adipocytes may prime AT 
inflammation independent of immune cells such as macrophages. It is unclear what triggers 
adipocyte inflammation in vivo, but it is likely that an energy surplus, as observed in obesity, 
may serve as a trigger. Hummasti and Hotamisligil hypothesized that excess energy can 
lead to ER-stress and inflammation in adipocytes and the AT.77 This is in agreement with a 
recent study showing that a high-fat diet could induce ER-stress in adipocytes and that this 
ER-stress was associated with increased numbers of immune cells and thus contributed to 
chronic low-grade AT inflammation.78  

Our observation that MHC-II molecules are expressed by human adipocytes is especially 
interesting since these molecules are thought to be exclusively expressed on professional 
antigen presenting cells, such as macrophages. Our findings suggests that adipocytes not 
only secrete inflammatory proteins upon stress, but in fact exert dedicated immune cell-
like properties. The resemblance between adipocytes and immune cells is not new: others 
revealed a strong similarity between preadipocytes and macrophages by comparison of 
gene expression profiles and it was shown that preadipocytes can express macrophage 
specific markers and exhibit phagocytosis and antimicrobial activity, which are normally 
thought to be characteristics of professional antigen presenting cells.79, 80 Moreover, a recent 
study reported the conversion of ATMs to preadipocytes.81 Although, the physiological role 
of this interconversion remains unclear, it underlines the immune cell-like properties of 
the adipocyte we observed. The expression of MHC-II molecules on adipocytes points to 
a possible presentation of a yet unknown antigen. This is in agreement with a study from 
Winer et al,82 who reported that T-cells in obese AT had a severely biased variable region in 
their T-cell receptors, pointing to an antigen-specific expansion of T-cells, possibly presented 
by MHC-II molecules on adipocytes. A recent study in mice on a high-fat diet showed an 
upregulation of MHC-II molecules together with increased proinflammatory T-cell markers 
which preceded the accumulation of ATMs and the polarization to M1 macrophages.83 In 
addition, they showed that adipocytes activated T-cells in an antigen-specific and contact-
dependent manner. Moreover, MHC-II deficient mice showed decreased adipocyte 
inflammation as well as decreased AT inflammation and insulin resistance. Normally, antigen 
presenting cells present pathogen-derived ‘non-self’ antigens via their MHC-II molecules. 
This leads to the antigen-specific maturation of T-cells. In auto-immune responses, T-cells 
also reacts on the presentation of ‘self’ antigens. Assuming that obesity is not an infectious 
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disease caused by pathogens, the antigen-specific expansion of T-cells suggests that obesity 
has auto-immune properties with a yet undiscovered self-antigen. A recent study of Huh et 
al.84 suggested that this antigen might be a lipid. Taken together, adipocytes seem to be able 
to prime AT inflammation and exert functional characteristics of immune cells. The ability to 
present antigens, as well as recruiting and activating T-cells in a presumable antigen-specific 
way, leads to the speculation that obesity is not merely a metabolic disorder, but also has an 
inflammatory component. Revealing this putative adipocyte-presented antigen can lead to 
new opportunities in fighting obesity and its associated pathologies.
 
Although primary adipocyte inflammation and subsequent T-cell activation seem to precede 
the accumulation of macrophages, the increase in ATM numbers is thought to be the major 
contributor of AT inflammation and dysfunction and important for obesity associated 
pathologies.85 Macrophages show great plasticity and especially the activation status seems 
to be indicative for pathophysiological outcomes. Macrophages can have many different 
phenotypes, based on their (micro-)environmental stimuli. Nevertheless, they are mostly 
classified as either proinflammatory (M1) or anti-inflammatory (M2). Resident ATMs are 
M2-like macrophages and are thought to be important in tissue repair and for maintaining 
metabolic and immune homeostasis.7, 40 In contrast, during obesity, there is an accumulation 
of more proinflammatory M1 macrophages, which secrete proinflammatory cytokines 
such as TNF-α and activate cells of the adaptive immune system.85 This will eventually 
result in a loss of metabolic and immune homeostasis.7,40 However, the classification of the 
activation states is mostly based on surface markers, whereas data on functional differences 
between activation states is scarce. Since functional differences between these activation 
states may provide valuable knowledge on how differentially activated macrophages are 
contributing to AT inflammation, we conducted a quantitative proteomics study towards 
functional differences between human M1 and M2 macrophages as reported in appendix 
B. Stable isotope labeling by amino acids in cell culture (SILAC) was applied as a quantitative 
proteomics approach on human THP-1 macrophages. The macrophages were polarized 
to either M1 macrophages using LPS, or to M2 macrophages using IL-4. Using LC-MS/MS 
analysis, the relative protein abundance between M1 and M2 macrophages was determined. 
M1 macrophages show an increased secretion of proinflammatory cytokines such as TNF-α 
and the chemokines CCL-20 and IL-8. Hence, in obesity, M1 macrophages may attract other 
immune cells by chemokine expression and may induce a pro-inflammatory and insulin 
resistant-prone environment in the AT by the secretion of cytokines such as TNF-α. The vast 
increase in secretion of proinflammatory factors is accompanied by upregulation of protein 
biosynthesis and processing pathways, which in turn seems to lead to ER-stress as indicated 
by the upregulation of proteins involved in the unfolded protein response. Prolonged ER-
stress can induce apoptosis in macrophages and this is suggested to play an important 
role in atherosclerosis and especially in the transition to unstable rupture-prone plaques, 
which can result in myocardial infarction.86, 87 Interestingly, macrophages have a functional 
insulin receptor and it has been suggested that insulin resistance in macrophages can 
result in ER-stress and macrophage apoptosis and is associated with atherosclerotic plaque 
rupture.88 In contrast to the increase in protein synthesis in M1 macrophages, polarization 
to M2 macrophages did not result in a large change in protein expression, indicating that 
M2 macrophages have a close resemblance to resting macrophages. M2 macrophages 
showed increased expression of proteins involved in immune regulatory responses (e.g. 
the anti-inflammatory annexin A1), extracellular matrix remodeling (e.g. collagen VI-A1) 
and expression of both integrin αMβ2 subunits in combination with talin and cathepsin 
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C, which activate and increase the affinity of integrin αMβ2.89, 90 This integrin is important 
for macrophage migration and is important in the onset of atherosclerosis since it binds 
ICAM on endothelial cells. In obesity and T2DM, vascular endothelial cells can be activated 
by increased systemic proinflammatory proteins and oxygen radicals. This can result in 
increased expression of cellular adhesion molecules like ICAM and VCAM on endothelial 
cells, which subsequently leads to the recruitment of macrophages. The accumulation of 
macrophages, together with oxidized LDL particles, leads to the formation of foam cells, 
marking the onset of atherosclerosis. Although both M1 and M2 macrophages seem to 
be involved in atherosclerosis, foam cells indeed show predominantly M2 characteristics 
consistent with the expression of integrin αMβ2.91 With respect to AT, M1 macrophages 
show a clear proinflammatory profile, indicating that they may contribute to AT inflammation 
and dysfunction. M2 macrophages, on the other hand, seem to have a role in resolving 
inflammation as well as in tissue remodeling, a process important for controlling the vast 
expansion of the AT during obesity.92 
 
In addition to the functional differences between M1 and M2 macrophages, we provide a 
set polarization markers for better characterization of M1 and M2 macrophages in humans. 
Our approach provides an integrated view on functional differences between polarization 
states. This is useful for understanding the contribution of macrophages to metabolic 
inflammation. Hence, it would be interesting, using this approach, to study functional 
differences in macrophages differentially polarized with conditioned media from either 
metabolic healthy lean subjects or metabolic unhealthy obese subjects.
 
Adipocytes and macrophages can both contribute to low-grade inflammation, which can 
lead to insulin resistance and atherosclerosis. Hence, reducing low-grade inflammation may 
be beneficial in preventing these pathological conditions. The second question of this thesis 
was whether low grade inflammation could be reduced by nutritional intervention. Recently, 
bioactive compounds retrieved attention for their potential to decrease inflammation.93 
There is a wide range of bioactive compounds in e.g. vegetables and fruit. To be able to 
rapidly screen for compounds for their anti-inflammatory potency, a suitable screening 
assay is highly valuable. In the study reported in appendix C, the ready-to-use H293-NF-
κB-luc2P was used to test the anti-inflammatory potency of different classes of bioactive 
compounds, by establishing dose-response curves. NF-κB activity was induced by incubation 
with TNF-α. Simultaneous incubation with SCFA could inhibit NF-κB activity with the 
potency butyrate>propionate>>acetate. G-protein-coupled receptors (GPCR), especially Gi/o 
receptors, are thought to be the main mediators of SCFA signaling.94 Blocking Gi/o signaling 
by pertussin toxin (PTX), did not result in a decreased inhibition of NF-κB activity by SCFA, 
indicating that SCFA effects on NF-κB are not likely to be mediated via Gi/o signaling. GPR43, 
one of the SCFA receptors, is also able to signal via Gq, which may explain in part the observed 
effects of SCFA on NF-κB activity. Effects of SCFA may also be mediated by the solute carrier 
SLC5a8, which transports SCFA with the potency order butyrate>propionate>>acetate95 and 
which has a higher gene expression than the GPCRs in the H293 cell line. Moreover, it was 
recently suggested that SLC5a8 is indispensable for the intracellular effects of SCFA,96 such as 
NF-κB modulation by HDAC inhibition. These data indicate that the effects of SCFA might be 
mediated via SLC5a8 rather than via GPCR signaling. A human intervention study performed 
by our group showed that a meal high in dietary fiber could reduce plasma levels of IL-6 and 
TNF-α in healthy men, which was accompanied by an increase in plasma butyrate.72 This 
effect can be well explained by the NF-κB inhibitory effect of butyrate and suggests that 
intake of dietary fiber may counteract systemic inflammation. 
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In addition, the anti-inflammatory effect of SFN was determined. SFN was able to potently 
inhibit TNF-α-induced NF-κB activity in vitro. Removing serum from the media resulted in 
a significant increase in NF-κB inhibitory potency of SFN, suggesting that binding of SFN by 
serum proteins reduces the concentration of free SFN and thereby its anti-inflammatory 
potency. Broccoli seedlings, a rich source of SFN, could also significantly reduce NF-κB 
activity, whereas SFN-free butter lettuce did not affect NF-κB activity. SFN and broccoli 
sprout varieties are used in several human trials to study the in vivo effects of SFN on activity 
of phase-II detoxification enzymes and markers of oxidative stress. Since SFN and broccoli 
seedlings could reduce NF-κB activity in vitro, the anti-inflammatory effect of broccoli 
seedlings was tested in healthy volunteers. In a pilot study with four volunteers, broccoli 
seedlings could prevent glucose-induce inflammation (results not shown). Therefore, a 
controlled cross-over intervention trial in healthy male volunteers was conducted; 12 
healthy male volunteers received either broccoli seedlings or butter lettuce in combination 
with oral glucose loading. The anti-inflammatory effects were assessed by the effect on 
several inflammation and endothelial activation markers, which are involved in the onset of 
insulin resistance and atherosclerosis (appendix D). Because butter lettuce did not contain 
SFN, nor reduced NF-κB activity in vitro (appendix C), we used it as a control. We expected 
to see an induction of NF-κB activity by oral glucose loading, with no inhibition of lettuce 
and significant inhibition by broccoli seedlings. However, in contrast to the pilot experiment, 
we did not observe differences in inflammatory parameters after intake of broccoli seedlings 
compared to butter lettuce, except for a small effect on IL-6. In contrast to other studies,26,28,72 
oral glucose loading did not induce significant postprandial inflammation. We suggested 
that the differences between these study outcomes might originate from variations in 
resilience towards challenges, i.e. the capacity of the body to deal with the glucose loads. 
These variations in resilience may be explained by differences in habitual diet, as there does 
not seem to be an influence by the genetic background: a study investigating the influence 
of the genetic background on the variability in postprandial inflammatory parameters 
showed that genetics are strongly associated with the basal inflammatory status, whereas 
it has minimal effect on the postprandial inflammatory response.97 Moreover, a recent 
study by Wopereis et al33 showed that high-fat and high-carbohydrate challenges did not 
induce a strong postprandial response in healthy subjects. Although these and our results 
are inconsistent with other reports and our pilot data, it may fit in the paradigm that young 
healthy people have flexible compensatory mechanisms to deal with day-to-day challenges: 
metabolic and inflammatory processes are essential and therefore tightly regulated by 
complex mechanisms. These systems are evolved to deal with day-to-day challenges and 
keep excursions to a minimal level. Since we conducted the study in healthy young subjects, 
it seems that on average the capacity to compensate for short-term metabolic excursions 
is still sufficient and the metabolic, anti-oxidant and anti-inflammatory systems are flexible. 
Hence, the same study in obese or elderly subjects may have a different outcome, since the 
resilience towards metabolic perturbations is lower in these populations. 

Although we did not observe a strong inflammatory response by glucose, broccoli seedlings 
could significantly reduce soluble ICAM and VCAM. These endothelial adhesion molecules 
are markers for endothelial activation and can be induced by cytokines and oxidative 
stress.98 Elevated levels of these adhesion molecules are associated with the onset of 
atherosclerosis, which is especially evident in obesity, where low-grade inflammation can 
activate endothelial cells, resulting in the increased expression of adhesion molecules 
and subsequent accumulation of macrophages. These macrophages promote a local 
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inflammatory environment and by scavenging oxidized LDL particles, which are typically 
elevated in obese subjects, they become foam cells, which mark the onset of atherosclerotic 
plaque formation.99 Since a single serving of broccoli seedlings can already reduce these 
markers of endothelial activation in healthy subjects, broccoli seedlings may be a promising 
candidate to be used in preventive medicine. The potency of broccoli seedlings in preventing 
or reducing postprandial inflammation and endothelial activation in obese and elderly 
subjects may be worthwhile to investigate. 

Vascular endothelial cells are an important source of ICAM and VCAM. During obesity, ICAM 
and VCAM mRNA expression and protein content are induced in visceral AT. Expression 
of these adhesion molecules is correlated to BMI and the macrophage marker CD68.100 
In Appendix A, we showed that adipocytes also express ICAM and VCAM and that the 
production can be stimulated by an inflammatory trigger such as LPS. Several studies 
reported postprandial inflammation in adipocytes.101, 102 Although this was only tested for 
high-fat meals, it was suggested that high-glucose may lead to oxidative stress in AT.103 
Hence, it is possible that the effects seen on sICAM and sVCAM, may be in part mediated 
via AT inflammation. Similarly, the small effect on IL-6 in our in vivo study, might also be 
mediated by the AT, which is an important source of systemic IL-6.20 One can envision that 
frequent exposure of AT to high-fat and high-glucose meals with subsequent postprandial 
inflammation might thus accelerate AT dysfunction and enhance systemic inflammation, 
contributing to the development of insulin resistance and atherosclerosis.

In addition to SFN and broccoli seedlings, we showed in appendix C that SCFA also could 
reduce NF-κB activity, with butyrate being the most potent inhibitor. Although anti-
inflammatory effects of SCFA are reported, the focus is mainly on the effects on the 
colonic environment and especially on colonic cancer. Our group showed previously that 
propionate can affect inflammatory markers in human AT explants. Therefore, we reviewed 
in appendix E the possibility of SCFA to modulate inflammation systemically, i.e. beyond 
the colon. Although systemic concentrations of propionate and acetate are higher, butyrate 
is a more potent anti-inflammatory agent. Butyrate, was shown to reduce expression of 
adhesion molecules, such as ICAM and VCAM, on both endothelial cells and monocytes and 
macrophages in vitro. Hence, it may play a role in preventing accumulation of macrophages 
in AT and the endothelial intima, resulting in a decreased risk of AT dysfunction related 
pathologies. In addition, butyrate seems to be able to reduce inflammation by inhibiting 
the NF-κB pathway. Besides directly interfering with the NF-κB pathway - i.e. inhibiting IKK 
activation, Iκ-Bα degradation and NF-κB translocation - butyrate can affect NF-κB mediated 
effects and cytokine expression via its action as inhibitor of histone deacetylases (HDAC). 
Interestingly, SFN is also an HDAC inhibitor.104 As HDAC inhibitors, butyrate and SFN can alter 
the accessibility of the DNA, affecting the transcriptional activity of NF-κB, and modulating 
the accessibility of NF-κB target genes. In addition to SFN, butyrate was reported to activate 
Nrf2 (section 1.2.1).105 It was hypothesized that the activation of Nrf2 was mediated via 
the HDAC inhibitory activity of butyrate, indicating that butyrate may also exert anti-
inflammatory activity by enhancing phase-II enzymes.106 Besides the anti-inflammatory 
effects, HDAC inhibition was reported to enhance both the number and the function of 
Treg cells.107, 108 Since Treg cells are important for inflammatory homeostasis and a disturbed 
balance between Treg and proinflammatory T-cells is important in obesity-induced AT 
inflammation, it would be interesting to study whether SFN and butyrate can affect Treg 
cells. 
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In addition to the immune modulatory effects, microbiota and SCFA are also involved in 
modulating the energy balance. A study in mice showed that a high-fat diet altered the 
microbiota composition and induced proinflammatory cytokine expression, NF-κB activation 
and TLR-4 upregulation in the colon.109 These alterations lead to increased gut permeability 
by upregulation of the TLR-4 signaling pathway. In a recent elegant study by Ridaura et 
al,110 transplantation of fecal microbiota from twins - discordant for obesity - to germ free 
mice, lead to transmission of the phenotype to the recipient, i.e. mice receiving microbiota 
from the obese subject became obese and the mice receiving microbiota from the lean 
twin remained lean. Since mice are coprophagic (i.e. feces-eating), cohousing of the mice 
resulted in transmission of the lean phenotype to the obese mice, whereas lean mice did 
not become obese upon colonization with microbiota of the obese mice. Interestingly, 
compared to obese mice, concentrations of butyrate and propionate were higher in lean 
mice and in obese mice after cohousing with lean mice. Moreover, butyrate and propionate 
levels were negatively correlated with adiposity. This points to a direct role for butyrate 
and propionate in host energy metabolism, which is consistent with other studies.110-112 
Butyrate can also stimulate AMP-activated protein kinase (AMPK), which is an important 
intracellular energy sensor, which can modulate the intestinal permeability, but is also an 
important regulator of insulin sensitivity.113, 114 AMPK is thought to induce the transcription 
and translocation of the insulin-sensitive glucose transporter GLUT4, even in the presence 
of insulin resistance,115-118 an effect that was also observed in adipocytes.119 Interestingly, in 
addition to exercise and butyrate, SFN also was reported to activate AMPK,120 suggesting that 
a life style with higher physical activity and intake of dietary fiber and vegetables containing 
SFN may enhance insulin sensitivity. The immune modulating activities of SFN and butyrate 
are summarized in figure 4. Taken together, SCFA and especially butyrate, seem to be 
promising anti-inflammatory agents, as well as positive modulators of the energy balance, 
and may therefore be interesting therapeutic targets in the context of obesity and low-grade 
inflammation. However, butyrate is the principal fuel source for colonocytes and therefore 
systemic concentrations are in the low micromolar range. Therefore, studies should establish 
whether butyrate can exert these effects in vivo. 

Overall, adipocytes are able to prime AT inflammation and can recruit and activate other 
immune cells like macrophages, which aggravate inflammation. In this way adipocytes 
and macrophages can both contribute to low-grade inflammation. Sulforaphane, broccoli 
seedlings and short-chain fatty acids – especially butyrate – may have a role in preventing 
and reducing low-grade inflammation. Moreover, sulforaphane may be protective against 
atherosclerosis by preventing endothelial activation. This thesis contributes to the 
understanding of the role adipocytes and macrophages play in the onset of AT dysfunction 
and associated pathologies such as atherosclerosis and type 2 diabetes, which have 
low-grade inflammation as common denominator. In addition, the results on the anti-
inflammatory and anti-atherogenic effects of bioactive compounds described in this thesis 
plead for increased intake of broccoli seedlings and dietary fiber. Decreasing low-grade 
inflammation may reduce pathologies associated with metabolic inflammation, which may 
promote healthy ageing.
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Abstract 
Obesity promotes inflammation in adipose tissue (AT) and this is implicated in 
pathophysiological complications such as insulin resistance, type 2 diabetes and 
cardiovascular disease. In the classical hypothesis necrotic adipocytes in obese AT activate 
AT macrophages (ATM) that then lead to a sustained chronic inflammation in AT. However, 
the link between human adipocytes and the source of inflammation in AT has not been 
studied in-depth and systematically. Therefore we decided, as a new hypothesis, to test if 
human primary adipocytes are able to prime inflammation in AT, in the absence of other 
immune cells. 
 
