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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

The current worldwide obesity epidemic requires novel preventive and curative strategies. 
These strategies should not only aim at reducing obesity, but above all combat its related 
morbidities including type 2 diabetes and cardiovascular disease. Obesity leads to higher 
plasma lipid levels (i.e. cholesterol and triglycerides) and systemic inflammation. An exciting 
challenge within the dynamic field of immunometabolism is unraveling the molecular 
mechanisms connecting accumulation of adipose tissue, the subsequent increase in 
plasma lipids and systemic inflammation, and ultimately the development of type 2 diabetes 
and cardiovascular disease. A better understanding of these mechanisms will provide novel 
therapeutic targets and possibilities to improve treatment options.

To gain more insight into the role of the immune system in obesity, insulin resistance, 
dyslipidemia and atherosclerosis, we studied the effects of a bacterial infection and 
antibodies (IgG) on these parameters in several mouse models. We also investigated 
mediators of inflammation in blood and tissues of South Asians, a population with a 
particularly high risk of developing type 2 diabetes. Furthermore, we determined the 
potential of an anti-inflammatory compound and a fatty acid receptor agonist to reduce 
obesity and inflammation, and to ultimately improve glucose and lipid metabolism in mice.

From this thesis, various novel perceptions on the link between obesity, the immune 
system, and development of type 2 diabetes and cardiovascular disease have arisen which 
will be discussed and interpreted in this final chapter. Furthermore, therapeutic implications 
and future options for the management of metabolic disease will be addressed. The figure 
in this chapter is a graphical representation of the results obtained in this thesis (Fig. 1).

INFLAMMATION, LIPID METABOLISM AND 
ATHEROSCLEROSIS

Obesity is associated with high plasma levels of low density lipoprotein (LDL) cholesterol 
(1, 2) and inflammation (3, 4). Together with inflammation, cholesterol is a main risk 
factor for atherosclerosis as excess cholesterol initiates plaque formation in the arterial 
wall. Oxidized LDL (oxLDL) cholesterol is taken up by macrophages, upon which the 
macrophages turn into foam cells. Moreover, oxLDL triggers inflammation, e.g. by activating 
endothelial cells of the vessel wall to express adhesion molecules and chemokines such as 
the monocyte chemoattractant protein-1 (MCP-1), and thereby further enhancing plaque 
development (5-8). In chapter 2, we discovered that mycobacterial infection with  BCG in  
APOE*3-Leiden.CETP (E3L.CETP) mice, despite overall immune activation, reduced plasma 
cholesterol levels and ultimately tended to reduce atherosclerosis development. This 
is a peculiar finding since alterations in levels of plasma lipids and plasma inflammatory 
mediators usually go hand in hand. As reviewed by Van Diepen et al. (7), various classes 
of lipid-lowering drugs have anti-inflammatory properties that are mainly attributable to 
the reduced presence of lipids, although lipid-lowering drugs also directly interfere with 
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inflammatory pathways. In turn, some anti-inflammatory drugs alter lipids levels, although 
the effects are ambiguous. For example, the inhibitor of NF-κB salicylate lowers plasma 
triglycerides in type 2 diabetes patients but not in individuals with pre-type 2 diabetes, 
and IL-6 signaling inhibitors raise plasma triglycerides in patients with rheumatoid arthritis. 
More investigations are needed to unravel the specific effects of anti-inflammatory drugs 
on lipid metabolism (7).

Even though inflammation and lipid levels usually go up or down together, other 
conditions exist in which an immune response is associated with lower lipid levels. Hepatitis 
C virus (HCV) infection causes hypolipidemia (9, 10), but the mechanism by which HCV 
deregulates lipid metabolism is different from what we think the mechanisms behind the 
cholesterol lowering effects of BCG are. While we observed that BCG increased cholesterol 
clearance and reduced intestinal cholesterol absorption, without evidence for reduced 
hepatic cholesterol synthesis, HCV interferes with host cholesterol metabolism by exploiting 
the lipoprotein machinery during replication in the hepatocyte (11, 12), resulting in lower 
synthesis of cholesterol (13). Despite the cholesterol-lowering effects of HCV infection, 
HCV infection was often reported to be associated with atherosclerosis (14, 15). One of the 
possible mechanisms mediating this link could be the activation of inflammatory processes 
and cytokine imbalance. It must be noted however that the results of studies describing 
the association between HCV infection and atherogenesis are not uniform and controversy 
still exists on the direction of the association (16). Knowing the relative contribution of 
inflammatory processes and lipid metabolism is a prerequisite to justify the development 
and application of anti-inflammatory drugs for the treatment of atherosclerosis, but lipid 
metabolism and inflammatory processes are so intertwined that it is nearly impossible to 
dissect what their relative contributions to atherogenesis are.