Using mRNA expression, we showed that human preadipocytes and adipocytes express 
various cytokines, chemokines and their receptors, MHC II genes and 14 acute phase 
reactants, including C-reactive protein. Multiplex ELISA revealed the expression of 50 
cytokine and chemokine proteins by human adipocytes. Upon lipopolysaccharide (LPS) 
stimulation, most of these proteins, such as ICAM-1, MCP-1, IL-6, and TNF-a were up-
regulated, and a few were down-regulated, e.g. IL-10, IL-13, and VEGF. In a migration assay, 
human adipocyte produced chemokines could attract significantly more CD4+ T cells than 
controls and the number of migrated CD4+ cells was doubled after treating the adipocytes 
with LPS. Neutralizing antibodies against MCP-1 and IP-10 could partially reduce CD4+ 
migration.
 
Human adipocytes express many cytokines and chemokines and they are able to induce 
inflammation and activate CD4+ cells independent of macrophages. This suggests that the 
primary event in the sequence leading to chronic inflammation in AT is metabolic dysfunction 
in adipocytes, followed by production of immunological mediators by these adipocytes. This 
is subsequently exacerbated by recruitment and activation of other immune cells. This study 
provides novel knowledge about the priming of inflammation in human obese adipose 
tissue, opening a new avenue of investigations towards obesity-associated type 2 diabetes.
 

Introduction
An imbalance or dysfunction of adipose tissue (AT) contributes to obesity-induced chronic 
inflammation, which in turn results in energy metabolism disorders such as insulin 
resistance (IR), type 2 diabetes, inflammation and cardiovascular disease.1–11 Although the 
involvement of adipocytes in energy regulation is clear, little is known about their role in the 
occurrence of inflammation in AT, which is assumed to be important in the development 
of type 2 diabetes. Notwithstanding the fact that AT is recognized as an immune organ and 
adipose tissue macrophages (ATM) appear to be the major source of inflammation in AT,10–15 
there has been no systematic study performed on the role of adipocytes in inflammation. 
We hypothesize that obesity leads to adipocyte dysfunction, which in turn primes an 
inflammatory state, independent of AT-infiltrated macrophages. Inflamed adipocytes may 
even promote the infiltration of pro-inflammatory (M1) macrophages and change the 
activation state of AT resident homeostatic and anti-inflammatory (M2) macrophages.11 
Through this paracrine signaling by adipocytes, a vicious circle of inflammation is initiated, 
leading to exacerbated AT inflammation. Additionally, inflamed adipocytes may provide the 
signals (chemokines) that lead to the infiltration of macrophages. To test our hypothesis, 
we investigated whether the adipocytes synthesize immune-associated components and if 
so, whether these adipocyte-expressed immune genes and proteins are biologically active 
and functional. In this study, we used state-of-the-art proteomic, genomic and microscopy 
techniques.
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Materials and Methods

Cell culture
All human primary adipocytes were purchased from Lonza and PromoCell. Human 
primary preadipocytes (Lonza) were grown to confluence in preadipocyte growth medium 
(PromoCell) in 5% CO2 at 37°C. After the cells reached confluence, the medium was 
replaced with FCS-free preadipocyte differentiation medium, supplemented with a cocktail 
(PromoCell) of 0.5 mM 3-isobutyl-1-methyxanthine, 400 ng/ml dexamethasone, 0.5 µg/ml 
bovine insulin, 9 ng/ml L-thyroxin, 3 µg/ml  ciglitazone and 8 µg/ml d-biotin for 72 hours. 
Three days after the initiation of the cells differentiation, the differentiation media were 
replaced with adipocyte nutrition medium containing 3% FCS, 8 µg/ml d-biotin, 0.5 µg/ml 
bovine insulin and 400 ng/ml dexamethasone for a period of 16 days (terminal phase of 
differentiation). At this point, the adipocyte nutrition medium was withdrawn and the cells 
were washed 5 times with differentiation media. After washing, the cells were incubated 
with the differentiation medium for 2 days after which the medium was collected. The 
collected media were concentrated up to 500 times (8.0 µg/µl), using a 3 kDa cut-off filter 
(Vivian-science) and used for further experiments. The differentiation medium was also 
concentrated up to 4000 times, using a 3 kDa cut-off filter and served as control. 

1-Dimensional electrophoresis (1-DE) and In-gel digestion
160 µg protein obtained from the concentrated media was fractionated by SDS-PAGE on pre-
cast 4–12% polyacrylamide gradient gel (Invitrogen). Additionally, approximately 3×107cells 
were lysed and proteins were extracted in two different fractions and concentrated. 1.5 mg 
protein was separated by SDS-PAGE on a large (20 x 20 cm) 12% polyacrylamide gel. Proteins 
were reduced with dithiothreitol (DTT), and prepared for electrophoresis according to the 
manufacturer’s instructions (GE Healthcare). Protein bands were visualized using Coomassie 
Brilliant Blue staining kit (Invitrogen). The whole lane was sliced into 16 pieces (in case of 
pre-cast 4–12% polyacrylamide gradient gels) and 40 pieces (in case of big size gels). The gel 
pieces were destained, washed and subsequently denatured and alkylated with DTT and 
iodoacetamide, respectively. The proteins were then trypsinized (sequencing grade trypsin; 
Promega) and extracted according to the manufacturer’s instructions (Promega).
 
Isoelectric focusing of peptides and In-solution digestion
Adipocyte secreted proteins in the media (100 µl; equivalent to 800 µg of protein) were 
overnight digested with 8 µg trypsin at 37°C. After tryptic digestion, total volume of sample 
was adjusted to 700 µl by adding isoelectric focusing (IEF) compatible solutions. The non-
linear immobilized pH gradient strips (GE Healthcare, pH 3–11) were overnight rehydrated 
with sample. IEF was performed directly after rehydration in an Ettan IPGPhor 3 cell (GE 
Healthcare). After IEF the strip was cut in 11 slices and peptides were extracted according to 
the manufacturer’s instructions (Promega).
 
Q-STAR-XL
1-DE and IEF samples were reconstituted with 40 µl water containing 0.1% TFA. 5–8 µL of 
this solution was used for analysis. 1-DE nano-LC–ESI–MS/MS analysis was performed on an 
integrated nano-LC system (Agilent) comprising a binary gradient pump with a cooled auto 
sampler, a capillary pump for loading and washing the trap column, a column switching 
module configured for trap plus analytical capillary column, and a Q-Star XL API mass 
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spectrometer (Applied Biosystems, MDS Sciex, Framingham, USA) fitted with a nano-LC 
sprayer and a stainless steel emitter (Proxeon, Odense, Denmark), operated under Analyst 
QS 1.1 control. Injected samples were first trapped and desalted isocratically on an LC-
Packings PepMap C18 µ precolumn Cartridge (5 µm, 300 µm I.D. ×1 mm; Dionex, Sunnyvale, 
CA, USA) for 5 min with 0.1% formic acid at 20 µl/min. The peptides were eluted from the 
trap column and separated on an analytical C18 capillary column (5 cm × 75 µm, C18 Pepmap 
Dionex) connected in-line to the mass spectrometer, at 300 nl/min using a 93 min gradient 
of 5–50% acetonitrile in 0.1% formic acid. The Q-Star XL mass spectrometer was operated in 
information-dependent acquisition (IDA) mode. In MS mode, ions were screened from m/z 
300 to 1100, and MS/MS spectra were acquired from m/z 65 to 2000 in standard acquisition 
mode. Each acquisition cycle consisted of a 1s MS and three 2s MS/MS scans. In IDA mode 
the three most intense peaks (with charge 2+, 3+) were selected and MS/MS spectra were 
acquired when intensities exceeded 30 counts and after two acquisitions dynamically 
excluded for 45 seconds with 50 millimass units (mmu) tolerance.

LTQ Orbitrap XL
Samples were analyzed by nano-LC–MS/MS on an Ultimate 3000 system (Dionex, 
Amsterdam, The Netherlands) on-line connected with a LTQ–Orbitrap-XL mass spectrometer 
(ThermoFisher Scientific, San Jose, CA). Redissolved peptides were loaded onto a 5 mm × 
300 µm i.d. trapping micro column packed with C18 PepMAP100 5 µm particles (Dionex) in 
0.1% FA at the flow rate of 20 µL/min. Upon loading and washing, peptides were back-flush 
eluted onto a 15 cm × 75 µm i.d. nanocolumn, packed with 3 µm C18 PepMAP100 particles 
(Dionex). The following mobile phase gradient was delivered at a flow rate of 300 nL/min: 
5–50% of solvent B in 93 min; 50–80% B in 5 min; 80% B during 10 min, and back to 5% 
B in 5 min. Solvent A was 100:0 H2O:acetonitrile (v/v) with 0.1% formic acid and solvent 
B was 10:90 H2O:acetonitrile (v/v) with 0.1% formic acid. Peptides were infused into the 
mass spectrometer via a dynamic nanospray probe (ThermoElectron Corp.) with a stainless 
steel emitter (Proxeon, Odense, DK). Typical spray voltage was 1.6 kV with no sheath and 
auxiliary gas flow; ion transfer tube temperature was 200°C. The mass spectrometer was 
operated in data-dependent mode. The automated gain control (AGC) was set to 5×105 
charges and 1×104 charges for MS/MS at the linear ion trap analyzer. DDA cycle consisted of 
the survey scan within m/z 300–1600 at the Orbitrap analyzer with target mass resolution of 
60,000 (FWHM, full width at half maximum at m/z 400) followed by MS/MS fragmentation 
of the five most intense precursor ions under a relative collision energy of 35% in the linear 
trap. Single charged ions were excluded from MS/MS experiments, and m/z of fragmented 
precursor ions were dynamically excluded for further 90 s. Ion selection threshold for 
triggering MS/MS experiments was set to 500 counts. An activation parameter q 0.25 and 
activation time of 30 ms were applied.

Data analysis
For Q-STAR-XL data analysis, ProteinPilot software 2.0 (Applied Biosystems) was applied to 
identify proteins from database searches of mass spectrometry data using an uncompressed 
human database. Methionine oxidation and carboxamidomethylation were chosen as 
modifications for database search. This software is compatible with spectra generated by 
Q-STAR.
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For LTQ Orbitrap-XL data analysis, protein identification was performed using the Turbo-
SEQUEST algorithm in the BioWorks™ 3.1 software (Thermo Electron) and the uncompressed 
human database (Swiss Institute of Bioinformatics, Geneva, Switzerland). The following 
HUPO SEQUEST criteria were selected for high confidence peptide identification: 1- charge 
state versus cross-correlation number (XCorr), i.e. XCorr > 1.9 for single charged ions, XCorr 
> 2.7 for double charged ions, and XCorr > 3.70 for triple charged ions, 2- deltaCn 0.1, 3- 
peptide probability 0.001, 4-RsP 4- and 5-final score (sf) 0.85.

Illumina Beadsarray
All data is MIAME compliant and the raw data has been uploaded to MIAMEXPRESS 
(Arrayexpress). The website is http://www.ebi.ac.uk/arrayexpress/. The experiment name 
is: Human primary preadipocytes and adipocytes and ArrayExpress accession number is: 
E-MEXP–3092.

For  Illumina microarray analysis, Total RNA was  extracted  from  two  independent 
human primary adipocytes culture wells (9 cm2). The quality and concentration of the RNA 
were determined on a Agilent Bioanalyzer using the Agilent RNA 6000 Nano kit (Agilent, 
Amstelveen, The Netherlands).

Illumina TotalPrep RNA Amplification Kit was applied to amplify and label the RNA. (Applied 
Biosystems, Nieuwerkerk ad IJssel, The Netherlands). cDNA was made from total RNA and 
the concentrations were determined by NanoDrop. Biotinylated cRNA was prepared using 
the Illumina RNA Amplification Kit (Ambion, Inc., Austin, TX) according to the manufacturer’s 
directions starting with 200 ng total RNA. Samples were purified using the RNeasy kit 
(Qiagen, Valencia, CA). Hybridization to the Sentrix HumanRef-8 V2 Expression BeadChip 
array (Illumina, Inc., San Diego, CA, USA), washing and scanning were performed according 
to the Illumina BeadStation 500 manual (revision C). One BeadChip with eight arrays were 
used. Slide was scanned immediately.

First line quality check, background correction and normalization of the data was done 
with Beadstudio Expression module v.3.2.7. Statistics and gene lists were generated using 
Genespring GX 7.3.1 (Agilent). P-values were corrected for multiple testing using Benjamini-
Hochberg False Discovery Rate.

RT-PCR
Qiagen Rneasy lipid mini kit (Qiagen, GmbH) was used to isolate RNA from human primary 
adipocytes according to the manufacturer recommendations. The RNA was solved in 30 
µl RNAse-free water and stored at −80°C. Integrity of RNA and concentration was checked 
using a Nanodrop spectrophotometer (Isogen, Life-science). For the cDNA synthesis 1 µg 
RNA was used with an end volume of 20 µl. Reverse transcription was performed with 
Quantitect Reverse Transcription kit (Qiagen GmbH).

The relative expression of 30 genes (table 1) was measured with Relative Real-time PCR. 
Relative Real-time PCR was performed on the AB Prism 7900HT Sequence detector (Applied 
Biosystems, UK) with a primer concentration of 900 nM, probe concentration of 250 nM and 
the input of cDNA was 25 ng. The PCR profile consisted of 10 minutes at 95°C, followed by 40 
cycles with heating of 95°C for 15 seconds and cooling to 60°C for 1 minute.
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Cytokine and chemokine multiplex
25 µl media derived from human primary adipocytes were used for multiplex analysis 
using the human cytokine/chemokine 27-plex and 23-plex multiplex assay kit (Bio-rad, The 
Netherlands). Multiplex (27-plex) IL-1ß, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 
(p 70), IL-13, IL-15, IL-17, B-FGF, Eotaxin, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1 (MCAF), MIP-
1α, MIP-1ß, PDGF-BB, RANTES, TNF-α, VEGF, and multiplex (23-plex) IL-1α, IL-2Rα, IL-3, IL-
12-P40, IL-16, IL-18, CTACK, GRO-αHGF, ICAM-1, IFN-α2, LIF, MCP-3, M-CSF, MIF, MIG, β-NGF, 
SCF, SCGF-β, SDF-1α, TNF-β, TRAIL and VCAM-1 were performed on a Luminex-200 platform, 
according to the manufacturer’s instructions.

Transmission Electron Microscopy (TEM)
Human primary adipocytes were cultured in six wells dishes and after three days media 
were discarded and cells were washed three times with PBS. The cells were fixed for 24 
h with 2% Paraformaldehyde and 1% glutaraldehyde at 4°C. The cells were then washed 
with PBS and 6.8% sucrose (pH 7.4). Subsequently, the cells were incubated at 4°C in 1% 
osmiumtetroxide (OsO4) dissolved in 0.1 M PBS containing 1.5% potassiumhexacyanoferrate 
(II)trihydrate (Merck, Darmstadt, Germany). Then the slides were washed with distilled 
water, dehydrated with ethanol and finally embedded in EPON 812 (Serva Feinbiochemica, 
Heidelberg Germany). Ultrathin sections were cut on a Sorvall microtome (Sorvall, Newton, 
Con, USA) and treated with uranyl acetate and lead citrate and ultimately analyzed in a 
Philips CM 100/80 kv TEM (Philips, Eindhoven, The Netherlands).

Confocal Microscopy and Immunoelectron Microscopy
Human primary adipocytes were cultured in six wells and each well was incubated with 
Antibodies against: C-reactive protein (CRP; mAb CRP-8, Sigma, USA), and perilipin (PLIN; 
polyclonal antibody, mAb, Abcam, USA). Bound antibodies were detected with an Alexa 
647-coupled goat anti-mouse antibody or swine anti-rabbit in case of perilipin (Dako, 
Glostrup, Denmark). Lipids and Nucleus were stained with FITC and DAPI, respectively 
(ValaScience). As control, adipocytes slides were not incubated with the primary antibodies, 
but with IgG isotype 1 and the rest of procedure remained unchanged. Specific antibody 
binding was visualized using a high resolution Leica SP2 AOBS Confocal laser scan microscope 
(CLSM) (Leica Microsystems Nederland BV, The Netherlands), and images were obtained 
with Leica confocal software. The same approach was used for immunoelectron microscopy 
except that antibodies were detected with 15 nm gold particle-coupled goat anti-mouse 
antibodies.

Cell Migration Assay
Human primary preadipocytes were cultured in 12-well plates and differentiated into 
adipocytes as mentioned before. The cell migration assay was performed in a Boyden 
chamber with a PET membrane (5 µm pore size) inserts (Millipore) in a 12-well plate. CD4+ 
T cells were obtained from a healthy volunteer. Blood was collected by venipuncture into 
6×10 ml Lithium Heparin tubes after written informed consent, (in each experiment, blood 
from one healthy individual was used). Subsequently, lymphocytes were isolated from 
blood using lymphoprep, according to the manual (Axis-Shield). CD4+ T cells were stained 
with FITC labeled CD4 (IQ products) for 30 min. and after washing steps, lymphocytes were 
subjected to the MoFLo cell sorter to purify CD4+ T cells. CD4+ T cells typically reached a 
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purity of 95–99% using flow cytometry. The CD4+ cell suspension was used in migration 
experiments. The CD4+ cell (2.8×105) suspension was placed in the upper chamber of the 
assay. The cells were cultured in the absence of serum and incubated at 37°C for 10 h. 
The migrated cells were collected and the number of migrated cells was obtained by cell 
counting using Bürker-Türk chamber. One migration experiment was performed for 30 h. 
Neutralizing monoclonal antibodies against human MCP-1 and IP-10 (R&D system) were 
used to neutralize the chemoattractive effect of these two chemokines in the migration 
assay. Adipocytes were treated with LPS (200 ng/ml). As controls we used 1) only media, 
2) media and LPS and 3) media and IgG isotype 1. The study had the approval of the local 
Medical ethical committee (University Medical Center Groningen).

Results and discussion

Differentiation of pre-adipocytes into adipocytes
To obtain a homogenous adipocyte fraction, human primary pre-adipocytes were 
differentiated into adipocytes (adipogenesis), which was morphologically monitored (figure 
1). The differentiation efficiency reached approximately 90-95% as assessed by morphology. 
Illumina BeadArray showed a significant up-regulation of four mRNA markers of adipocytes, 
i.e. adiponectin (ADIPOQ; 1000-fold, p<0.001), perilipin (PLIN; 500-fold, p<0.0001), adipose 
triglyceride lipase (PNPLA2; 32-fold, p<0.0001), and fatty acid binding protein 4 (FABP4; 128-
fold, p<0.0001). These four genes are involved in lipid metabolism and the hydrolization of 
triglycerides4, 5, 16, 17 and were highly expressed in adipocytes compared to pre-adipocytes 
(figure 2). Perilipin, a major constituent of adipocyte lipid droplets, was also observed at the 
protein level by immunofluorescent confocal microscopy (CLSM) (figure 3). 

Figure 1. Differentiation of human pre-adipocytes into adipocytes.  
A human pre-adipocytes are long, thin and flatted cells, without detectable fat organelles. 
B differentiated adipocytes are spherical with differences in fat organelle size. Most space in adipocytes is 
occupied by fat organelles.
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Figure 2. Differentiation markers for adipocytes. 
These markers are Adiponectin (AdipoQ), perilipin 
(PLIN), adipose triglyceride lipase (PNPLA2) and fatty 
acid binding protein (FABP4). Gene expression was 
expressed as 2log (e.g. the difference between pre-
adipocytes and adipocytes for adiponectin expression is 
approximately 10, thus the true difference is 210 (=1024-
fold) and this is shown on the y-axis).