To accurately assess the relative contribution of cholesterol and inflammation in 
atherosclerosis development, superior mouse models than the currently available ones are 
needed. E3L and E3L.CETP mice express a mutation of the human APOE*3 gene besides 
their endogenous apoE. This attenuates clearance of cholesterol-enriched lipoprotein 
remnants via the LDLR pathway, resulting in a humanized lipoprotein profile (17-19). Most 
studies performed in E3L and/or E3L.CETP mice to date investigated the effect of lipid 
level-modulating compounds on atherosclerosis (20-22). In most studies, the plasma total 
cholesterol exposure correlated with measures of the atherosclerotic lesion area (as in 
(17)), which underscores the high degree of dependence of atherogenesis on cholesterol 
levels in these models. Only few studies demonstrated a reducing effect of a compound 
on atherosclerosis beyond and independent of the reduction achieved by lowering of 
cholesterol by the compound alone in E3L mice (23, 24). These conclusions were drawn 
from an experimental set-up in which a separate cholesterol-fed control group was taken 
along with lower cholesterol intake that resulted in plasma cholesterol levels that were 
comparable to the cholesterol-fed group that was treated with the compound. In mice 
treated with rosuvastatin, the expression of MCP-1 and tumor necrosis factor (TNF) was 
lower than in the group with matched plasma cholesterol levels, and atherosclerosis was 
also lower than in the group with matched plasma cholesterol levels, indicating an additional 
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anti-inflammatory and inhibitory effect of rosuvastatin on atherogenesis (23). In another 
study, salicylate reduced hepatic NF-κB activity and macrophage content in plaques further 
than matched cholesterol feeding did, also pointing to an effect of salicylate independent 
of its cholesterol-lowering effect (24). Only one study in E3L.CETP mice showed increased 
rather than decreased inflammatory state without any effect on plasma lipid levels upon 
parasympathetic denervation of the spleen, evidenced by increased dendritic cells, B 
cells and T cells in the spleen, increased expression of inflammatory cytokines in the liver 
and in peritoneal leukocytes and increased levels of the cytokines IL-1β and IL-6 in the 
circulation. Nevertheless, this did not aggravate atherosclerosis development (25). Taken 
together, modulation of inflammation independently of lipid metabolism has hardly been 
studied in E3L and/or E3L.CETP mice and since many interventions modulate both lipids 
and inflammation, these models are not recommended if one wants to assess a pro- or 
anti-inflammatory effect on atherosclerosis development independent of alterations in lipid 
levels.