Figure 3. Confocal laser scan microscopy (CLSM) 
analysis of Perilipin in adipocytes. 
CLSM was used to validate and localize perilipin protein 
in human adipocytes. Lipid droplets were stained 
with FITC (green color), indicated by green arrow, and 
perilipin was stained with Texas red (red color), indicated 
by a red arrow. 

Illumina (mRNA) BeadArray
After establishing the experimental set up, we determined expression of immune-related 
genes in pre-adipocytes and adipocytes by Illumina BeadArray. Intriguingly, both pre-
adipocytes and adipocytes expressed many immune-associated cytokine and chemokine 
genes, either pro-inflammatory such as IL-1β and IL-18 or anti-inflammatory such as IL-13 
(figure 4). Differential production of cytokines and chemokines by adipocytes may lead to 
differential activation of macrophages. Based on the classical hypothesis, ATMs are activated 
by triggers such as LPS, which in turn produce proinflammatory chemokines and cytokines 
such as TNF-α, IL-6 and MCP-1 (M1 macrophages). However, in a homeostatic and anti-
inflammatory state, adipocyte production of IL-4 and IL-13 is thought to lead to alternatively 
activated macrophages (M2 macrophages). Differential activation of macrophages is 
relevant for e.g. the development of insulin resistance. M1 macrophages are thought to 
promote insulin resistance, whereas M2 macrophages are speculated to increase insulin 
sensitivity via the production of anti-inflammatory IL-10.5, 11, 18 Although no large differences 
were observed between pre-adipocytes and adipocytes with respect to expression of 
immune genes, IL-6 (pro-inflammatory) was only expressed in adipocytes, whereas IL-7 
(considered to be anti-inflammatory and crucial for T-cell homeostasis) was only expressed 
in pre-adipocytes.

Since pre-adipocytes and adipocytes expressed many cytokines and chemokines, this seems 
to be an intrinsic property of this cell type. In the gene expression array, we also found that 
both pre-adipocytes and adipocytes synthesize many cytokine and chemokine receptors. 
Furthermore, a significant negative correlation was seen between cytokine expression 
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Figure 4 A-C. The expression of 
cytokine and chemokine genes by 
human primary adipocytes. 
Gene expression of cytokines and 
chemokines and their receptors 
by human pre-adipocytes (red 
bars) and adipocytes (blue 
bars), determined using Illumina 
BeadArray. Gene expression is 
expressed as 2log and is shown on 
the y-axis. Results derived from 
two independent experiments and 
each experiment performed in 
duplicate. 
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levels and the expression of their corresponding receptors (P<0.001; r = −0.5), except for IL-
18, for which both the cytokine and its receptor mRNA were highly expressed (figure 5). This 
suggests that the efficiency of the ligand-receptor interaction depends on the concentration.
 
Proteomics, multiplex ELISA, confocal and immunoelectron microscopy
A proteomics approach was used to further validate the gene expression data. So far, all 
proteomics studies aiming at analyzing the adipocyte proteome have been performed in 
murine 3T3-L1 cells or in rat adipocytes.20 A proteomics study on human primary adipocytes 
has not been reported before. Therefore, a combination of different proteomics techniques, 
including LTQ-Orbitrap XL and Q-STAR, was used to analyze the production of cytokines 
and chemokines by human adipocytes. Although this approach led to the identification of 
approximately 1800 proteins, no inflammatory proteins such as cytokines or chemokines 
were identified, except for several acute phase proteins. This is presumably due to their 
low abundance and the current mass spectrometry analyses and sample processing is 
apparently not sensitive enough to detect such low abundances. Therefore, a very sensitive, 
multiplex ELISA with a panel of 50 cytokine and chemokine proteins was used to analyze 
whether these proteins are synthesized by human adipocytes. This resulted in the detection 
of all 50 cytokines and chemokines present in the panel (figure 6). To investigate whether 
these cytokines and chemokines are biologically active, the differentiated adipocytes were 
stimulated with LPS (200 ng/ml for 24 h). Adipocytes treated with LPS led to the up-regulation 
of the majority of cytokines and chemokines, while a small fraction was down-regulated. 
Most of the up-regulated cytokine and chemokine proteins were pro-inflammatory (e.g. 
IL-6, TNF-α, MCP-1, IL-8), whereas a few down-regulated cytokines and chemokines are 
considered anti-inflammatory (e.g. IL-10 and IL-13). 

These results indicate that adipocyte-produced cytokines and chemokines are biologically 
active and might have a physiological relevance. Although no cytokines and chemokines 
were detected by the proteomics approach, this approach resulted in the identification 
of 11 acute phase proteins. Gene expression analysis of human adipocytes confirmed the 
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Figure 5. Correlation between cytokines/chemokines and their receptors. 
A significant negative correlation between cytokines/chemokines and their receptor genes is observed. Illumina 
results were derived from two independent experiments and each experiment was performed in duplicate. 
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Figure 6. Effect of LPS on protein 
expression in adipocytes. 
A) >3-fold up-regulation expression 
B) 1 to 3-fold up-regulation, and 
C)  down-regulation of protein 
expression after LPS stimulation 
(200 ng/ml for 24 h), determined 
using a cytokine and chemokine 
multiplex assay. Protein expression 
was expressed as the ratio of LPS-
treated / untreated. 
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expression of the majority of these acute phase proteins. A combined analysis of proteomics 
and gene expression lead to the identification of 14 established acute phase proteins (table 
1).21-24 Intriguingly, this approach also revealed the presence of C-reactive protein (CRP), 
which is considered to be important marker of inflammation. Both pre-adipocytes and 
adipocytes expressed the CRP gene, which was confirmed by RT-PCR analysis (data not 
shown). In addition, immunofluorescence confocal microscopy analysis using CRP-specific 
monoclonal antibodies21 confirmed a substantial production of CRP at the protein level 
(figure 7). Confocal microscopy results were confirmed by immunoelectron microscopy using 

Figure 7. The localization of CRP in the human adipocytes using confocal microscopy. 
Confocal microscopy analysis was used to localize C-reactive protein (CRP) in human adipocytes. 
A) Adipocytes stained with alexa-647 goat-anti-mouse antibodies without monoclonal antibodies against CRP 
(negative control). 
B) Adipocytes incubated with CRP antibodies and stained with alexa-647 goat anti-mouse antibodies (red staining). 
C) Lipid droplets were stained with FITC (green staining), and nuclei were stained with DAPI (D; blue color). 
E) Merged image. CRP was localized to the cytoplasm and plasma membrane of human adipocytes (white and red 
arrows indicate the presence of CRP on cytoplasm and plasma membrane, respectively). 

the same monoclonal antibody (figure 8). We focused on CRP because it plays an important 
role in host defence and elevated CRP levels are positively correlated to type 2 diabetes and 
atherosclerosis and it is considered to be a prognostic marker for many diseases.22-24

Cell migration of CD4+ T cells, expression of MHC class II, and co-stimulation of genes by 
human adipocytes 
Together, these results suggest that human primary pre-adipocytes and adipocytes exhibit 
immune cell-like behaviour. In addition, adipocytes were found to express multiple proteins 
involved in T-cell (co)stimulation, especially upon treatment with LPS. These proteins included 
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adhesion molecules, e.g. vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion 
molecule 1–3 (ICAM-1-3), the ligand CD62L (CD34), CD36, CD44, CD47 and CD58; proteins 
involved in antigen presentation (MHC class II), e.g. C2TA (CIITA), HLADM, HLADP, HLADQ 
and HLADR, CD1C-D, CD74 and CD4; receptors involved in T-cell co stimulation, e.g. B7.2 
(CD86), CD2, CD38, CD40; as well as a significant number of cytokines and chemokines, e.g. 
MIP-1a, IFN-g, TRAIL, TNF-a, IL-8, RANTES, MCP-1, IP-10 and IL-6 (figure 9). It must be noted 
that many of these proteins have key functions in many aspects of the activation process 

Figure 8. Immunoelectron microscopy of adipocytes incubated with CRP antibodies. 
A) Negative control. 
B) labeling of CRP by goat anti-mouse antibodies coupled to 15 nm gold particles. White arrow shows CRP gold-
stained particle (Black dots). 

leading to cell-mediated immunity and, as such, are reminiscent of professional antigen-
presenting cells (MHC-II molecules).25 This observation led us to investigate whether human 
adipocytes exhibit true immune cell function. We studied the role of human adipocytes in 
T-cell migration, which is an important requirement for cell-mediated immunity. Since CD4+ 
T-cells are central in the regulation of cell-mediated immunity,25, 26 we focused specifically 
on this cell population. 

Since LPS significantly up-regulated cytokine and chemokine expression, we investigated 
the migration of CD4+ T cells towards human adipocytes (in the absence or presence of LPS). 
As shown in figure 10, approximately 6000 CD4+ cells migrated after 10 h incubation the 
adipocytes in the absence of LPS, indicating that adipocytes produce biological functional 
chemokines. Treatment with LPS resulted in a doubling of the number of migrated CD4+ 
T cells. We then investigated the role of the two most up-regulated chemokines (MCP-1 
and IP-10) in the migration of CD4+ T-cells. The effect of MCP-1 and IP-10 were partially 
reduced by adding neutralizing antibodies against these chemokines. This effect was 
especially prominent for MCP-1, which lead to a reduction of approximately 30%. The same 
experiment was performed for 30h, resulting in a ten-fold increase in CD4+ cell migration 
after LPS stimulation of the adipocytes. This is likely due to an increased concentration of 
chemokines after 30 h incubation of adipocytes with LPS.
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Conclusion
We have revealed that adipocytes express cytokines, chemokines, cell adhesion molecules 
and MHC-II molecules involved in (co)stimulation of T-cells. Since adipocyte-expressed 
immune components responded to LPS stimulation, these immune components are 
biologically active with a physiological relevance in adipocytes. This was confirmed by a 
cell migration assay, showing recruitment of CD4+ T-cells to adipocytes, which was doubled 
after stimulation of adipocytes with LPS. Hence, adipocyte dysfunction may promote 
inflammation via its own cytokine and chemokine synthesis machinery and is not depending 
on other immune cells. This immune cell function of adipocytes could play a direct role in 
the etiology of insulin resistance, type 2 diabetes and cardiovascular disease. 

Table 1. The expression of acute phase genes and proteins by human primary adipocytes.a

a Table 1 represents the 14 acute phase proteins and genes expressed by adipocytes, as assessed by Illumina 
BeadArray, protein analysis (Q-STAR and LTQ-Orbitrap XL) and confocal microscopy.
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Figure 9. Gene expression of cluster of differentiation (CD), adhesion molecules and MHC-II class genes. 
A and B) Expression of CD, adhesion molecules and MHC-II class genes by human primary pre-adipocytes (red bars) 
and adipocytes (blue bars). Gene expression was reported as 2log and results were obtained from two independent 
experiments performed in duplicate. 
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Figure 10. Recruitment of CD4+ cells by human adipocytes. 
Adipocytes stimulated with LPS (200 ng/ml) lead to the recruitment of CD4+ cells in a cell migration assay. Co-
incubation with antibodies against the chemokines MCP-1 and IP-10 (2 μg/ml) only resulted in partial reduction 
of CD4+ recruitment. Cells were incubated at 37°C for 10 h (A) or 30 h (B). The inserts were then removed and the 
cells migrated towards the adipocytes were collected in culture medium without serum. Cells were counted using a 
Bürker-Türk chamber. Data are presented as mean ± SD and are based on two independent experiments performed 
in triplicate. Statistical analysis was performed by independent two-tailed student T-test and a p-value < 0.05 was 
considered statistically significant. 
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Abstract

Macrophages display a large functional and phenotypical plasticity. They are usually classified 
as either pro-inflammatory M1 or anti-inflammatory M2. This differential polarization is 
especially important in obesity, where a shift from M2 to M1 in adipose tissue macrophages is 
considered to be an early event in the onset of obesity-induced inflammation and associated 
insulin resistance. To understand the contribution of macrophages in these processes, we 
studied functional changes in differentially activated human macrophages by analyzing 
differences in protein expression and functional clusters with specific biological activity. The 
quantitative SILAC proteomics method was applied on both the secretome and the lysate of 
LPS (M1) and IL-4 (M2) stimulated THP-1 macrophages. A large increase in protein synthesis 
in M1 macrophages was observed, accompanied by up-regulation of the unfolded protein 
response, indicating elevated ER-stress induced by increased demand on protein synthesis 
and folding. Also increased expression of proteins involved in inflammatory responses, 
chemokine activity and antioxidant responses was observed. M2 macrophages resemble 
resting macrophages and we observed increased expression of both subunits of the integrin 
αMß2 receptor and activating proteins talin and CTSZ, pointing to increased migration and 
phagocytic activity of M2 macrophages.

In summary, in M1 macrophages, increased secretion of proinflammatory peptides leads 
to increased pressure on protein biosynthesis and processing. M2 macrophages show 
upregulation of cell adhesion and extracellular matrix remodeling. Our approach provides 
an integrated view of polarization–induced functional changes and proves useful for 
studying functional differences between subsets of macrophages. Moreover, the identified 
polarization specific proteins may contribute to a better characterization of M1 and M2 
activation states in situ and their role in various inflammatory processes associated with 
chronic diseases such as in adipose tissue inflammation and subsequent development of 
insulin resistance.

Introduction

Obese adipose tissue is characterized by increased numbers of macrophages.1,2 Besides 
a large proportional change in macrophages number, there is a skew from resident, 
homeostatic macrophages to proinflammatory macrophages, which originates from 
infiltrating monocytes rather than polarization of resident macrophages.1,3 In addition, 
there is a decrease in regulatory T-cells, whereas the number of CD8+ T-cells, B-cells, mast 
cells, neutrophils and proinflammatory macrophages increases.4,5 This accumulation of 
proinflammatory cells and especially proinflammatory macrophages is thought to be a 
key event in adipose tissue inflammation and associated insulin resistance.2,6 The trigger 
for adipose tissue inflammation is not completely elucidated. Several studies suggest that 
lymphocyte accumulation precedes macrophages infiltration.7,8 We previously showed 
that primary human adipocytes express major histocompatibility complex-II (MHC-II) 
molecules and are capable of secreting various cytokines and chemokines in response to 
an inflammatory stimulus, independent of other classical immune cells.9 These adipocyte-
derived chemokines are able to attract T-cells, suggesting that adipocytes may be the 
initial trigger in the onset of obesity-induced inflammation. The resident homeostatic as 
well as the infiltrating proinflammatory macrophages are generally classified as either M2 
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or M1, respectively. This nomenclature is based on two early identified stimuli, IFN-γ (TH1 
response) and IL-4 (TH2 response).10 M1 macrophages are induced by IFN-γ and/or TLR 
activation, e.g. LPS. They exert antibacterial activity and have a pro-inflammatory activation 
profile, whereas M2 macrophages, induced mainly by IL-4 and IL-13, are involved in allergic 
reactions, defense against parasites, tissue remodeling and homeostasis and are sometimes 
considered to be anti-inflammatory by counteracting M1 polarization.10,11 The M1/M2 
nomenclature is a highly simplified classification system mostly based on surface markers. 
Information about functional differences on a protein level between these activation 
states is lacking. Therefore, we studied functional differences between human M1 and 
M2 macrophages, using Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) as a 
quantitative proteomics approach.12 Since the label can only be incorporated in proliferating 
cells, human THP-1 monocytes were labeled and differentiated to macrophages after which 
they were polarized to M1 and M2 macrophages with LPS and IL-4, respectively. Information 
on functional changes in this model system will help to better understand the contribution 
of macrophages to the initiating factors in adipose tissue inflammation and subsequent 
pathophysiological events.
 

Materials and Methods

Cell culture
The human acute monocytic leukemia cell line THP-1,13 was maintained in basal medium: 
RPMI-1640 supplemented with 10% FBS and 100 U/ml of both penicillin and streptomycin 
(all provided by Invitrogen, Carlsbad, CA, USA). Before differentiation, cells were grown six 
cell divisions in either normal medium (light labeled, L) or medium with the stable isotope 
labeled amino acids 13C6

15N4-L-Arg and 13C6
14N2-L-Lys (heavy labeled, H) (Buchem, Apeldoorn, 

The Netherlands). 5x106 labeled and unlabeled cells were seeded separately in T75 flasks 
and differentiated for 48h in the presence of 40 ng/ml PMA (Sigma-Aldrich, St Louis, 
MO, USA) at 37°C, 5% CO2. Cells were washed five times with 37°C HBSS (Invitrogen) and 
incubated in basal medium without FBS and with 10 ng/ml PMA for 24h in the presence 
of either 20 ng/ml IL-4 (PeproTech, Rocky Hill, NJ, USA) or 100 ng/ml LPS (Sigma-Aldrich). 
Although, IFN-ϒ is often added to prime M1 polarization by LPS, LPS alone is considered 
sufficient for M1 polarization.14-16 The cells were harvested, using a 9 mol/l urea, 50 mmol/l 
Tris lysis buffer (pH 9.0) and protein content of media and lysates were determined using the 
Bradford protein determination assay. The experimental workflow is summarized in figure 1.

Gene expression of polarization markers was determined by qRT-PCR using TaqMan 
Universal PCR Master Mix (Applied Biosystems by Life Technologies Corp. Carlsbad, CA, USA) 
in a total reaction volume of 10 µL. The PCR conditions were 15 min at 95°C, followed by 40 
cycles of 15 s at 95°C followed by 1 min at 60°C. Analysis was performed on an ABI9700HT 
(Applied Biosystems), using the 2-ΔΔCt method and was expressed as relative fold change.17 
The primer sequences (Biolegio, Nijmegen, The Netherlands) or ready-to-use qRT-PCR mixes 
(Applied Biosystems) are displayed in table I. GAPDH was used as housekeeping gene.
 
IL-1β, IL-6 and TNF-α protein levels were determined by Duoset ELISA (R&D Systems, 
Minneapolis, MN, USA).
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Figure 1. SILAC Workflow. 
Schematic overview of the SILAC experiment 
with LPS- or IL-4-induced THP-1 macrophages. 
THP-1 monocytes were cultured in RPMI 
with either 

12
C

14
N-Lys and 

12
C

14
N-Arg (light) or 

13
C

14
N-Lys and 

13
C

15
N-Arg (heavy). After label 

incorporation cells were differentiated. Both 
heavy and light labelled macrophages were 
subsequently stimulated for 24h with either 
LPS (M1) or IL-4 (M2). LPS-heavy, IL-4-light 
and LPS-light, IL-4-heavy were mixed 1:1. 
Media were concentrated by ultra-filtration 
and subsequently fractionated on SDS-PAGE, 
as were the lysates. Resulting fractions were 
analysed on LC-MS/MS. Proteins with both a 
H:L and L:H ratio in opposite directions were 
selected for subsequent data processing and 
functional analysis.

Table I. Sequences and IDs of human primers.

Protein identification
Protein identification and data analysis were in general performed as described previously.18 
Both labeled and unlabeled lysates mixed in protein concentration ratios of 1:1. Media were 
mixed 1:1 based on volume and subsequently concentrated using Vivaspin 15R 3-kDa cut-
off filters (Sartorius, Hannover, Germany). The protein content of lysates and concentrated 
media was separated by SDS-PAGE on NuPAGE 4-12% Bis-Tris precasted gels, using MOPS 
buffer (Invitrogen). Proteins were separated at 200V for 50 min and visualized using 
Coomassie brilliant blue G-250-based staining solution (SimplyBlue, Invitrogen). The lanes 
were excised in 25 bands and washed with ultrapure water and subsequently dehydrated 
by acetonitrile (ACN). Proteins were reduced by dithiothreitol (1h at room temperature) 
and carbamidomethylated by iodoacetamide (45 min at room temperature in the dark). 
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The bands were washed with ultrapure water, 50% ACN and pure ACN subsequently. The 
gel pieces were rehydrated in 0.4 µg modified trypsin (Promega, Madison, WI, USA) in 20 
mmol/l bicarbonate for 20 min on ice. Proteins were digested overnight at 37°C.