Apoe-/- and Ldlr-/- mice are the most widely used mouse models for atherosclerosis. 
Since these mice lack a functional hepatic ApoE-LDLR axis, the predominant route by 
which cholesterol-enriched lipoprotein remnants are cleared from the circulation (17), 
they do not respond to lipid-lowering therapies (26). Apoe-/- mice spontaneously develop 
atherosclerosis, even on a chow diet which does not contain cholesterol. In contrast,  
Ldlr-/- mice have a modest elevation of plasma cholesterol compared to wild-type mice and 
exhibit slow atherosclerosis development. Nevertheless, when fed a diet rich in cholesterol, 
these mice also have strongly elevated cholesterol and accelerated atherogenesis 
(26). ApoE not only mediates lipoprotein clearance, but also has anti-inflammatory and 
immunomodulatory properties. Compared to wild-type mice, Apoe-/- mice have higher 
expression of immunostimulatory cell surface molecules on macrophages, which results 
in enhanced T cell activation compared to wild-type mice (27). When stimulated with 
LPS, Apoe-/- mice show a higher upregulation of the pro-inflammatory cytokines TNF,  
IL-6, IL-12 and interferon-γ in liver and spleen compared to wild-type mice. This may also 
be explained by the ability of apoE to bind and inactivate LPS (28, 29). Ldlr-/-apobec-1-/- 
mice, which also display high cholesterol levels, do not exhibit this inflated cytokine 
response upon LPS injection, indicating that the increase in pro-inflammatory cytokines 
in Apoe-/- mice upon LPS is independent of hypercholesterolemia (30). A mechanism 
explaining more inflammation in Apoe-/- mice is that lack of ApoE also reduces the uptake 
of apoptotic bodies by macrophages, resulting in more apoptotic bodies and macrophage 
recruitment in the liver, lungs, brain and possibly more organs compared to wild-type 
mice. In addition, the pro-inflammatory markers TNF and fibrinogen are higher in livers of  
Apoe-/- mice compared to wild-types. When comparing macrophage content between wild-
type, Apoe-/- mice and Ldlr-/- mice, which have a similar lipoprotein profile as Apoe-/- mice, 
Ldlr-/- mice do not show increased macrophages in the lungs and only exhibit a ~1.5-fold 
upregulation of hepatic macrophages that does not reach significance compared to wild-
type mice. In contrast, Apoe-/- mice have a ~3-fold higher macrophage content in both liver 
and lungs compared to wild-type mice, which equals ~2-fold increases compared to Ldlr-/- 



142

7

mice (31). The augmented immune activation and ectopic macrophage recruitment in  
Apoe-/- mice possibly contributes to atherosclerosis.

These differences in clearance of cholesterol-enriched lipoprotein remnants and 
inflammatory state between mouse models for atherosclerosis may explain why studies are 
sometimes conflicting. For example, BAT activation increases the selective uptake of fatty 
acids from triglyceride-rich lipoproteins into BAT, resulting in the formation of cholesterol-
enriched remnants. In Apoe-/- and Ldlr-/- mice, in which these remnants cannot be cleared 
by the liver, this leads to enhanced atherogenesis (17, 32). In contrast, BAT activation in 
E3L.CETP mice accelerates the hepatic clearance of these cholesterol-enriched remnants, 
resulting in protection from atherosclerosis development (17), an effect that may be expected 
relevant for most humans with an intact apoE-LDLr clearance pathway for lipoprotein 
remnants. As for the effect of BCG on atherosclerosis (chapter 2), different studies have 
been performed in different animal models. Subcutaneous  BCG injections in rabbits of 
which plasma cholesterol levels were maintained within a certain range by varying the 
cholesterol content of the diet per rabbit revealed more atherogenesis upon BCG treatment 
(33). A study in which Ldlr-/- and Apoe-/- mice were treated with subcutaneous injections of 
freeze-dried BCG showed less atherogenesis (34). Both of these studies justly concluded 
that the effects of  BCG on atherogenesis went through immunomodulatory mechanisms 
since the cholesterol levels between  BCG-treated and control mice were similar. The 
differences in outcome between the studies (more vs. less atherosclerosis) are possibly 
due to differences in immune responses of rabbits vs mice, the difference in BCG used (live 
attenuated vs. freeze-dried), the dosing and number of injections with BCG and the amount 
of cholesterol in the diet, since cholesterol is also a pro-inflammatory stimulus. If one would 
be interested to know whether the  BCG-induced infection and associated inflammation 
we observed upon intravenous administration of live attenuated BCG, independently of its 
cholesterol-lowering effect, accelerates atherosclerosis, a new experiment would have to 
be done in which a group with matched low cholesterol levels is included. Alternatively, the 
experiment could be repeated in Ldlr-/- mice.

Sometimes, the differences between mouse models for atherosclerosis may help to 
gain mechanistic insight. Since Ldlr-/- mice lack hepatic clearance of cholesterol-enriched 
remnants and do not show immunological abnormalities like Apoe-/- mice do, Ldlr-/- might 
be the best model to study the effect of immunomodulatory effects independent of lipid 
metabolism on atherosclerosis. However, in the end we strive for models that are as 
comparable as possible to humans, with the ultimate aim to predict how a compound acts 
in man. In this light, rabbits and E3L.CETP mice are still the best option we currently have.