Resulting peptide mixtures were separated by nanoscale reversed-phase LC-MS/MS (Agilent 
1100 nanoflow LC system - Agilent Technologies, Santa Clara, CA, USA). Peptides were injected 
into the trapping column (5 × 0.3 mm, C18RP) (Dionex, Amsterdam, The Netherlands) at a 
flow rate of 20 µl/min (0.1% formic acid (FA)). The trapped peptides were separated using 
the nanocolumn (15cm × 75 µm, C18RP, Dionex) at a flow rate of 0.3 µl/min in a linear gradient 
elution from 95% eluent A (0.1% FA) to 50% eluent B (90% ACN, 0.1% FA) in 53 min, followed 
by an increase up to 80% eluent B in 3 min. The eluted peptides were on-line electrosprayed 
into a QStar XL hybrid ESI quadrupole time-of-flight tandem mass spectrometer (ESI-qQTOF-
MS/MS, Applied Biosystems, Framingham, MA, USA; MDS Sciex, Concord, Ontario, Canada) 
provided with a nanospray source equipped with a Proxeon stainless steel needle (25 µm 
diameter). Typical values for emitter voltage were 2.25 kV in positive ion mode. Analyst QS 
1.1 software (Applied Biosystems) was used for data acquisition in the positive ion mode 
typically with a selected mass range of 300–1500 m/z. Peptides with +2 to +4 charge states 
were selected for tandem mass spectrometry, and the time of summation of MS/MS events 
was set to be 2s. The three most abundant charged peptides above a 30-count threshold 
were selected for MS/MS and dynamically excluded for 30s with 30-ppm mass tolerance. 

Data Analysis
Peak list were generated using ProteinPilot 3.0 software (Applied Biosystems) and using 
the UniprotKB/Swiss-Prot database (release 05-2010) the proteins were identified from 
the mass spectrometric data sets. The search engine uses the Paragon algorithm.19 Search 
parameters like modifications, substitutions, cleavage events and mass tolerance do not 
need discrete user-controlled settings, but are modeled with probabilities. Options that were 
chosen within the program were: SILAC (Lys+6; Arg+10); Cys alkylation with iodoacetamide; 
digestion with trypsin; gel-based identification; species, Homo sapiens; identification focus 
for biological modifications and amino acid substitutions; thorough search. The software 
automatically detects the heavy/light peak pairs and calculates the heavy/light ratios based 
on the peak areas. Identifications with a probability score higher than 95% were included 
in the results list. Classification of identified proteins as potentially secreted was performed 
by SecretomeP 2.0; http://www.cbs.dtu.dk/services/SecretomeP/.20 Those proteins with a 
predicted signal peptide were considered as secreted via the classical pathway (endoplasmic 
reticulum/Golgi-dependent pathway). If no signal peptide was predicted but the NN score 
exceeded the value of 0.5, proteins were classified as secreted via the non-classical pathway. 
Proteins that did not match these criteria were considered as being intracellular.

Identified proteins were assigned a H:L ratio by ProteinPilot and an associated p-value 
as a measure for the uncertainty that a ratio randomly deviates from one. Proteins were 
excluded from the list when 1) proteins are contaminants or added externally, as indicated 
by conflicting H:L ratios between experiments; 2) no H:L ratio was determined; 3) no p-value 
was assigned 4) H:L ratio was not significant (p>0.05). Correlation analysis was performed 
and graphed by Prism 5.0 (Graphpad Software, Inc.), using the Spearman correlation test. 
However, some proteins are assigned extreme ratios of either 0 or 9999 when one of the 
forms of the label is not detected. For these proteins no p-value is assigned. Since these 
proteins are present in one of the conditions while hardly present in the other condition 
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they may be biological relevant. Therefore these proteins are treated as a separate group 
when having a ten-fold change in both experiments.

Functional interactions between up or down-regulated proteins were determined using 
Search Tool for Retrieving Interacting Genes/Proteins 9.05 (STRING); http://string-db.org/. 
STRING is a database of known and predicted protein-protein interactions derived from 
genomic context, high throughput experiments, (conserved) co-expression, and published 
knowledge.21 Proteins that are more frequently linked to each other have stronger interactions 
and a higher associated confidence score. Networks of strongly associated proteins are likely 
to represent clusters of proteins with shared biological functions. Networks were generated 
at a confidence view and at medium confidence. Since the number of proteins and their 
interactions was very high in M1 macrophages, the highest-confidence score was used. 

Results

Labeling and activation of human THP-1 macrophages
To clarify differences in biological functions between M1 and M2 macrophages, we studied 
the changes in protein expression and functional clusters of LPS (M1) and IL-4-stimulated 
(M2) human macrophages, using SILAC. Therefore, human monocytic THP-1 cells were 
cultured either in normal medium (light) or in medium containing stable isotope-labeled 
amino acids (heavy). In our hands six cell divisions are sufficient for 100% label incorporation 
(result not shown). To exclude possible isotope effects and to determine reproducibility of 
the obtained data, the experiment was performed in duplicate with alternating labeling 
(exp 1 and exp 2, see figure 1). After differentiation, the cells were stimulated with LPS or 
IL-4 for 24 h to obtain M1 and M2 polarized macrophages, respectively. Indeed, table II 

Table II. Expression of polarization markers

a The table summarizes the analysis of polarization markers on gene and/or protein level for model confirmation 
level, by qRT-PCR, ELISA and SILAC, respectively. FC – fold change; N/A - Not Applicable; N/D - Not detected

demonstrates that the M1 markers IL-1β and TNF-α showed 15 and 50-fold higher gene 
expression levels and six and 180-fold higher protein levels in LPS-treated macrophages, 
respectively. IL-6 is induced by LPS at both the gene and protein level (83.1 pg/ml), but is 
virtually absent in IL-4-treated macrophages. Compared to LPS-treated macrophages, IL-4-
treated macrophages showed two and 15-fold higher gene expression levels of the typical 
M2 markers, TGF-β and mannose receptor (MRC-1), respectively.22,23 These data indicate 
that treatment of THP-1 macrophages with LPS or IL-4 leads to M1 and M2 polarization 
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Figure 2. Data analysis of secretome (A) and lysate (B). 
Proteins identified by Protein Pilot 2.0 having a H:L ration in both experiments were selected. Subsequently, proteins 
with a H:L ratio ≠ 1 were selected and the (A)  secretome proteins were classified as either secreted or intracellular 
as predicted by SecretomeP. These proteins were either classified as upregulated (H:L >1) or downregulated (H:L < 
1) in M1 macrophages and eventually functionally clustered using STRING 9.05.

significantly increased in M1 macrophages and 14 proteins were significantly increased 
in M2 macrophages (table III and IV). There is a good correlation between experiments 
(r=0.90, p<0.0001, figure 3A), indicating good technical reproducibility. Some proteins, such 
as CCL20, have little or no expression in M2 macrophages, but are highly induced in M1 
macrophages. Therefore, it is not possible to obtain significant H:L ratios. However, since 
they are highly relevant, they were treated as a separate group and were included when 
they showed >ten-fold change in H/L ratio in both experiments (eight proteins - Table V). 
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profiles, respectively.
For proteomics analysis, cells were harvested and media were collected and mixed 1:1, i.e. 
LPSheavy:IL-4light (exp 1) and LPSlight:IL-4heavy (exp 2). Subsequently, they were fractionated by 
SDS-PAGE and resulting lanes were cut in 25 bands and in-gel digested by trypsin. Fractions 
were analyzed by LC-MS/MS followed by database search for protein identification and H:L 
ratios were determined. Subsequently, subcellular localization was predicted by SecretomeP. 

Secretome analysis
In the media 509 and 519 proteins were identified for exp1 and exp2, respectively, with 356 
overlapping proteins (figure 2A). After selecting for proteins with a H:L ratio significantly 
deviating from one, 158 proteins were left that showed a significant up or down regulation. 
198 proteins did not show a significant change in expression between the two conditions, 
since their H:L ratio did not significantly deviate from one. Of the 158 proteins, 80 were 
predicted to be secreted as indicated by SecretomeP analysis. The other 78 proteins were 
considered to be intracellular, probably resulting from dead cells. 66 secreted proteins were 
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The same selection criteria were applied to proteins in the lysate of treated macrophages. 
436 and 512 proteins were identified for exp1 and exp2, respectively, with an overlap of 
359 proteins (figure 2B). Most proteins did not have a significant H:L ratio, indicating no 
change. 21 proteins, identified in both experiments did show a significant H:L ratio. Twelve 
proteins were significantly induced in M1 macrophages (table VI). Six of these proteins 
were overlapping with secreted proteins. Nine proteins were significantly increased in M2 
macrophages, with one overlapping protein between lysate and medium. These proteins 
show a strong correlation between duplicate experiments (p=0.96, p<0.0001, figure 3B). In 
addition, changes in H:L ratio of mitochondrial superoxide dismutase (SOD2) did not reach 
significance since SOD2 was poorly expressed in M2 macrophages but was up-regulated 
> ten-fold in both experiments and therefore was also selected for functional analysis, as 
discussed above (table VII).

Functional analysis of LPS- and IL-4-up-regulated proteins.
In total, 74 secreted proteins were increased in M1 macrophages compared to M2 
macrophages. The ten most up-regulated proteins are CCL20, CCL1, 40S ribosomal protein 
S20 (RS20), IL-8, CCL3L1, astrocytic phosphoprotein PEA-15 (PEA15), TNF-α, vimentin, 
elongation factor 1β (EF1B) and importin 7 (IPO7).

To determine which biological functions are increased in M1 macrophages, both secreted 
and intracellular proteins (lysate) were combined before STRING network analysis. In total 
81 proteins increased in the medium and lysate of M1 macrophages. Data of these proteins 
were combined and subsequently clustered. Then eight functional categories were manually 
assigned (figure 4). Changes in protein expression in M2 macrophages were limited and the 
observed changes were relatively small, as only 14 proteins were significantly up-regulated 
compared to M1 macrophages, see table IV. However, three functional protein clusters were 
found up-regulated compared to M1 macrophages, when secreted and intracellular proteins 
were combines (figure 5). These are proteins involved in immune regulatory processes, cell 
adhesion and proteins associated with the extracellular matrix.

Figure 3. Correlation of duplicate experiments. 
Correlation plots of proteins with a significant H:L ratio between duplicate experiments. There is a strong 
correlation between duplicate experiments of both A) secreted proteins (r=0.90, p<0.0001) and B) intracellular 
proteins (r=0.96, p<0.0001)
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Table III. Secretome proteins increased in M1 macrophages
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Table IV. Secretome proteins up-regulated by M2 macrophages 

Table V. Non-significant proteins in secretome with > ten-fold increase in M1 macrophages. 
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Table VI. Up-regulated proteins in the lysate of M1 macrophages

Table VII. Up-regulated proteins in the lysate of M2 macrophages

* Overlapping with M2 secretome proteins

Discussion

M1 or M2 macrophage polarization states are often determined by a few well established 
markers. In depth information about polarization-specific protein expression is lacking. 
Therefore, we analysed changes in functional clusters of proteins derived from both 
intracellular as well as secreted proteins in both M1 and M2 activation states using a 
quantitative proteomics approach. 

Upon stimulation with LPS a large increase in protein expression was observed. Of the 80 
secreted and significantly different proteins, 66 were higher in the M1 macrophages and 
only 14 were higher in M2 macrophages. Moreover, the relative changes were larger for 
M1-upregulated proteins. This is consistent with transcriptional data from human blood-
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derived macrophages by Martinez et al. showing a relative large transcriptional change 
in M1 macrophages compared to unstimulated macrophages.22 This indicates that M2 
macrophages resemble unstimulated, resting macrophages. 

Figure 4. Functional clustering of proteins increased in M1 macrophages. 
Combined clustering of secreted and intracellular proteins increased in M1 macrophages. Clustering of proteins 
according to STRING 9.05 at high confidence level and MCL clustering algorithm at 2. Functional clusters assigned: 
1 inflammatory response; 2 chemokines; 3 anti-oxidant response; 4 protein folding / unfolded protein response; 5 
energy metabolism / glycolysis; 6 mitochondrial heat shock proteins; 7 actin-cytoskeleton organization; 8 protein 
biosynthesis
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Proteomics analysis showed that LPS stimulation leads to significant up-regulation of a 
cluster of pro-inflammatory proteins, such as the M1 signature proteins MIF and TNF-α, and 
various pro-inflammatory chemokines. These data clearly indicate an M1 activation state of 
LPS-treated macrophages and the increased expression of several chemokines point to an 
important role of M1 macrophages in recruiting other immune cells to sites of inflammation. 
This is in agreement with transcriptional data from Martinez et al.22 showing differential 
chemokine expression between M1 and M2 macrophages. IL-1β was up-regulated 17-fold 
in the lysate of M1 macrophages but was not detected in the media suggesting intracellular 
accumulation. qRT-PCR analysis showed increased transcription of IL-1β and ELISA showed 
44-fold higher intracellular than extracellular levels. Together, this indicates a decreased 
processing or secretion of IL-1β, independent of its transcription and translation. IL-1β 
transcription is regulated by NF-κB, resulting in an inactive propeptide which is sequestered 
in inflammasomes.24 

Another upregulated functional cluster consists of proteins involved in actin cytoskeleton 
organization, migration, chemotaxis and phagocytosis,25,26 as well as in transduction of 
LPS-induced TLR4 signaling27 and MHC-II mediated antigen presentation.28 Moreover, the 
observed up-regulation of these proteins may be important for determining M1 polarization 
and functionality since it was recently shown that polarization not only affects macrophage 
cell shape but that cell shape itself is affecting polarization by alterations in ECM and 
cytoskeleton.29 

We also observed up-regulation of clusters involved in protein synthesis, protein folding 
and the unfolded-protein response (UPR). This is likely related to the vast increased 
production and exocytosis of proinflammatory factors in M1 macrophages. A high demand 
on the protein synthesis pathway may trigger ER-stress30,31 and the UPR is proposed as an 
adaptive trait of secretory cells to facilitate expansion of ER size and increased exocytosis.32 

Figure 5. Functional clustering of proteins increased in M2 macrophages. 
Combined clustering of secreted and intracellular proteins increased in M2 macrophages. Clustering of proteins 
according to STRING 9.05 at medium confidence level and MCL clustering algorithm at 2. Functional clusters 
assigned: 1 immune regulatory processes; 2 cell adhesion; 3 ECM regulation
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In addition, our study showed upregulation of a cluster of antioxidants, such as several 
peroxiredoxins and SOD2 in M1 macrophages. Both LPS and ER-stress can cause oxidative 
stress, leading to activation of the anti-oxidant response via the nuclear factor erythroid 
2–related factor-2 (nrf2) pathway,33 whereas the UPR activates the antioxidant response to 
alleviate the oxidative stress associated with ER-stress.34 

Several glycolytic enzymes were upregulated in M1 macrophages, i.e. alpha enolase, 
triosephosphate isomerase and lactate dehydrogenase A and B. Glycolysis converts 
pyruvate to lactate, pointing to a shift of oxidative phosphorylation to glycolysis. Indeed, 
M1 macrophages have been reported to prefer glycolysis over oxidative phosphorylation, 
even in the presence of oxygen (aerobic glycolysis or the Warburg effect).35-37 The shift to 
glycolysis is needed for ROS-mediated eradication of bacteria by M1 macrophages. Together 
with the increased ROS production, an upregulation of antioxidant systems has been 
reported, that may act to prevent collateral damage by the increased ROS production.38,39 
This might explain the observed upregulation of several antioxidant enzymes such as SOD2 
and peroxiredoxins. Furthermore, we observed an increase in two mitochondrial membrane 
heat shock protein involved in maintaining mitochondrial integrity, i.e. HSPD1 and HSPE1. 
They form a single chaperonin which is activated under stress conditions to ensure proper 
mitochondrial protein folding, mitochondrial integrity and ATP generation capacity.40 The 
strong connections between the networks of glycolytic, antioxidant en mitochondrial 
stress proteins (figure 4) indicate that these processes are linked to each other and may be 
signature processes for M1 macrophages.

Overall, M1 macrophages display a pro-inflammatory immune response. Furthermore, 
increased expression of glycolytic enzymes indicate the presence of the Warburg effect in 
M1 macrophages, which may facilitate the increased demand in protein synthesis as well as 
the production of oxygen radicals needed for the respiratory burst. This may in turn lead to 
increased expression of several antioxidant enzymes in conjunction with proteins involved 
in alleviating mitochondrial stress and ER-stress as result of the increased protein synthesis.
In M2 macrophages, proteins involved in 1) immune regulatory processes, 2) cell adhesion, 
and 3) associated with the extracellular matrix were upregulated. In the immune regulatory 
cluster we observed higher levels of proteins such as colony-stimulating factor-1 receptor 
(CSF1R), annexin-1 and chitinase-3 like protein-1 (CHI3L1) in M2 macrophages. CSF1R is 
the receptor for CSF, the key regulator of macrophage homeostasis, regulating migration, 
proliferation, function, and survival of macrophages.41 It has been associated with M2-like 
polarization before.22,41 Annexin-1 is considered to be an anti-inflammatory protein involved 
in regulating the balance between pro and anti-inflammatory processes.42 Additionally, we 
found increased CHI3L1 in M2 macrophages, CHI3L1 was previously identified as an M2 
marker43 involved in chronic inflammation and allergic diseases44 and is thought to be the 
human homolog of the widely used murine M2 marker Ym1.45 It is suggested to be involved 
in ECM remodeling and tissue fibrosis and may serve in a negative feedback loop for NF-κB 
signaling.45,46 

Interestingly, in the cell adhesion cluster both integrin αM (CD11b) and integrin ß2 (CD18) 
were up-regulated by IL-4. They form a cell surface receptor (integrin αMß2) that mediates 
phagocytosis, migration and chemotaxis.47 In addition, talin and cysteine proteinase 
cathepsin X/Z (CTSZ) were also up-regulated in M2 macrophages. These proteins regulate 
activation and substrate affinity of integrin αMß2.

48,49 Integrin αMß2 plays a role in wound 
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repair by interacting with ECM proteins such as fibrinogen and fibronectin.50,51 Moreover, 
M2 macrophages are able to produce ECM proteins such as fibronectin and collagen VI, 
to assist in wound repair and maintain tissue integrity.52 Indeed, we observed increased 
expression of collagen VI by M2 macrophages. 

Overall, M1 polarization leads to upregulation of proinflammatory processes and ER-stress, 
whereas functional clusters in M2 macrophages point to a role in migration by increased 
integrin αMß2 activity and ECM remodeling. Our approach provides an integrated view 
of polarization–induced functional changes and proves useful for studying functional 
differences between subsets of macrophages. Moreover, the identified polarization specific 
proteins may contribute to a better characterization of M1 and M2 activation states in situ 
and their role in various inflammatory processes associated with chronic diseases such as in 
adipose tissue inflammation and subsequent development of insulin resistance. 
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Abstract

Excess dietary intake may induce metabolic inflammation which is associated with insulin 
resistance and cardiovascular disease. Recent evidence indicates that dietary bioactive 
compounds may diminish metabolic inflammation. To identify anti-inflammatory bioactives, 
we developed a screening assay using the human H293-NF-κB-RE-luc2P reporter cell line. 
Under optimized conditions we determined anti-inflammatory activity of vegetables and 
purified bioactives by monitoring their potency to inhibit TNF-α-induced NF-κB activity, 
as assessed by sensitive chemiluminescence detection in a 96-well assay format. Minced 
broccoli seedlings reduced NF-κB activity by 16%, while sulforaphane, the dominant bioactive 
in broccoli seedlings, inhibited NF-κB activity with an IC50 of 5.11 µmol/l. Short-chain fatty 
acids also reduced NF-κB activity in the order butyrate > propionate >> acetate with IC50 
of 51, 223, and 1300 µmol/l, respectively. The H293-NF-κB-RE-luc2P reporter cell line is a 
sensitive tool for rapid high-throughput screening for bioactives with anti-inflammatory 
activity. 

Introduction

An unbalanced diet, high in macronutrients and low in micronutrients, may lead to low-grade 
inflammation, acutely as well as chronically.1,2 This metabolic inflammation is a risk factor for 
various pathological conditions such as insulin resistance, type 2 diabetes, and cardiovascular 
diseases. In contrast, both acute and chronic intake of several bioactive compounds, 
e.g. vitamins and phytochemicals, have been associated with anti-inflammatory effects, 
increased insulin sensitivity and decreased levels of vascular risk factors.3 Consumption of 
bioactive compounds has been associated with decreased adipose tissue inflammation and 
subsequent decreased risk of insulin resistance and atherosclerosis.3-5 These compounds 
comprise a wide range of biological molecules, such as flavonoids, carotenoids, plant 
sterols and isothiocyanates.6 A rapid and convenient assay for screening this wide range 
of bioactives for anti-inflammatory activity and establishing dose-response curves, would 
be useful to select bioactive components as candidates for evaluation in human studies. 
Inflammation can be assessed by analyzing activity of the NF-κB pathway. Inactive NF-κB 
is normally sequestered in the cytosol by the inhibitor of κB, IκBα. Upon activation, e.g. by 
cytokines such as TNF-α, the inhibitor of κB kinase (IKK) is phosphorylated, resulting in the 
degradation of Iκ-Bα and thus dissociation of NF-κB. Unbound NF-κB translocates to the 
nucleus where it initiates the transcription of a wide range of pro-inflammatory cytokines 
such as IL-6 and TNF-α.7 The use of reporter cell lines to study NF-κB activation has been 
described before. Muriach et al.8 and Paur et al.9 both used transfected human monocytic 
U937 cells with three κB response elements and Armoza et al10 used EA.hy296 cells (a hybrid 
of human endothelial HUVEC cells with human adenocarcinoma cells), transfected with a 
dual luciferase NF-κB reporter construct. Here, we study the commercially available H293-
NF-κB-RE-luc2P reporter cell line for application as screening assay for anti-inflammatory 
bioactives. This human embryonic kidney cell line (HEK293) contains five stably transfected 
NF-κB response elements in front of the promoter of an optimized luciferase reporter 
gene (luc2P). Induction of transcription of the luc2P gene leads to subsequent production 
of the luciferase enzyme that generates a proportional chemiluminescence signal when 
a substrate is added. Hence, the change in nuclear translocation of the NF-κB protein is 
directly proportional to the chemiluminescent signal and a measure for inflammatory 
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activity. The advantages of this cell line for screening purposes are that it is readily available 
and easy to handle. It uses sensitive chemiluminescence detection and is applicable to a 96-
well assay format enabling high throughput screening. To determine the suitability of this 
cell line for our purpose, we studied the anti-inflammatory potency of sulforaphane (SFN), 
lutein and short-chain fatty acids (SCFA), by screening for monitoring the inhibition of TNF-
α-induced NF-κB activity. Moreover, we investigated the underlying mechanisms involved in 
SCFA inhibition of NF-kB signaling.

SFN is an isothiocyanate derived from hydrolyzed glucoraphanin in cruciferous vegetables. 
Previously, we showed that the SFN precursor glucoraphanin is already present in broccoli 
seeds and dilutes in the growing plant, since there is no de novo biosynthesis during 
early plant growth.11 SFN is widely studied for its antioxidant and anti-cancer effects.12,13 
Additionally, SFN has been shown to have anti-inflammatory effects, both indirectly via 
the nuclear factor E2-related factor (Nrf2) pathway14 and directly by affecting the toll-like 
receptor 4 (TLR4) and the NF-κB pathway.15-18 Lutein is a carotenoid found in green leafy 
vegetables, like spinach and kale. Lutein has antioxidant activity and is thought to be 
preventive against macular degeneration. It has been reported to reduce NF-κB activity 
more than 50%19,20 Furthermore, it was shown that lutein was able to reduce combined LPS 
and high-glucose-induced NF-κB activation in a human macrophage reporter cell line.8 

SCFA like acetate, butyrate and propionate, are bioactive compounds produced during 
colonic fermentation of dietary fiber. SCFA are studied as anti-cancer agents, but are also 
shown to activate PPAR-γ in colon cells.21 SCFA exert anti-inflammatory effects22 and evidence 
suggests that SCFA may play a preventive role in adipose tissue inflammation and insulin 
resistance.23,24 SCFA effects are mediated by signaling via the G-protein-coupled receptors 
GPR41, GPR43 and GPR109a,25,26 but may also exert effects intracellularly, since SCFA can be 
transported into the cell by the sodium-coupled monocarboxylate transporter-1 (SLC5a8).27 

Establishing an accessible and rapid cell-based screening assay for anti-inflammatory effects 
of bioactive compounds will help to identifying promising bioactives for further testing in 
human intervention studies. We show that the H293-NF-κB-RE-luc2P reporter cell line is a 
sensitive tool for rapid screening for bioactives with anti-inflammatory activity.

Material and methods

Assay materials
H293-NF-κB-RE-luc2P cells and the luciferase assay kit were obtained from Promega 
(Promega, Fitchburg, WI, USA). Low-glucose DMEM, hygromycin B, fetal bovine serum (FBS) 
and penicillin-streptomycin were obtained from Invitrogen (Life Technologies, Carlsbad, 
CA, USA). As model compounds we used TNF-α (R&D Systems, Minneapolis, MN, USA); 
sulforaphane (SFN, Santa Cruz Biotechnology, Dallas, TX, USA); lutein (Extrasynthese, 
Genay, France); butyrate, propionate, acetate, and pertussin toxin (Sigma Aldrich, Saint-
Louis, MO, USA); broccoli seedlings (BroccoCress, Koppert Cress, Monster, The Netherlands) 
and butter lettuce (Albert Heijn, Groningen, The Netherlands). The assay was performed 
in 96-well luminescence assay plates (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) 
and luminescence was determined with an FLX800 microplate reader (BioTek, Winooski, VT, 
USA).
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Cell culture and stimulation
Human Embryonic Kidney 293 (HEK293) cells - stably transfected with a luciferase gene 
(luc2P) under the control of a minimal TATA promoter with five NF-κB response elements - 
were maintained in low-glucose DMEM, supplemented with 10% FBS, 100 U/mL penicillin 
and 100 U/mL streptomycin at 37°C and 5% CO2. The transfected cells contain a hygromycin 
resistance gene. Therefore, 50 µg/mL hygromycin B was added for selective pressure. 
After growing to confluency, cells were cultured in medium without hygromycin B for 24 
h. The cells were then trypsinyzed and 6800 cells/well were seeded in the assay plate and 
stimulated with TNF-α for 3 h in medium without hygromycin B and with or without FBS. 
Simultaneously with TNF-α, cells were incubated with either minced vegetables or purified 
bioactive compounds. Minced broccoli seedlings and lettuce was prepared by mechanically 
chopping 8 grams of broccoli seedlings or lettuce for 45 s in 250 ml tap water. These mixtures 
were centrifuged 10 min at 18000 x g and diluted 1:1000. Purified bioactive compounds 
were incubated simultaneously with TNF-α in the following concentrations: 0.5, 1, 2.5, 5, 
7.5, 10 or 15 µmol/l SFN; 0.1, 0.5, 1, 2, 5, 7.5, 10 or 15 µmol/l lutein; 0.01, 0.05, 0.1, 0.5, 1, 2 
or 5 mmol/l butyrate or propionate; 0.1, 0.5, 1 or 5 mmol/l acetate. To test the involvement 
of Gi/o signaling by GPCRs, Gi/o signaling was blocked by incubating with 100 ng/ml pertussin 
toxin (PTX). After incubation, cells were lysed and luminescence was determined.

Quantitative Reverse-Transcriptase PCR
For analysis of gene expression of SCFA receptors and transporter, total RNA was isolated 
using an RNeasy kit (Qiagen, Venlo, The Netherlands) and cDNA was prepared using the 
Quantitect Reverse Transcription kit (Qiagen). Primers were obtained from Biolegio (Biolegio, 
Nijmegen, The Netherlands) and ready-to-use primer mixes were obtained from Applied 
Biosystems (Table I). The qRT-PCR was performed using TaqMan Universal PCR Master Mix 
(Applied Biosystems) in a total reaction volume of 10 µL. The PCR conditions were 15 min at 
95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Relative gene expression levels 
were determined in triplicate on an ABI9700HT (Applied Biosystems by Life Technologies 
Corp. Carlsbad, CA, USA).

LC-MS/MS analysis
SFN content of broccoli seedlings and lettuce preparations was determined using LC-MS/
MS. SFN concentrations were determined against an external SFN calibration. A 1 ml aliquot 
of each preparation was centrifuged for 10 min at 16000 x g at room temperature. The 
supernatant was 1000 times diluted and 25 µl was injected into the LC-MS/MS. For liquid 
chromatography (Shimadzu Prominence UFLC; Shimadzu, Nakagyo-ku, Kyoto, Japan) the 
following solvents were used: solvent A, ultrapure water; solvent B, acetonitrile (Biosolve, 
Valkenswaard, The Netherlands), both containing 0.1% v/v formic acid (Fluka, Sigma-Aldrich, 
St.-Louis, MO, USA). The flow rate was 0.3 ml/min over a 150 x 2 mm 18C synergy 4µ hydro-
RP-80a column (Phenomenex, Torrance, CA, USA). The gradient was as follows: 10% solvent 
B at 0 min to 90% solvent B at 7 min. The sample was subsequently injected by ESI (spray 
voltage 3500 V) in a TSQ Vantage mass spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA), with capillary and vaporizing temperatures of respectively 400 and 350°C, in 
positive ionisation mode. The MRM transition for SFN was 178→114. Data were analysed 
using Thermo Xcalibur 2.0.
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Software and statistics
Data were analyzed and graphed using Prism 5.0 (Graphpad Software, Inc). Data are 
presented as mean ± SEM. Statistical significance was determined using One-way ANOVA 
with Dunnett’s or Tukey’s correction for multiple comparisons or unpaired two-sided 
Student’s t-test. IC50 was determined using non-linear regression with least squares fit. A 
p-value of <0.05 was considered statistical significant.
 

Results

Characterization of the reporter cell line
To characterize the cell line, the expression of several receptors as well as metabolic and 
inflammatory gene products were determined in unstimulated cells and listed as a ratio 
to GAPDH (Table II). We confirmed the expression of the GLUT-4 glucose transporter, 
insulin receptor, insulin receptor substrate 1, peroxisome proliferator-activated receptor 
gamma, and sterol regulatory element-binding protein 1c. Additionally, we observed gene 
expression of matrix metalloproteinase-9, TNF-α, whereas IL-1β was not detected. We also 
found expression of the sodium-coupled monocarboxylate transporter 1, a transporter for 
SCFA, and the SCFA receptors GPR43 and GPR109a, whereas GPR41 was not detected.

Screening assay for anti-inflammatory bioactive compounds
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a Primer sequences for various target genes; F, forward primer; R, reverse prime; P, probe.
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Screening for anti-inflammatory potency of various bioactive compounds
The anti-inflammatory potency of SFN was determined by incubating the cells with SFN 
for 3 h in the presence of 1 ng/ml TNF-α. This resulted in an inhibition of NF-κB compared 
to TNF-α alone with an IC50 of 5.1 µmol/l (figure 1). Since serum albumin was reported to 
covalently bind SFN,28 FBS present in the culture media may affect the inhibitory potency of 
SFN. Indeed, a shift in IC50 from 5.3 µmol/l to 3.0 µmol/l in the absence of FBS (p<0.0001) 
indicates that the presence of serum has a profound effect on the anti-inflammatory potency 
of SFN. The lowest concentration at which SFN could significantly inhibit NF-κB activity was 
2.5 µmol/l with 35.0 ± 4.1% reduction in NF-κB activity (p<0.01).

Appendix C

Table II. Relative gene expression of relevant genes in H293 cellsa,b

a Gene expression expressed as ratio Ct GAPDH to Ct target gene 
b ND Not Detected

Figure 1. The effect of SFN on TNF-α-
induced NF-κB activity and the influence of 
serum. 
Sulforaphane inhibits NF-κB activity with an 
IC50 of 5.1 µmol/l in the presence of serum. 
Without serum the potency increases to IC50 
of 3.0 µmol/l (p<0.0001).
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Broccoli seedlings are rich in glucoraphanin, the precursor of SFN. By mincing, glucoraphanin 
is converted to the bioactive SFN. LC-MS/MS analysis showed that 8 g broccoli seedlings 
minced in 250 ml water contained 13.1 µmol/l SFN, whereas lettuce, which was used as 
negative control, did not contain SFN (data not shown). Cells were incubated with 1 ng/ml 
TNF-α without FBS to induce NF-κB activity. Subsequently, 1:1000 diluted minced broccoli 
seedlings or lettuce was added. Broccoli seedlings significantly reduced NF-κB activity (16.4 
± 2.0 %, p<0.01), whereas lettuce did not (figure 2). 

Screening assay for anti-inflammatory bioactive compounds

Figure 2. The effect of minced broccoli 
seedlings and of butter lettuce on TNF-α-
induced NF-κB activity. 
1 ng/ml TNF-α induced NF-κB activity, 
which can be reduced with 16.4% by 
minced broccoli seedlings (13.1 nmol/l 
SFN). Minced lettuce (no SFN) did not 
significantly reduce NF-κB activity. ** = 
p<0.01; *** = p<0.001; 

BS = broccoli seedlings; 
L = lettuce; 
ns = not significant

Also, the anti-inflammatory effect of lutein was determined in the presence of serum in the 
culture media. Lutein is a xanthophyll derived from green leafy vegetables. It is lipophilic 
and normally bound to serum proteins such as lipoproteins.29 Lutein resulted in a 12.9 ± 
5.2% and 12.4 ± 1.6% reduction in NF-κB activity for 7.5 and 15 µmol/l lutein, respectively 
(p<0.05; figure 3). 

Figure 3. The effect of lutein on TNF-α-
induced NF-κB activity. 
Lutein reduces TNF-α-induced NF-κB 
activity at 7.5 and 15 µmol/l with 12.9 and 
12.4%, respectively; *= p<0.05

Fermentation of dietary fiber by colonic microbiota leads to the production of short-chain 
fatty acids (SCFA) which have been reported to have anti-inflammatory effects.22 The effect 
of butyrate on NF-κB activity was tested. We first determined the most effective incubation 
time by incubating the cells 24, 5, or 3 h with 2 mmol/l butyrate and TNF-α was added for 
the last 3 h. Simultaneous incubation of butyrate and TNF-α for 3 h leads to 86% NF-κB 
inhibition compared to 70% inhibition for 2 h (p<0.05) and 55% for 21 h (p<0.001) pre-
incubation with butyrate (figure 4A). Next, increasing concentrations of the SCFA butyrate, 
propionate and acetate were tested to determine a dose-response relationship. All three 
SCFA reduced NF-κB activity. Butyrate was the most potent inhibitor of NF-κB activity with 
an IC50 of 51 µmol/l (figure 4B), followed by propionate with an IC50 of 223 µmol/l (figure 
4B). Acetate was the least potent with an IC50 of 1300 µmol/l (figure 4C).
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To determine whether the inhibitory effect of propionate and butyrate on NF-κB is receptor-
mediated via GPCRs, cells were pre-incubated with PTX, a toxin that blocks Gi/o signaling, 
before addition of TNF-α and the SCFA. The main SCFA receptors are G-coupled protein 
receptors (GPCR) 41 and 43. GPR41 and GPR109a signal exclusively via Gi/o signaling, whereas 
GPR43 signals via both Gi/o and Gq.

30 We did not observe any significant reduction by PTX on 
19 mmol/l propionate or 5 mmol/l butyrate-induced NF-κB inhibition, suggesting that SCFA-
mediated inhibition of NF-κB activity in this cell line is not mediated by Gi/o signaling.
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Figure 4. The effect of SCFA on TNF-α-induced NF-κB activity and the involvement of Gi/o-mediated GPCR signaling. 
Simultaneous incubation of 2 mmol/l butyrate and TNF-α for 3 h results in 86% NF-κB inhibition compared to 70% 
and 55% for 2 and 21 h pre-incubation with 2 mmol/l butyrate, respectively, followed by 3 h TNF-α incubation 
(A). Butyrate inhibited NF-κB with an IC50 of 51 µmol/l vs 223 and 1300 µmol/l for propionate (B) and acetate (C), 
respectively. PTX, an inhibitor of Gi/o-mediated GPCR signaling, did not affect TNF-α-induced NF-κB activity, nor 
could it affect inhibition of NF-κB activity by 5 mmol/l butyrate or 10 mmol/l propionate (D). BA= butyrate; PA= 
propionate; PTX= pertussin toxin
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Discussion

Using the H293-NF-κB-RE-luc2P reporter cell line we could observe a potent dose-dependent 
reduction of TNF-α-induced NF-κB activity by SFN with 35% inhibition at 2.5 µmol/l (IC50 
of 3.0 µmol/l). In addition, broccoli seedlings, containing 13.1 nmol/l SFN significantly 
reduced NF-κB activity with 16%, in contrast to butter lettuce, which does not contain SFN. 
The difference in potency between SFN and the broccoli seedlings may be explained by the 
presence of other bioactive compounds in broccoli seedlings such as iberin; however, it 
has been shown that glucoraphanin is the predominant glucosinolate in broccoli sprouts.31 
SFN was reported to directly interfere with the NF-κB pathway.15 In addition, Moon et al.16 
reported that SFN directly reduced TNF-α-induced NF-κB activity in several other human 
cell lines by inhibiting degradation and phosphorylation of inhibitor of κB (IκBα) and by 
preventing nuclear translocation of NF-κB. These results may suggest that consumption of 
broccoli seedlings as a source of SFN may decrease low-grade inflammation as observed 
during obesity. Presence of serum decreased the NF-κB inhibitory potency of SFN. It has 
been reported that albumin can covalently bind SFN.28 This observation was used to monitor 
SFN intake over longer periods of time since albumin has a half-life of 20-25 days. In contrast 
to SFN, lutein is lipophilic and needs to be bound to carrier proteins, such as lipoproteins 
and albumin in order to be transported in aqueous environments. Therefore, the presence 
of serum may affect the effects of lutein. This implies that the potency of various bioactive 
compounds is influenced by the presence or absence of serum in this in vitro situation. In 
the context of human nutrition and human circulation the use of serum in the in vitro assay 
would better mimic the in vivo effects of bioactives. In the presence of serum, 7.5 and 15 
µmol/l lutein resulted in a modest 13% and 12% reduction in NF-κB activity, respectively. A 
study by Kim et al19 showed more than 50% inhibition of NF-κB activity at concentrations 
of 20 µmol/l in LPS induced murine RAW264.7 macrophages transfected with a NF-κB-Luc 
promoter. Moreover, a recent study using 0.3 ng/ml lutein, showed up to 60% inhibition 
of NF-κB translocation in human endothelial cells (HUVECs).10 In the same study, a 20% 
reduction was observed for the translocation of the NF-κB subunit p65, whereas no 
effect was observed on NF-κB activity in a human endothelial NF-κB reporter cell line (EA.
h926). These results indicate that lutein has cell-specific effects, which may be uptake 
related. Lutein is transported by lipoproteins and uptake is primarily regulated via class B 
scavenger receptors like CD3632 and scavenger class B type-1 (SRB1).33 CD36 and SRB1 are 
not expressed in HEK293 cells.34,35 This may explain the lack of a marked effect of lutein on 
NF-κB activation in our system. Detailed studies towards the uptake mechanisms of lutein 
are lacking. The observed 12-13% reduction in lutein may point to the presence of other 
lipoprotein receptors or yet unidentified lutein receptors in HEK293 cells. Since no single 
cell line will express all receptors and transporters, the use of multiple types of reporter cell 
lines is needed for a broader coverage of anti-inflammatory activities.