ADIPOSE TISSUE INFLAMMATION AND TYPE 2 DIABETES

Inflammation is also believed to be an important link between accumulation of adipose 
tissue and development of type 2 diabetes. White adipose tissue (WAT) harbours many 
types of immune cells, of which the numbers increase during obesity (35-39). The 
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chronic inflammation associated with obesity disturbs insulin signalling in the tissue, 
since inflammatory cytokines activate JNK and IKKβ signalling pathways. This results in 
inhibitory phosphorylation of insulin receptor substrate 1 and 2 (IRS1 and IRS2), proteins 
that transmit signals from the insulin receptor to intracellular signalling pathways (40, 41). 
This inhibition of insulin signalling induces insulin resistance in white adipose tissue and 
contributes to development of type 2 diabetes. Macrophages were the first and most 
abundant type of immune cells discovered to infiltrate obese WAT (36, 42), for which 
the majority of research on immune cells in adipose tissue focuses on macrophages. 
Adipose tissue macrophages fulfil conventional functions such as clearing cellular debris 
and taking part in tissue immune surveillance. Macrophages also have a lipid buffering 
function; during lipolysis (e.g. upon fasting or adrenergic activation), macrophages take 
up and store lipids released from adipocytes in order to ensure gradual lipid release into 
the circulation (43). Recent studies have also focused on the function of other immune 
cell types in WAT inflammation, such as B cells. B cells were first reported to be present 
in adipose tissue in 2005 (44), and were subsequently found to be recruited to adipose 
tissue during high-fat diet (HFD) feeding (45). Winer et al. (46) showed that IgG, an antibody 
produced by B cells that activates complement and binds Fc receptors (FcRs), promotes 
insulin resistance and glucose intolerance. In chapter 3, we confirm that adipose tissue 
B cells and IgG are more abundant in obese compared to lean adipose tissue (also see 
graphical representation in Fig. 1 of this discussion). However, we showed that lack of FcγR 
and complement C3, the two pathways through which IgG signals, does not ameliorate 
the development of HFD-induced glucose intolerance. This implicates that presence of 
FcγR and complement C3 is not critical for the development obesity-associated glucose 
intolerance. When investigating adipose tissue inflammation, we found that mice lacking 
FcγR and complement C3 did not exhibit any or only marginal differences (i.e. increased 
number of macrophages in WAT only in mice lacking both FcγR and complement C3) in 
inflammation compared to controls. Perhaps, counter-regulatory mechanisms between 
different elements of the immune system prevent that effects on metabolic parameters are 
active in mice that lack FcγR or complement C3. Possibly, the number of natural killer cells 
or other immune cell types that we did not measure may be increased in adipose tissue, 
as has been shown in mice lacking B and T cells compared to wild-type mice fed a HFD 
(45). Counter-regulatory mechanisms within the immune system may stretch beyond up- 
or downregulation of entire immune cell populations, as elevated inflammatory cytokine 
responses can already compensate deficiency of others (47). Of note, our finding that 
deficiency of B cell-derived IgG downstream signalling pathways (i.e. FcγR and complement 
C3, chapter 3) does not ameliorate development of glucose intolerance is supported by 
the report that deficiency of B and T cells does not affect the onset of obesity and the 
state of insulin resistance in mice (45). Overall, the complexity and versatility of the immune 
system complicate the research into immune modulation of adipose tissue and metabolic 
disorders. Since removing B cells or B cell components without inducing compensatory 
effects by other constituents of the immune system is not possible, the precise role of B 
cells in WAT inflammation and insulin resistance remains obscure.
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In chapter 4, our purpose was to gain insight into the inflammatory state of WAT (and 
also skeletal muscle and blood) in a population with a high risk of type 2 diabetes. Since 
South Asians have an exceptionally high risk to develop this disorder compared to white 
Caucasians (48), we compared transcriptomic levels of a large panel of inflammatory, 
immune-regulating and immune cell subset markers in blood, skeletal muscle and WAT of 
overweight, pre-diabetic South Asian and matched white Caucasian men. It is generally 
known that obesity is associated with the infiltration of several immune cell types in WAT 
including macrophages, T cells and B cells, which are held responsible for the induction of 
chronic low-grade inflammation and development of insulin resistance (41). For this reason, 
we had expected increased expression of markers for these cell types in WAT of South 
Asians compared to white Caucasians. Surprisingly, expression levels of the main markers 
for immune cell subsets such as CD3, CD4 (T cells), CD19 (B cells) and the monocyte/
macrophage markers CD14, CD163 and CCL5 were comparable in WAT of South Asians 
and white Caucasians. Nevertheless, we revealed that South Asians have lower expression 
of interferon signalling genes in WAT than white Caucasians. These interferon signalling 
genes are transcribed by transcription factors called interferon regulatory factors (IRFs) 
(49). Interestingly, IRFs (IRF1-IRF9) were recently found to be expressed in adipose tissue, 
where they regulate adipogenesis (50). Subsequently, IRF4 was discovered to promote 
lipolysis and inhibit lipogenesis in adipocytes, indicating that this factor is involved in lipid 
handling within the adipose tissue. Moreover, lack of IRF4 increases adiposity in mice (51, 
52). In contrast to IRF4, IRF3 protects from HFD-induced obesity (53), suggesting that 
the different IRFs have opposing functions which might be explained if they compete 
for the same co-factors. Together, these data imply that altered regulation of upstream 
transcription factors for interferon signalling such as IRF3 and IRF4 could, at least in part, 
underlie the higher abdominal adiposity in South Asians compared to white Caucasians 
(48, 54). Besides, links between interferon signalling and glucose metabolism exist. Ifnβ1 
overexpression maintains healthy glucose homeostasis upon HFD feeding of mice (55) 
whereas IRF4 deficiency and adipose tissue-specific knockout of Ifnar1 deteriorate insulin 
resistance and glucose tolerance (52, 56). As South Asians are more glucose intolerant than 
white Caucasians (57), these data support the possibility of a link between the reduced 
interferon signaling in their WAT (chapter 4 and Fig. 1 of this discussion) and deteriorated 
glucose metabolism.