SCFA showed a marked inhibition of TNF-α-induced NF-κB activation with the highest 
potency for butyrate. This is also supported by our previous work, where propionate 
decreased expression of pro-inflammatory factors like TNF-α, CCL-5, and resistin in human 
visceral adipose tissue explants.36,37 It has been reported that SCFA exert their effects 
mainly via G-protein coupled receptors (GPCRs), i.e. GPR41, GPR43 and GPR109a.30 GPR43 
and GPR109a are expressed in the HEK293 cell line. These receptors signal via the Gi/o 
pathway, although GPR43 can also signal via the Gq pathway.30 Although pertussin toxin 
(PTX) is an exotoxin which can block Gi/o signaling transduction, PTX did not affect the extent 
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of NF-κB inhibition by propionate and butyrate, suggesting that signaling via Gi/o is not 
involved. Besides Gi/o, GPR43 can also signal via Gq. Therefore, the effect of SCFA may in 
part be mediated via this receptor. Gq signaling leads to elevated intracellular Ca2+. Elevated 
intracellular Ca2+ has been reported to increase transcriptional activity of NF-κB.38 Another 
possibility is that uptake of SCFA via the solute carrier SLC5a8, expressed in HEK293, plays 
a role in the NF-κB inhibiting effect of SCFA. SLC5a8 is a SCFA transporter with affinity for 
butyrate (81 µmol/l) > propionate (127 µmol/l) > acetate (2.46 mmol/l).27 Similar to the IC50 
values obtained for these SCFA in our system, being 51, 223, and 1300 µmol/l for butyrate, 
propionate and acetate, respectively. Thus, NF-κB-inhibiting potency of SCFA may be directly 
related to transport of SCFA into the cell. It has been shown that butyrate affects NF-κB 
activity via its function as a histone deacetylase (HDAC) inhibitor.39 Furthermore, expression 
of SLC5a8 is essential for the intracellular actions of SCFA, such as HDAC inhibition, as 
reviewed by Ganapathy et al.40 SCFA are produced in the colon as products of microbial 
fermentation of dietary fiber. Previously, we showed that an evening meal rich in dietary 
fiber prevented a glucose-induced increase of IL-6 and TNF-α in human volunteers. This was 
accompanied by increased butyrate levels of butyrate in plasma.1 Since IL-6 and TNF-α are 
under transcriptional control of NF-κB, our results suggest that butyrate could be responsible 
for the observed anti-inflammatory effect of the high-fiber evening meal. 

To conclude, the H293-NF-κB-RE-luc2P cell line proved to be a valuable tool for rapid 
high-throughput screening of bioactive compounds as well as of vegetables for anti-
inflammatory activity and for establishing dose response curves. The anti-inflammatory 
potency of three classes of bioactives we described is consistent with the results of other 
studies. Additionally, mechanistic information about the involvement of receptor signaling 
pathways and transporters can be obtained by using inhibitors such as PTX. We show that 
the presence of serum in the culture system may have profound effects on the outcome of 
the NF-κB inhibitory potency of bioactives and one should be cautious with reporting IC50 
values without reference to the serum content of the assay media. Moreover, the presence 
of transporters and receptors facilitating NF-κB-inhibitory effects should be established for 
each class of bioactive components. The screening assay can be used to identify and select 
potent anti-inflammatory bioactive compounds for subsequent validation in human trials.
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Abstract

Prolonged and repeated exposure to postprandial inflammation may result in β-cell and 
endothelial dysfunction. Meals with anti-inflammatory bioactive compounds may prevent 
postprandial inflammation and reduce risk of type 2 diabetes and atherosclerosis. We 
tested whether broccoli seedlings can reduce glucose-induced postprandial inflammation in 
healthy males. We performed a randomized single-blind cross-over trial in 12 normal-weight 
healthy men. Subjects received either broccoli seedlings (BS) or lettuce (as control) minced 
in 250 ml water, followed by two consecutive oral glucose loads with a 4h interval. Plasma 
concentrations of IL-6, TNF-α, sICAM and sVCAM were measured as well as NF-κB activity in 
peripheral blood mononuclear cells. No significant differences were found in NF-κB activity 
and TNF-α concentrations. For IL-6, only final concentrations were significantly lower after 
BS intake compared to lettuce (p=0.003, 95% CI [0.69-2.67]). For sVCAM, there were no 
differences between AUC or basal and final concentrations, whereas mean concentrations 
were significantly lower after BS intake compared to lettuce (p=0.001, 95% CI ([11.32-37.31]), 
For sICAM, mean (p<0.001, 95% CI [9.80-17.75]), AUC (p=0.010, 95% CI [3.88-22.22]) and 
final concentrations (p=0.008, 95% CI [5.35-28.87]) were significantly lower after BS intake 
compared to lettuce. Glucose did not result in postprandial inflammation; however, one 
serving of BS can decrease soluble adhesion molecules in healthy subjects, pointing to 
atheroprotective effects of BS by reducing endothelial activation. We conclude that frequent 
consumption of BS may therefore contribute to reducing the risk of cardiovascular diseases.
 

Introduction

Chronic intake of unbalanced food and dietary energy excess leads to obesity and may 
result in chronic low-grade inflammation, which is associated with pathophysiological 
conditions like insulin resistance and cardiovascular diseases (CVD). This effect is also 
observed in acute dietary energy excess. Postprandial peaks in glucose and lipids have 
been shown to trigger mild and transient inflammation as seen by significant increases in 
inflammatory markers (plasma IL-6 and TNF-α as well as NF-κB activity in peripheral blood 
mononuclear cells (PBMCs)) and markers for endothelial inflammation and dysfunction, 
i.e. intercellular and vascular cell adhesion molecules (ICAM and VCAM).1-4 Postprandial 
inflammation is considered to be a risk factor for insulin resistance and CVD.5,6 It is 
hypothesized that postprandial spikes in glucose and lipids lead to oxidative stress resulting 
in inflammation (probably via the redox-sensitive NF-κB pathway). This may promote beta 
cell and endothelial dysfunction.7-9 Indeed, a strong correlation between postprandial 
glucose excursions and oxidative stress was shown.10 Although most research concerning 
postprandial inflammation is performed in obese and diabetic subjects, several studies 
reported increased levels of inflammatory and cardiovascular risk markers after a single 
glucose or lipid load in healthy subjects.3,11-13 In addition, we previously showed that a 
50 gram oral glucose load could increase IL-6 and TNF-α plasma levels.14 Interestingly, it 
was shown that orange juice can prevent postprandial inflammation, probably due to the 
presence of bioactive compounds.1,12,15 Bioactive compounds, i.e. nutritional constituents 
with a presumed effect on human health,16 are studied for their potential preventive effect 
against T2DM, CVD and cancer.17,18 Especially sulforaphane (SFN) is a bioactive compound 
intensively studied for its anti-cancer activities.19,20 SFN is an isothiocyanate produced by 
conversion of its precursor glucoraphanin, the predominant glucosinolate in broccoli, by 
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the plant-specific enzyme myrosinase upon damage of plant cells.21,22 Thus, upon chewing 
or mincing broccoli, SFN will be released. SFN exerts anti-inflammatory activity, indirectly 
by activating anti-oxidant pathways and directly by interfering with toll-like receptor-4 (TLR-
4) and NF-κB signaling pathways.23-26 Additionally, it was shown that SFN could reduce the 
expression of the endothelial adhesion molecules ICAM and VCAM in mice and in human 
endothelial and vascular smooth muscle cells.27-29 Moreover, supplementation of broccoli 
sprouts was associated with decreased basal insulin levels and increased insulin sensitivity 
in diabetics30 and SFN was shown to prevent β-cell dysfunction by suppressing NF-κB 
activation in rat pancreatic cells.31

Because of the promising health effects of SFN, attempts have been made to optimize the 
quantity and bioavailability of SFN in humans, e.g. by differential processing or by developing 
glucoraphanin-enriched cultivars.22 Using a unique stable isotope approach, we showed that 
the sulforaphane precursor is present in broccoli seeds and that it is not biosynthesized 
during early growth of broccoli plants.32 Hence, a higher intake of SFN can be established by 
eating young broccoli plants, either as sprouts (4 days old) or seedlings (10 days old). It has 
been reported that broccoli sprouts can increase total anti-oxidant capacity in diabetics and 
decrease oxidative stress, inflammation and insulin resistance.33 Using an in vitro reporter 
assay for screening anti-inflammatory activity of dietary extracts and biological compounds, 
we showed that SFN is a potent inhibitor of TNF-α-induced NF-κB activity. We showed that 
extracts of BS reduce NF-κB activity, whereas lettuce extracts do not (appendix C). Several 
clinical studies have investigated SFN, as summarized by Houghton et al.,34 however, none of 
them directly assessed pro-inflammatory markers or endothelial function. Here we present 
a randomized, single-blinded, cross-over trial in 12 normal weight healthy men where we 
tested whether BS, enriched in glucoraphanin, could lower markers of inflammation and 
endothelial activation. Inflammation and endothelial activation was evaluated by measuring 
plasma levels of IL-6, TNF-α and the cell adhesion molecules sICAM and sVCAM. In addition, 
NF-κB activity was determined in freshly isolated PBMCs. 

Subjects and methods

Subjects
Twelve healthy men were recruited in Groningen, The Netherlands, with a stable weight 
and no intention to lose weight until completion of the study. As exclusion criteria were 
documented: diabetes mellitus or fasting glucose > 6.1 mmol/L, intake of medication, 
inflammatory diseases, smoking, intensive physical exercise and blood donation < 3 months 
prior to the start of the study. The study was conducted at a commercial research facility 
(QPS Netherlands BV) and the study protocol was approved by the medical ethical committee 
of the “Beoordeling Ethiek Biomedisch Onderzoek” foundation, Assen, The Netherlands. 
The subjects were recruited between April 22nd 2012 and June 4th 2012. Each subject gave 
written informed consent. This trial has been registered at trialregister.nl as NTR3435.

Experimental design
This exploratory human intervention study was performed using a randomized single-blinded 
crossover approach, in which each subject was studied on two occasions with a wash-out 
period of at least seven days. Subjects were asked to refrain from sources of SFN seven days 
before the study (arugula, broccoli, Brussels sprouts, cabbages, cauliflower, gardencress, 
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green collards, horseradish, kale, kohlrabi, mustard, radish, rutabaga, turnop, wasabi, 
watercress and daikon). Each subject filled in questionnaires about habitual diet, sportive 
activities, smoking habits and family history of type 2 diabetes mellitus. Subjects received 
a standardized meal each evening before the test day at 7:00 p.m. and received a heparin 
flushed venous catheter in one forearm for blood sampling and another venous catheter 
in the other forearm for the infusion of D-[6,6-2H2]glucose for assessing glucose kinetics. 
The subjects stayed overnight at the research facility and were not allowed to consume 
foods and drinks (except water) until intake of the intervention meal the next morning. 

Dietary intervention and challenges
Additionally to the effect of BS on postprandial inflammation, we assessed the effect of 
two consecutive glucose loads in combination with broccoli seedlings on glucose kinetics 
and insulin sensitivity. Therefore, subjects received two oral glucose loads, for which 75 
g available carbohydrates (dextrose, Neal’s Yard Wholefoods, Nuneaton, United Kingdom 
and Natufood, Natudis BV, Harderwijk, The Netherlands) was dissolved in 250 mL water. 
As intervention meal, 8 g of 10-days old broccoli seedlings (BroccoCress, kindly provided 
by Koppert Cress BV, Monster, The Netherlands) or 8 g butter lettuce from a local 
supermarket (Albert Heijn, Groningen, The Netherlands) were mechanically minced in 250 
mL water. Mincing time was standardized (45 s) to obtain a similar degree of conversion of 
glucoraphanin to SFN in all test meals. Both intervention meals looked completely alike, 
thus volunteers could not distinguish between broccoli and lettuce. 

Sample collection
During the test day blood samples were collected at several time points in tubes (Vacutainer, 
Becton Dickinson BV, Breda, The Netherlands) containing lithium heparin as anti-coagulant 
or sodium-fluoride (for glucose measurements). After collection, blood samples were 
centrifuged at 1300 x g for 10 min at 4 °C. The resulting plasma was aliquoted and stored 
at -20°C (NaF) or -80°C (Li-He) until assayed. At t=-60, 45, 180, 285, and 420, blood was 
drawn for isolation of peripheral blood mononuclear cells (PBMCs). PBMCs were isolated 
using Leucosep tubes prefilled with Ficoll Paque (Greiner Bio-One, Alphen a/d Rijn, The 
Netherlands). 

Randomization
QPS Netherlands BV enrolled the subjects and assigned the subjects to the interventions. 
Randomization was performed by QPS: subjects were numbered 1-12, with even numbers 
were assigned to broccoli seedlings and odd numbers were assigned to lettuce. Laboratory 
technicians and the investigators performing the data analysis were blinded to group 
assignments. In view of the nature of this intervention study and the fact that no adverse 
events were expected, no indications for breaking the randomization code were determined.

Analytical procedures
Plasma glucose concentrations were determined using a glucose hexokinase method on a 
Roche/Hitachi Modular automatic analyzer (Roche Diagnostics, Hitachi). NF-κB activity was 
assayed as relative chemoluminescence units as measured on a BioTek FLX800 microplate 
reader (BioTek, Winooski, VT, USA). Plasma cytokines interleukin-6 and tumor necrosis 
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factor-α (IL-6 and TNF-α) and soluble intercellular adhesion molecule-1 (sICAM) and soluble 
vascular CAM (sVCAM) were measured using Bio-Plex Pro Human Cytokines (Bio-Rad 
Laboratories, Hercules, CA, USA) on a Luminex-100 Total System (Luminex, Austin, TX, USA). 
Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) was determined 
in the nuclear fraction of freshly isolated PBMCs. Nuclear fractions were obtained using 
a nuclear extraction kit (NE-PER, Thermo Fisher Scientific, Walthman, MA, USA) and they 
were subsequently measured with a colorimetric NF-κB (p65) Transcription Factor Assay 
(Cayman Chemical, Ann Arbor, MI, USA) using a BioTek EL 800 microplate reader (BioTek, 
Winooski, VT, USA). 

SFN content of BS and lettuce extracts was determined using LC-MS/MS. SFN concentrations 
were determined against an external SFN calibration curve ranging from 0.32 to 12.9 ng/ml 
(Santa-Cruz Biotechnology, Dallas, TX, USA) dissolved in methanol (Biosolve, Valkenswaard, 
The Netherlands) and diluted in ultrapure water. A 1 ml aliquot of each extract was 
centrifuged for 10 min at 16000 x g at room temperature. The supernatant was 1000-fold 
diluted in ultrapure water and 25 µl was injected into a Shimadzu HPLC (Shimadzu, Nakagyo-
ku, Kyoto, Japan) coupled to a TSQ Vantage mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA). The following solvents were used: solvent A, ultrapure water; solvent 
B, acetonitrile (Biosolve), both containing 0.1% v/v formic acid (Fluka, Sigma-Aldrich, St.-
Louis, MO, USA). The flow rate was 0.3 ml/min over a 150 x 2 mm 18C synergy 4µ hydro-
RP-80a column (Phenomenex, Torrance, CA, USA). The gradient was as follows: 10% solvent 
B at 0 min to 90% solvent B at 7 min. The sample was subsequently injected by ESI (spray 
voltage 3500 V) into the MS with capillary and vaporizing temperatures of 350°C, in negative 
ion mode. The mass range was set to 178 to 114 m/z and data were analysed using Thermo 
Xcalibur 2.0.

Calculations and statistical analysis
Data are presented as mean ± SEM. Statistical analysis was performed on summary measures, 
i.e. mean (0-420 min), area under the curve (AUC, 0-420 min), and final levels (390-420 
min), as described by Altman (35) using 2-tailed paired Student’s t-tests. Basal and final 
concentrations were obtained by averaging the first and last two time points, respectively 
(i.e. t=-60 min, t=-15 min, and t=390, t=420). The AUC (0-420 min) was calculated using the 
trapezoidal rule. A p-value <0.05 was considered statistical significant. Graphing and test 
were performed with Graphpad Prism 5.0.

Results

Twelve normal-weight men were included with a mean (± SEM) age of 23.0 ± 0.7 years 
and a BMI of 21.5 ± 0.4 kg/m². In a cross over study, they consumed either 8 gram BS or 
8 gram lettuce at t=-45 min, followed by two oral glucose loads at t=0 and t-240 min. SFN 
content of BS and lettuce servings was determined: the BS extract contained in total 0.58 
± 0.04 mg SFN, whereas no SFN was detectable in the lettuce extract. Blood glucose levels 
were measured at various time points during the experiment and anti-inflammatory activity 
was evaluated by measuring plasma markers of inflammation (IL-6, TNF-α) and endothelial 
activation (sICAM and sVCAM). In addition, NF-κB activity was measured in nuclear fractions 
of freshly isolated PBMC’s at t= -60 min and 45 and 180 min after intake of each glucose load. 
The results for the plasma inflammation and endothelial activation markers are summarized 
in table I. 
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The glucose loads lead to increases in plasma glucose levels (figure 1A), but no differences 
were observed for AUC (0-420) between groups (p=0.34). No differences were found for NF-
κB activity in PBMCs (data not shown), nor for plasma TNF-α levels between the lettuce and 
BS groups (figure 1B). For IL-6 we found no differences between means (p=0.12) and AUCs 
(p=0.48), but the final level of IL-6 after BS intake was significantly lower than after lettuce 
intake (1.6 ± 0.9 vs -0.1 ± 0.9 pg/ml, p=0.003, figure 1C).

We also measured soluble adhesion molecules VCAM and ICAM. No differences were found 
for final sVCAM levels compared to basal levels (p=0.18 for lettuce and p=0.23 for BS), nor 
for AUC (p=0.09) and final levels (p=0.92), whereas the mean sVCAM levels were significantly 
lower after BS intake (26.7 ± 4.0 vs 2.4 ± 4.2 ng/ml, p=0.001, figure 1D). For sICAM, the final 
levels were not significantly different from basal levels after lettuce intake (p=0.07) nor after 
BS intake (p=0.09). However, mean sICAM plasma levels were significantly lower after BS 
intake compared to lettuce intake (9.0 ± 1.2 vs -4.8 ± 1.0 ng/ml, <0.001) as well as the AUC 
(8.5 ± 5.7 vs -4.5 ± 3.9 ng/ml/h, p=0.010). Moreover, final levels were significantly lower 
after BS intake (10.7 ± 7.0 vs -6.4 ± 4.1 ng/ml, p=0.008, figure 1E). 

Broccoli seedlings reduce ICAM and VCAM in vivo

Table I. The effect of BS or lettuce intake on cytokine and CAM concentrations in healthy men (n=12) after two 
oral glucose loads1,2

1 Data are presented as mean ± SEM, n=12 
2 Basal (-60 to -15 min); AUC (0-420 min); mean, (0-420 min); final (390-420 min)
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Discussion

In this study, we tested whether consumption of BS could reduce glucose-induced 
inflammation and endothelial activation in healthy men. We showed that BS decreased 
the concentration of markers for endothelial activation. Unexpectedly, no differences 
were observed between lettuce and BS on markers of postprandial inflammation, except 
for a small, but significant difference of late (390-420 min) IL-6 concentrations. The lack 
of a clear postprandial inflammatory response is in contrast with other studies, also in 
healthy subjects, that found increased glucose–induced NF-κB activity in PBMCs.1,36 In 
a previous study in healthy male, we showed that a 50 g oral glucose load was able to 
induce a significant rise in IL-6 and TNF-α levels.14 On the other hand, in agreement with our 
current results, Wopereis et al.37 tested inflammatory resilience towards three challenges, 
i.e. glucose, lipids, or a combination of glucose and lipids, but none of the inflammatory 
markers increased after the challenges, except for a small increase in sICAM and sVCAM 

Figure 1. Effect of broccoli seedlings vs lettuce on markers of inflammation and endothelial activation after 
intake of glucose. 
Glucose response curve after oral glucose loads at t=0 and t=240 min preceded by a test meal of either broccoli 
seedlings or lettuce at t=-45 min (A) and plasma concentrations curves for TNF-α (B), IL-6 (C), sICAM (D) and 
sVCAM (E). Values are presented as mean ± SEM, n=12.
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after the mixed challenge. Thus, the lack of a clear postprandial inflammatory response may 
be due to the variations in resilience of the test subjects. A study on the influence of genetic 
factors on variability in the postprandial inflammatory response towards a high-fat load 
showed a strong heritance for basal inflammatory characteristics, whereas a minimal effect 
on the postprandial inflammatory response was observed.38 This indicates that variability is 
affected by external factors like lifestyle and diet that influence the resilience of the metabolic 
system and the immune system. In our previous study we showed that a meal high in cereal 
fiber the evening before could blunt this inflammation the next morning.14 This is likely due 
to anti-inflammatory effects of SCFA, produced by overnight colonic fermentation of fiber. 
Moreover, it was recently shown that 4 wk supplementation of broccoli sprouts increased 
total antioxidant capacity and lowered oxidative stress markers in diabetics.39 However, the 
potency of SFN is depending the genetic make-up, since singe nucleotide polymorphisms 
in the glutathione S-transferases (which metabolize SFN) can alter the bioavailability and 
hence the efficacy of SFN.34

We did observe significant lower sICAM and sVCAM concentrations with BS intake compared 
to lettuce. This is consistent with studies in mouse models and human endothelial cells 
showing that SFN can decrease expression of ICAM and VCAM.27-29 These adhesion molecules 
are markers for endothelial inflammation. Inflammation and vascular stress result in the up-
regulation of cellular adhesion molecules in endothelial cells. They can bind counter receptors 
on leukocytes, i.e. VCAM binds integrin α4β1 and ICAM binds integrin αLβ2 and αMβ2.

40 The 
adhesion molecules mediate migration of these cells from circulation towards the site of 
inflammation. CAM production is regulated by NF-κB and can be induced by oxidative stress 
and cytokines like TNF-α. 41 It was previously reported that hyperglycemia in humans can 
lead to upregulation of ICAM, probably via induction of oxygen radicals.42 In addition, oral 
glucose loading leads to increased metalloproteinase-9 (MMP-9) levels,43 which can lead to 
the shedding of the extracellular part of CAMs, resulting in increased plasma levels of its 
soluble forms.44 Concentrations of soluble adhesion molecules were found to be positively 
correlated to surface expression of adhesion molecules on endothelial cells.45 Although 
the exact function of the soluble forms of ICAM and VCAM is not completely understood, 
increased concentrations are correlated with both T2DM and CVD9,46 and are considered 
to be markers for atherosclerotic plaque formation and increased risk of coronary heart 
disease.47,48 The reduction of sICAM and sVCAM suggests that BS exerts anti-atherogenic 
effects, probably by reducing inflammation and oxygen radicals-induced endothelial 
activation. Additionally, decreased CAM expression may lead to decreased infiltration of 
macrophages and thereby prevent the formation of atherosclerotic plaques. In contrast, a 
study by Christiansen et al49 showed no effect of 4-week dried broccoli sprouts ingestion in 
human hypertensive subjects on flow mediated dilation, a marker for endothelial function. 
However, bioavailability of SFN from dried broccoli sprouts is reduced compared to fresh 
broccoli sprouts.50 

To conclude, the lack of glucose-induced postprandial inflammation in healthy subjects 
in the current study may likely be due to variations in resilience to the glucose challenge. 
However, in spite of this, we showed that consumption of broccoli seedlings decreases 
sICAM and sVCAM concentrations independent of postprandial inflammation. Frequent 
intake of broccoli seedlings may therefore help to reduce endothelial activation and thereby 
reduce the risk of atherosclerosis.

Broccoli seedlings reduce ICAM and VCAM in vivo
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Abstract

Purpose of review
High fiber diets have been shown to reduce plasma concentrations of inflammation markers. 
Increased production of fermentation-derived short-chain fatty acids (SCFA) is one of the 
factors that could exert these positive effects. This review examines the effects of SCFA 
on immune cells and discusses the relevance of their effects on systemic inflammation, as 
frequently seen in obesity. 

Recent findings
SCFA have been shown to reduce chemotaxis and cell adhesion; this effect is dependent on 
type and concentration of SCFA.  In spite of conflicting results, especially butyrate seems to 
have an anti-inflammatory effect, mediated by signaling pathways like NF-κB and inhibition 
of HDAC. The discrepancies in the results could be explained by differences in cell types used 
and their proliferative and differentiation status. 

Summary
SCFA show anti-inflammatory effects and seem to have the potency to prevent infiltration 
of immune cells from the blood stream in e.g. the adipose tissue. In addition, their ability 
to inhibit the proliferation and activation of T-cells and to prevent adhesion of antigen 
presenting cells could be important as it recently has been shown that obesity-associated 
inflammation might be antigen dependent.  More studies with concentrations in micromolar 
range are needed to approach more physiological concentrations. 

Introduction

The last decades it has become clear that overnutrition has impact on the immune system. 
Chronic overnutrition leads to accumulation of fat in adipose tissue which subsequently 
can become infiltrated with immune cells. This gives rise to a mild and sustained increase 
of immune mediators in the systemic circulation, e. g. the acute -phase response marker 
C-reactive protein (CRP) and its major regulators interleukin (IL)-6 and tumor necrosis factor 
(TNF)-α.1 In addition, repeated exposure to increased concentrations of pro-inflammatory 
cytokines in the postprandial period after high- fat meals or rapidly digestible carbohydrates 
has recently postulated to be involved in the development of low-grade inflammation in 
susceptible persons.2,3 Chronic low-grade inflammation is associated with an increased risk 
of, among others, insulin resistance, diabetes type 2 and atherosclerosis.4-6 For this reason 
strategies to suppress low-grade inflammation as preventive measure for these chronic 
diseases are relevant to investigate. Food and food- derived substances receive increasing 
attention as potential factors that can modulate cells or cell functions that play a role in 
immunological processes. Dietary fiber intake has been shown in prospective studies to 
be inversely related to plasma concentrations of CRP7-9 and the proinflammatory cytokine 
IL-6.10 In a human study in healthy elderly immunomodulatory effects of the prebioticum 
b-galactooligosaccharides (GOS) were demonstrated.11 B-GOS significantly increased the 
production of the antiinflammatory cytokine IL-10, and significantly reduced production of 
IL-6, IL-1ß, and TNF-α.11 Another intervention study in elderly with fructooligosaccharides 
resulted in decreased IL-6 mRNA expression in peripheral blood monocytes.12 In healthy 
young subjects, an evening meal rich in non-digestible carbohydrate prevented the glucose-
induced postprandial rise in plasma IL-6 and TNF-α concentrations.13 One of the proposed 
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factors that could explain these effects is the increase in short-chain fatty acids (SCFA) acetate, 
propionate and butyrate which are produced by the colonic microbiota when dietary fiber is 
fermented.14-16 SCFA are rapidly absorbed from the colonic lumen and partly metabolized by 
colonic epithelial cells. A proportion also enters the portal and peripheral circulation. In six 
non-fasted sudden death victims portal concentrations of acetate, propionate and butyrate 
lay between 108 – 404 μM, 17 – 194 μM and 14 – 64 μM respectively and peripheral 
concentrations between 19 – 146 μM , 1 – 13 μM  and 1 – 12 μM respectively.17 

SCFA, and especially butyrate, have for long been in the center of interest for modulating 
inflammatory responses in the colonic epithelial cells and results of these studies indicate 
beneficial effects. Therefore, it seems worthwhile to explore whether SCFA could also affect 
systemic inflammation. This is especially interesting because, as discussed below, recent 
studies suggest that obesity-induced inflammation is partly antigen dependent. Information 
about, for instance, the capacity of SCFA to reduce activation of T-cells by monocyte-
presented antigens is thus highly relevant in this context. This review summarizes the results 
of studies investigating the effects of SCFA on immune cells and discusses the relevance of 
these observations for the purported effects on systemic inflammation and consequently 
for the development of the metabolic syndrome. 

Systemic low-grade inflammation
Inflammation of adipose tissue as well as circulating mononuclear cells that are in a 
proinflammatory state are proposed to contribute to systemic inflammation in obesity. An 
increase in the proinflammatory transcription factor nuclear factor κB (NF-κb) in the nucleus 
together with a decrease of its inhibitors IκB-α and/or IκB-ß is reflecting inflammation at 
the cellular level. These characteristics were present in peripheral blood mononuclear cells 
(PBMC: lymphocytes, monocytes and macrophages) of obese subjects and increased NF-
κb activity correlated positively with mRNA levels of IL-6.18 Postprandial, an inflammatory 
response to high- fat meals and rapidly digestible carbohydrates has been found in PBMC 
and plasma even in normal-weight subjects,19,20 which was aggravated in obese persons.21 
Repeated exposure to postprandial inflammatory responses is suggested to contribute to 
systemic inflammation and type 2 diabetes2,3 as well as to vascular disease.2,22 Very recently, 
postprandial activation of NF-κB and an increase in IL-6 mRNA has been shown in visceral 
adipose tissue after a high-fat meal in rats.23 

However, generally low-grade inflammation is thought to originate from the adipose tissue, 
although the initiating factors are still matter of discussion. Hypertrophied adipocytes secrete 
abnormally high amounts of chemoattractants, such as the monocyte chemoattractant 
protein-1 (MCP-1), which causes accumulation of macrophages in adipose tissue.24 
These adipose tissue macrophages are considered the major source of proinflammatory 
cytokines.25 More recently it became clear that obese adipose tissue also contains various 
subsets of lymphocytes.26-30 The pro-inflammatory T-cell populations (cytotoxic T-cells and 
TH1 cells) were increased in murine27,28 and human obese adipose tissue.26,29 Regulatory 
T (Treg) cells, which contribute to the homeostasis of the immune system by suppressing 
immune response of other cells, have been demonstrated to be significantly decreased in 
obese mice27,28 but not in obese humans.29 However, in humans a relative lack of TH2 cells in 
obese visceral tissue has been proposed to lead to an unfavorable TH1/ TH2 balance which 
has been shown to positively correlate with plasma CRP, IL-6 and TNF-α concentrations.29 
Therefore, the failure of TH2 cells to counterbalance the effect of proinflammatory TH1 cells 
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might contribute to inflammation. Notably, however, the theory of a mandatory TH1/ TH2 
balance for immune homeostasis does not hold for all organ systems. For example, in the 
mucosal immune compartment TH2 responses are only observed under helminth infections 
and not under other circumstances. The balance in the mucosal site is considered to be 
dependent on TH1 and TH17 responses and kept in balance by Treg-cells.31 It cannot be 
excluded that similar systems are responsible for immune homeostasis in adipose tissue.

In addition, changes in T-cell receptor diversity and rearrangements are reported in adipose 
tissue lymphocytes, suggesting that obesity-induced inflammation might be partly antigen 
dependent.27,28,30

Receptors for SCFA
The effects of SCFA on immune cells might be mediated by G protein-coupled receptors (GPR). 
The major SCFA receptors are GPR 41 and GPR 43, which are both expressed on immune 
cells.32,33 GPR 43 is highly expressed in polymorphonuclear cells (PMN, e.g. neutrophils) and 
at lower levels in PBMC and purified monocytes. GPR 41 is similarly expressed in PBMC but 
not in PMN, monocytes and dendritic cells.33 Both receptors are equally expressed in bone 
marrow and spleen. GPR 41 and GPR 43 were also found to be expressed in human adipose 
tissue.32,33  Brown et al.32 showed that GPR 41 levels in adipocytes are low whereas they 
are high in blood vessel endothelial cells, especially in adipose tissue. Furthermore, higher 
expression of both receptors has been shown in subcutaneous tissue than in omental tissue 
of obese women.34 GPR 41 and GPR 43 are activated by SCFA with a different rank-order of 
potency. For GPR 41 this rank-order was: propionate > butyrate > acetate with acetate 100-
fold less potent as compared to propionate and for GPR 43 it was propionate > acetate = 
butyrate.33 The possible immune-modulatory functions of SCFA are highlighted by a recent 
study in GPR43-/- mice.35 These mice exhibit aggravated inflammation, related to increased 
production of inflammatory mediators and increased immune cell recruitment.
  

Effect SCFA on chemotaxis and adhesion of immune cells
Effects of SCFA on chemotaxis and adhesion of immune cells are interesting in context of 
the role that recruitment and accumulation of monocytes play in adipose tissue as well as in 
smooth muscle cells in atherosclerotic lesions.

Chemotaxis
Concentrations of 0.1 and 1 mM but not of 10 mM of acetate and propionate have been 
shown to increase the chemotactic response of neutrophils.33 In accordance with these 
results Sina et al.36 demonstrated increased chemotaxis of isolated mice neutrophilic 
granulocytes after incubation with 0.1 mM propionate and butyrate. The non-effectiveness 
of high concentrations was confirmed in a study that showed that incubation with 5 mM 
butyrate did not affect migration of human neutrophils.37 In contrast, chemotactic responses 
of mice neutrophils after 4 h pretreatment with 25 mM acetate, 12 mM propionate and 4, 
8, 12 mM of butyrate were increased in the study of Vinolo et al.38 This was accompanied 
by an increased expression of the adhesion molecule L-selectin but not ß2 integrin on the 
surface of neutrophils.38

These results indicate a possible stimulatory effect of SCFA on chemotaxis of neutrophils in 
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different concentrations in the absence of a chemotactic stimulator. Further, spontaneous 
migration of human and rat neutrophils and migration induced by the bacterial peptide 
formyl-Met-Leu-Phe (fMLP) were neither affected by 1 mM of acetate and propionate33 nor 
by higher concentrations of acetate, propionate and butyrate.38 

In contrast, preincubation of murine macrophages (RAW 264.7) and rat primary macrophages 
with 2 mM butyrate was recently demonstrated to reduce lipopolysaccharide (LPS)-induced 
migration.39 The effect of SCFAs on MCP-1 production of human monocytes and PBMCs was 
assessed by Cox et al.40 Overnight incubation with acetate, propionate and butyrate (0.2, 2 
and 20 mM) inhibited constitutive MCP-1 production in a concentration dependent manner 
either in absence or presence of LPS, with the strongest effect for butyrate. 

The foregoing data illustrate that SCFA can influence chemotaxis of immune cells but that 
its effect depends on the type and concentration of the SCFA as well as on the type of 
species and immune cell type. Butyrate seems to be the most potent inhibiting factor for 
chemotactic effects on human monocytes. Probably more effects are present but remain to 
be identified.    

Adhesion molecules
Differential effects of SCFA on expression of intracellular adhesion molecule-1 (ICAM-1) 
and vascular cell adhesion molecule-1 (VCAM-1) were found. 24 h incubation of human 
umbilical vascular endothelial cells (HUVEC) with 2 and 4 mM of butyrate increased ICAM-
1 expression without affecting VCAM-1 expression,41 which was confirmed in the study of 
Miller et al.42 with 2 .5 – 5 mM butyrate and 5 mM of propionate. However, when VCAM-1 
expression was induced by TNF-α, preincubation with 2 and 4 mM butyrate was shown to 
reduce this expression. In addition, TNF-induced adhesion of pre-monocytic U 937 to HUVEC 
was reduced by this treatment.41 These findings are in line with those of Zapolska-Downar et 
al.:43,44 preincubation with propionate and butyrate (0.1, 1.0 and 10.0 mM) of HUVEC for 24 
h reduced VCAM-1 surface expression and mRNA levels in TNF-α and IL-1ß-stimulated cells 
in a dose-dependent manner. Also, TNF-α- and IL-1ß-induced adhesion of freshly isolated 
monocytes and lymphocytes to HUVEC was significantly reduced by treatment with both 
SCFA (10 mM, 24 h). The pretreatment with SCFA also reduced ICAM-1 surface expression 
and mRNA levels, although the effect was less pronounced than that on VCAM-1.43,44 In 
contrary, no inhibitory effect on TNF-α- induced ICAM-1 expression was observed by Menzel 
et al.41

Taken together these results indicate a clear inhibition of TNF-α and IL -1ß- stimulated 
VCAM-1 expression by SCFA in HUVEC. In addition, butyrate could decrease the expression 
of the adhesion molecules ICAM-1 and lymphocyte function-associated antigen 3 (LFA-
3) in monocytes.45 This indicates that butyrate might prevent antigen-induced T-cell 
activation by preventing cell adhesion which is essential for antigen presenting cell (APC)-
induced activation. Moreover, the same study demonstrated reduced expression of the 
co-stimulatory molecule B7-1 and upregulation of B7-2, indicating that butyrate might 
modulate T-cell activation by affecting co-stimulatory molecules.45 

By preventing chemotaxis and cell adhesion, SCFA might prevent infiltration of immune cells 
in peripheral tissues and can have a protective effect against systemic inflammation. It would 
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be interesting to see whether SCFA can affect the migration of immune cells in adipose 
tissue of obese people and whether SCFA could prevent the infiltration of macrophages in 
arteries. SCFA could by this means, in addition to their hypochlosteremic effect, contribute 
to the prevention of atherosclerosis.46

Effects of SCFA, especially butyrate, on the expression of cytokines in leukocytes
In the late ‘80s and early ‘90s, Eftimiadi et al.47,48 already showed interaction of anaerobic 
bacteria derived short-chain fatty acids on the function of leukocytes. They reported 
impaired chemotaxis and reduced phagocytic activity by leukocytes. However, most studies 
on the immunomodulating effects of SCFA were performed on epithelial cells in the context 
of inflammatory bowel disease. Since immune cells are major contributors to these diseases, 
Säemann et al.49 studied the effect of sodium butyrate on the cytokine expression of PBMC 
derived monocytes. Butyrate inhibited Staphylococcus aureus-induced TH1 cytokines IL-2 
and IFN-γ and upregulated TH2 cytokine IL-4 and anti-inflammatory IL-10 production. IL-12 
and its receptor, important activator of IFN-γ production, were downregulated, resulting 
in inhibition of IFN-γ. Thus, butyrate induced a shift from a more proinflammatory TH1-like 
profile to an anti-inflammatory profile. Another study showed similar results in PBMC and 
the THP-1 macrophage cell line, where butyrate inhibited LPS-induced inhibition of IκB 
degradation. In this way butyrate prevented NF-κB translocation to the nucleus and hence it 
prevented transcription of the pro-inflammatory genes TNF-α, IL-1β and IL-6. Similar results 
were recently reported by Park et al.50 Inducible nitric oxide synthase (iNOS), responsible 
for nitric oxide production in leukocytes was also shown to be inhibited by butyrate in 
macrophages.39,50-52

These results indicate a clear anti-inflammatory effect of butyrate in leukocytes. Data of 
Cavaglieri et al.53 suggest that this anti-inflammatory effect is mainly caused by butyrate, 
since butyrate reduced IFN-γ release, whereas propionate and acetate increased IFN-γ 
release. Peculiarly, propionate and acetate increased IL-10 expression, whereas butyrate had 
no effect. Incubation with a combination of butyrate and acetate or propionate still showed 
inhibition of IFN-γ release, whereas a combination of the three SCFA led to an increase in 
IFN-γ, suggesting that the effects of different SCFA are exerted via different mechanisms. 
A combination of the three SCFA showed a slightly reduced proinflammatory profile 
compared to cultures without SCFA.53 Recently, Vinolo et al.54 showed butyrate-impaired 
neutrophil function, marked by decreased phagocytosis of candida albicans and decreased 
killing activity via reduced production of reactive oxygen species. These parameters were 
not changed by propionate or acetate. Other studies, in contrast, showed anti-inflammatory 
effects of propionate and acetate.50,55-57

Säemann et al.49 suggested that in peripheral lymphocytes and monocytes, butyrate 
prevents a proinflammatory and TH1 profile and shifts it to a TH2 profile, a phenomena also 
reported for propionate.57 However, this is conflicting with other data, where, in a LPS and 
phytohemagglutinin-stimulated whole-blood model, the butyrate-induced shift away from a 
pro-inflammatory and TH1 profile did not result in a clear TH2 profile.58 Butyrate significantly 
reduced expression of LPS-induced IFN-γ, TNF-α and IL-12 expression, however, IL-5 and IL-
13, considered to be TH2 cytokines, were also reduced. Since cell viability was not affected 
by LPS or butyrate, apoptosis was not responsible for this overall cytokine downregulation 
as shown in a recent study of Bailón et al.59 They showed downregulation of a large range 
of cytokines, both TH1 and TH2 by butyrate. This effect was dependent on the proliferative 
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and differentiation status of the different types of cells (primary murine lymphocytes and 
monocytes and RAW 264.7 macrophages). In addition, the observed effects might also be 
concentration dependent. An increase in IL-10 was reported for 0.5-1 mM butyrate, while 
this effect disappeared at higher concentrations (4 mM).59 Säemann et al.49 reported a dose-
dependent increase in IL-10 upon incubation till 0.25 mM, however, at higher concentrations 
(0.5-1 mM) this effect disappeared. Prostaglandin E2 (PGE2), a prostanoid which reduces 
LPS-induced TNF-α expression, was induced by butyrate at 1 and 2 mM butyrate, but this 
effect also disappeared at higher concentrations of 5 and 10 mM.56 On the other hand, 
other studies show only effects of SCFA in lymphocytes at extreme high concentrations 
of 30 mM. Since concentrations of butyrate and propionate beyond the colon are in the 
low micromolar range, concentrations of 10 mM or even 30 mM are far from physiological 
and relevance of effects become questionable. As we will discuss later on, SCFA can induce 
apoptosis in neutrophils and lymphocytes at concentrations much lower than 30 mM. This 
implies that effects seen with high concentrations of butyrate and propionate might be due 
to toxicity, rather than a physiological relevant effect. Therefore we suggest to carefully 
choose the concentration range of SCFA in the study of lymphocytes.

Mechanisms of butyrate-modulated cytokine expression
Several studies looked into the effect of stress and inflammatory signaling pathways as 
effector mechanisms of butyrate. Especially NF-κB was studied and was found to be reduced 
in most studies.50,55,56,60 Butyrate exerted this effect on NF-κB by preventing the proteasomal 
degradation of ubiquinated IκB, thus NF-κB remained sequestered in the cytoplasm.55,60 In 
addition to the effect of butyrate on NF-κB activation, several studies analyzed the effect of 
butyrate on the MAPK pathways. These Mitogen Activated Protein Kinases (MAPK) respond 
on extracellular stimuli like stress and cytokines and they regulate cellular processes as 
growth, proliferation, apoptosis and inflammation via various cascades; major MAP kinases 
are ERK-1/2, JNK and p38. Park et al.50 demonstrated inhibition of ERK-1/2, whereas Diakos 
et al.61 showed inhibition of JNK in mast cells, but could not show inhibition of NF-κB. In 
contrast, Bailón et al.59 did not see an effect of butyrate on NF-κB nor the MAP kinase ERK, 
JNK or p38 in bone marrow-derived macrophages. 

Butyrate is a known histone deacetylase (HDAC) inhibitor.62 HDAC prevents gene 
transcription by keeping chromatin in a compact form, so inhibition by butyrate results in 
hyperacetylation. Via this mechanism butyrate can modulate gene expression and exerts 
an anti-proliferative effect. It therefore attracted much attention for its potential role in 
fighting colon cancer.63 It was also shown that the complex mechanism of acetylation and 
deacetylation can modulate NF-κB transcriptional activity via proteins in the NF-κB pathway 
as well as in modulating the accessibility of the NF-κB target genes.64 IL-5, a typical TH2 
cytokine, is upregulated by butyrate-induced acetylation at its promoter site.65 Butyrate and 
propionate repress LPS-induced TNF-α expression by upregulation of prostaglandin E2 and 
cycloogygenase 2 (COX-2) via inhibition of HDAC in PBMC and RAW 264.7.40,56,66 On the other 
hand, butyrate strongly reduced COX-2 activity in the epithelial HT-29 colon cancer cell line, 
indicating that butyrate has a cell type specific effect.67 

Although the results are ambiguous, butyrate seems to have an anti-inflammatory effect,
mediated by signaling pathways like NF-κB and inhibition of HDAC. The discrepancies in the 
results are most likely explained by the differences in cell types used and their proliferative 
and differentiation status. 

Short-chain fatty acids as modulators of immunity
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The role of SCFA in proliferation and apoptosis
Butyrate has a long history as HDAC inhibitor68,69 and this function is thought to be involved 
in the effect of butyrate on proliferation and differentiation.70,71 Butyrate can affect the rate 
of cell growth, DNA synthesis and it can induce growth arrest in the G1 phase of the cell 
cycle,70,72 however, these effects differ per cell type. Since butyrate affects proliferation, it 
has a more distinct impact on proliferating cells than on differentiated cells with a low rate of 
proliferation. Comalada et al.73 showed that butyrate significantly inhibited proliferation and 
increased differentiation and apoptosis in the HT-29 carcinoma cell line, whereas normal, 
differentiated epithelial cells were not affected. Recently this group elegantly showed that 
inhibition of proliferation and induction of apoptosis was dependent on the type of cell used, 
and more specifically its proliferation state.59 Low concentrations of butyrate were able to 
inhibit proliferation in all tested immune cells (primary splenic derived T-cells, primary bone 
marrow derived macrophages and the murine RAW 264.7 macrophage cell line) and non-
differentiated HT-29 cells. Since T-cell clonal expansion is required for activation, butyrate 
completely inhibited cytokine production, whereas in normal macrophages, which stop 
proliferating when activated, butyrate did not affect activation. Butyrate also induced 
apoptosis in proliferating cells, while non-proliferating macrophages and differentiated 
epithelial cells where hardly affected. These results indicate that the immune-modulatory 
effects of butyrate are dependent on the proliferation and differentiation status of the used 
cell type and that induction of apoptosis might be proliferation dependent (59). Apoptosis 
was mediated by caspases, however, involvement of NF-κB and MAPK pathways was 
inconclusive. This is in agreement with Aoyama et al.,74 who demonstrated participation 
of caspases, but ruled out the involvement of MAPK’s as well as GPR 41 and GPR 43 in 
butyrate and propionate-induced apoptosis in neutrophils. In their study, acetate did not 
induce neutrophil apoptosis, in contrast to Maslowski et al.35 who recently demonstrated 
GRP 43-dependent apoptosis in neutrophils induced by acetate. These differences might 
be explained by the use of a GPR 43-/- mice by Maslowski et al.35 whereas Aoyama et al.74 
performed in vitro studies on human neutrophils. Since Aoyama et al. excluded GPR 41 
and GPR 43 as possible mediators of SCFA-induced apoptosis, this might imply that there 
are other SCFA receptors present, which also could account for the differences in immune-
modulatory and HDAC inhibiting functions by SCFA.53

The apoptosis inducing effect of SCFA also points to possible toxicity in in vitro studies. 
Aoyama et al.74 show decreased cell viability of neutrophils after incubation with 4 and 
10 mM butyrate or propionate, but not with 0.4 mM. Stehle et al.75 demonstrated that 1 
mM butyrate and propionate could delay apoptosis, whereas 5 and 30 mM accelerated 
apoptosis. As pointed out before, effects of SCFA are highly dependent on type of SCFA 
and its concentrations. Concentrations used in in vitro studies highly deviate from in vivo 
blood concentrations. Therefore, the choice of SCFA and concentration should be carefully 
evaluated when designing a study.

Conclusion

Overall, SCFA, especially butyrate, seem to exert broad anti-inflammatory activities by 
affecting immune cell migration, adhesion, cytokine expression as well as affecting cellular 
processes like proliferation, activation and apoptosis. Recently, it became clear that 
another HDAC inhibitor may enhance numbers and function of Treg, a population of T-cells 
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that suppress activity of the immune system.76,77 Since several studies showed increased 
butyrate-induced expression of IL-10, a modulator of Treg-function, it would be interesting 
to see whether butyrate has the same effect on Treg and whether it can manipulate the 
balance between detrimental TH1 and cytotoxic CD8+ T-cells versus regulatory Treg-cells; 
disturbance of this balance is more and more thought to be central in obesity-associated 
and systemic inflammation.27,30,78 In addition, SCFA might prevent infiltration of immune 
cells from the blood stream in peripheral tissues, e.g. adipose tissue. Given that there are 
clues that obesity-associated inflammation might be antigen mediated, and since butyrate 
was shown to induce T-cell anergy, SCFA might be good candidates to evaluate in the fight 
against obesity-associated and systemic inflammation in general.
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Summary

There is a close connection between metabolism, inflammation and the immune system. 
Chronic unbalanced nutrient excess will lead to obesity, frequently resulting in chronic low-
grade inflammation, associated with pathologies like insulin resistance, type 2 diabetes 
mellitus (T2DM) and cardiovascular diseases (CVD). The close relation between metabolism 
and the immune system is especially evident in the adipose tissue (AT) were adipocytes 
and immune cells, particularly macrophages, determine AT biology by an intensive cross-
talk. It is not elucidated what triggers obesity-associated AT inflammation. Therefore, 
we examined functional changes separately in both human primary adipocytes as well 
as human macrophages after stimulation with LPS. We showed that adipocytes secrete 
many proinflammatory cytokines and chemokines, have increased expression of MHC-II 
molecules and are able to attract T-cells independently of macrophages. Based on these 
observations we concluded that adipocytes have immune cell-like properties. The secretion 
of chemokines and cytokines may attract and activate immune cells to the AT, which is 
thought to be central in AT dysfunction in obesity. Macrophages numbers increase in obese 
AT and they change from homeostatic, anti-inflammatory (M2 state) to proinflammatory 
(M1 state) macrophages. Using a quantitative proteomics approach we studied functional 
changes in both M1 and M2 macrophages as a model for functional changes in activation 
states of AT macrophages and the contribution to obesity-induced inflammation. Whereas 
M2 macrophages resemble resting macrophages, M1 macrophages showed an increase 
in many proinflammatory cytokines and chemokines, leading to an increased demand of 
protein synthesis and glycolysis pathways, resulting in cellular stress, as was observed by 
increases in anti-oxidant and unfolded protein responses. In obese AT, the stressed M1 
macrophages may contribute to AT dysfunction and in turn aggravate insulin resistance and 
endothelial dysfunction.

In addition to obesity-induced chronic low-grade inflammation, peaks in glucose and lipids 
in the postprandial state are able to trigger mild and transient inflammation, resulting in 
activated circulating lymphocytes and monocytes and an increase in pro-inflammatory 
factors in both circulation and some organs like, e.g. adipose tissue. Repeated postprandial 
inflammation is thought to contribute to insulin resistance, T2DM and CVD, whereas 
lowering of circulating inflammation markers could be associated with increased insulin 
sensitivity and endothelial function. Therefore, we developed dietary anti-inflammatory 
strategies which comprise bioactives like sulforaphane and dietary fibers which form short 
chain fatty acids (SCFA) in the colon. Using the HEK293-NF-κB-luc2P screening assay, we 
determined the anti-inflammatory potency of several bioactives. Broccoli seedlings, a rich 
source of sulforaphane (SFN) as well as purified SFN, could reduce NF-κB activity. In healthy 
men, broccoli seedlings did not affect NF-κB activity, but could reduce levels of soluble 
vascular cell adhesion molecule (sVCAM) and soluble intercellular adhesion molecule 
(sICAM), both markers of endothelial activation, which is thought to play a role in the onset 
of atherosclerosis. In addition, meals high in dietary fiber are associated with decreased 
inflammatory markers, probably via SCFA. We reviewed the possible role for SCFA as immune-
modulatory agents and proposed that SCFA have anti-inflammatory effects. In addition SCFA 
can prevent infiltration of immune cells and the binding of antigen presenting cells, which 
may be relevant in obesity-associated inflammation. We tested if SCFA could reduce TNF-
α-induced NF-κB activity in the screening assay and showed that SCFA, especially butyrate, 
could reduce inflammation, supporting the role of SCFA as immune-modulating agents.
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In conclusion, adipocytes as well as M1 macrophages produce pro-inflammatory factors. 
Hence, they can both contribute to metabolic inflammation, as observed in obesity. We 
showed that nutritional intervention (by dietary fiber and SFN from microvegetables) may 
counteract metabolic inflammation and reduce endothelial activation. Therefore, nutritional 
intervention may be used to fight obesity-associated inflammation and the related 
pathologies such as insulin resistance, T2DM and CVD. Therefore we strongly underline the 
advice of consumption of nutrient-balanced diets.
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Samenvatting

Samenvatting

Metabolisme, inflammatie en het immuunsysteem zijn sterk met elkaar verbonden. Een 
ongebalanceerd dieet met excessieve energie-inname over langere tijd leidt tot obesitas 
en resulteert doorgaans in een chronische laaggradige inflammatie. Deze inflammatie is 
geassocieerd met insuline resistentie, type 2 diabetes mellitus (T2DM) en hart- en vaatziekten. 
De link tussen metabolisme en het immuunsysteem is vooral evident in het vetweefsel 
waar adipocyten en immuuncellen - macrofagen in het bijzonder - de homeostase van het 
vetweefsel bepalen. Het is echter niet duidelijk wat de obesitas geassocieerde inflammatie 
van het vetweefsel initieel veroorzaakt. Daarom hebben we de functionele veranderingen 
van zowel humane adipocyten als macrofagen na stimulatie met lipopolysaccharide (LPS) 
in kaart proberen te brengen. We hebben laten zien dat adipocyten vele proinflammatoire 
cytokines en chemokines produceren, major histocompatibility complex-II (MHC-II) 
verhoogd tot expressie brengen en T-cellen kunnen aantrekken in afwezigheid van andere 
immuuncellen. Hieruit blijkt dat adipocyten eigenschappen van immuuncellen hebben. 
De secretie van cytokines en chemokines kan leiden tot het aantrekken en activeren van 
immuuncellen, een proces waarvan wordt gedacht dat het centraal staat in de ontwikkeling 
van dysfunctioneel vetweefsel zoals wordt gezien in obesitas. Het aantal macrofagen in obees 
vetweefsel neemt toe en daarnaast is er een verschuiving van overwegend homeostatische, 
anti-inflammatoire macrofagen (M2 activatie status) naar proinflammatoire macrofagen 
(M1 activatie status). Met behulp van een kwantitatieve proteomics strategie hebben 
we de functionele veranderingen in zowel M1- als M2-macrofagen bestudeerd als model 
voor functionele veranderingen in vetweefselmacrofagen en om de bijdrage aan obesitas-
geïnduceerde inflammatie te onderzoeken. Hieruit blijkt dat M2-macrofagen sterke 
gelijkenis vertonen met rustende residente macrofagen terwijl M1-macrofagen verhoogde 
productie van proinflammatoire cytokines en chemokines laat zien. Dit leidt tot verhoogde 
activiteit van eiwitsynthese en glycolyse resulterend in cellulaire stress zoals af te leiden uit 
verhoogde activiteit van antioxidant en ER-stress paden. De gestreste M1-macrofagen in 
obees vetweefsel dragen bij aan dysfunctie van het vetweefsel en verergeren vervolgens 
insuline resistentie en endotheel dysfunctie. 

Naast obesitas-geïnduceerde laaggradige inflammatie kunnen pieken in de bloedglucose 
en lipiden tijdens de postprandiale staat leiden tot een milde en passagere inflammatie. 
Dit resulteert in geactiveerde circulerende lymfocyten en monocyten en een toename 
van proinflammatoire factoren in zowel circulatie als in organen zoals het vetweefsel. 
Het is gepostuleerd dat chronische postprandiale inflammatie kan bijdragen aan het 
ontstaan van insuline resistentie, T2DM en hart- en vaatziekten, terwijl een afname van 
circulerende inflammatoire factoren geassocieerd is met verbeterde insuline gevoeligheid 
en endotheelfunctie. Daarom hebben we geprobeerd inflammatie tegen te gaan met anti-
inflammatoire voedingscomponenten, waaronder bioactieve stoffen als sulforafaan (SFN) 
en voedingsvezels die een bron van korte-keten vetzuren vormen in de colon. Met behulp 
van de HEK293-NF-κB-luc2P screening assay hebben we de anti-inflammatoire potentie 
van verschillende bioactieve stoffen getest. Broccoli zaailingen, een microgroente rijk aan 
SFN, evenals zuivere SFN, waren in staat NF-κB activiteit te remmen. In gezonde mannelijke 
vrijwilligers, had consumptie van broccoli zaailingen geen effect op NF-κB activiteit, maar kon 
wel de circulerende adhesiemoleculen (vascular cell adhesion molecule – VCAM; intercellular 
cell adhesion molecule – ICAM) verminderen; dit zijn beide markers voor endotheelactivatie, 
wat een belangrijke rol zou spelen bij het ontstaan van atherosclerose. Maaltijden rijk aan 
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voedingsvezels zijn ook geassocieerd met verminderde aanwezigheid van inflammatoire 
factoren, waarschijnlijk via de korte-keten vetzuren. We hebben een literatuurstudie 
uitgevoerd naar de mogelijke rol van deze korte-keten vetzuren als immuunmodulatoire 
stoffen, waaruit blijkt dat ze anti-inflammatoire effecten uitoefenen. Korte-keten vetzuren 
kunnen de infiltratie van immuuncellen en de binding van antigeen presenterende cellen 
voorkomen, wat mogelijk relevant is in obesitas gerelateerde inflammatie. De screening 
assay liet zien dat korte-keten vetzuren, voornamelijk butyraat, TNF-α-geïnduceerde NF-κB 
activatie kunnen reduceren, wat de rol van korte-keten vetzuren als immuunmodulatoren 
onderstreept.

Concluderend, adipocyten alsmede M1 macrofagen produceren pro-inflammatoire 
factoren. Daarom kunnen beiden bijdragen aan metabole inflammatie, zoals in obesitas. We 
hebben laten zien dat voedingsinterventie (door voedingsvezels en SFN uit microgroenten) 
metabole inflammatie kan tegengaan en endotheelactivatie kan reduceren. Daarom zou 
voedingsinterventie gebruikt kunnen worden om obesitas geassocieerde ontsteking en de 
daaraan gerelateerde pathologische condities als insuline resistentie, T2DM en hart- en 
vaatziekten te bestrijden. Derhalve onderstrepen wij het belang van de consumptie van 
nutriënt gebalanceerde voeding.
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ACN  Acetonitril
AMPK  5’ Adenosine Monophosphate-activated Protein Kinase
ARE  Antioxidant Response Element
AT  Adipose Tissue
ATM   Adipose Tissue Macrophages
AUC  Area Under the Curve
BA  Butyrate
BS  Broccoli Seedlings
BSA  Bovine Serum Albumine
CCL  CC Chemokine Ligands
CD  Cluster of Differentiation
CRP  C-Reactive Protein
CVD  Cardio Vascular Diseases
DAPI  4’,6-diamidino-2-phenylindole
DMEM  Dulbecco’s Modified Eagle Medium
DTT  Dithiothreitol
ECM  Extracellular Matrix
ELISA  Enzyme-Linked Immuno Sorbent Assay
ER  Endoplasmatic Reticulum
ESI  Electrospray Ionization
FA  Formic Acid
FFA  Free Fatty Acids
FITC  Fluorescein Isothiocyanate
GL   Glycemic Load
GLUT  Glucose Transporter
GPCR  G-Protein Coupled Receptor
HDAC  Histone Deacetylase
HEK293  Human Embryonic Kidney 293
HUVEC  Human umbilical vein endothelial cell
IC50  Half Maximal Inhibitor Concentration
IEF  Isoelectric Focussing
IFN-γ  Interferon-gamma
IKK  IκB Kinase
IL-1β  Interleukin-1β
INSR  Insulin Receptor
IRS  Insulin Receptor Substrate
IκBα  Inhibitor of NF-κB alpha
JNK  c-Jun N-terminal kinase
Keap-1  Kelch-like ECH-associated protein 1
LC  Liquid Chromatograppy 
LPS  Lipopolysaccharide
MAPK  Mitogen Activated Protein Kinase
MCP  Monocyte Chemotactic Protein
MHC-II  Major Histocompatability Complex type II
MS  Mass Spectrometry
NF-κB  Nuclear Factor kappa-light-chain-enhancer of activated B-cells
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Nrf2  Nuclear factor E2-related factor 2
PA  Propionate
PBMC  Peripheral Blood Mononuclear Cell
PBS  Phosphate Buffered Saline
PTX  Pertussin Toxin
ROS  Reactive Oxygen Species
RPMI-1640 Roswell Park Memorial Institute medium
RT-PCR  Real-Time Polymerase Chain Reaction
SCAT  Subcutaneous Adipose Tissue
SCFA  Short-Chain Fatty Acid
SDS-PAGE Sodium Dodecyl Sulfate - Polyacrylamide Electrophoresis
SFN  Sulforaphane
sICAM  Soluble IntraCellular Adhesion Molecule
SILAC  Stable Isotope Labeling with Amino acids in Cell Culture
SLC5a8  Solute Carrier Family 5, member 8
STRING  Search Tool for Retrieving Interacting Genes/Proteins
sVCAM  soluble Vascular Cell Adhesion Molecule
T2DM  Type II Diabetes Mellitus
TFA  Trifluoroacetic Acid
TLR  Toll-Like Receptor
TNF-α   Tumor necrosis factor alpha
Treg  Regulatory T-cell
UPR  Unfolded Protein Response
VAT  Visceral Adipose Tissue
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