Obviously, interferon signaling may not be the only cause of the disadvantageous 
metabolic phenotype of South Asians. From literature it is known that South Asian newborns 
are characterized by elevated E-selectin and CRP levels in the cord blood, which suggests 
that endothelial dysfunction and enhanced inflammation are already present at birth in 
this population (58). Healthy lean adolescent South Asians have less BAT volume than 
matched white Caucasians (59), although this diminished BAT phenotype was not observed 
in the current study with overweight, pre-diabetic older South Asian and matched white 
Caucasian men (Boon & Hanssen, unpublished data). Nevertheless, the South Asians in the 
current study had reduced mitochondrial function as measured in skeletal muscle, which is 
probably the main reason for their lower energy expenditure compared to white Caucasians 
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(Boon & Hanssen, unpublished data). This finding matches the ‘mitochondrial efficiency 
hypothesis’ postulated by Bhopal and Rafnsson (60), who propose that differences in 
environmental stressors such as a cold environment for white Caucasians and a food 
shortage for South Asians have led to differences in mitochondrial coupling efficiency. 
As a result, white Caucasians produce relatively large amounts of heat during oxidative 
phosphorylation while in South Asians the conversion of energy to adenosine triphosphate 
(ATP) rather than to heat is maximised. The latter is very unfavourable in the current 
environment with abundance of food and reduced need to be physically active (60). It would 
be very exciting to assess whether evolutionary pressure led to differences in genes that 
contribute to mitochondrial function and inflammation in South Asians in genome-wide 
association studies in South Asians and white Caucasians. In addition, the relation between 
reduced interferon signalling in South Asians and their reduced mitochondrial function, 
BAT activity, energy expenditure and worsened glucose intolerance is an interesting field 
of future investigation.

THERAPEUTIC IMPLICATIONS

Obesity is associated with hyperlipidaemia (1, 2) and systemic inflammation (3, 4), which 
in turn are closely involved in the development of obesity-associated metabolic disorders 
(61, 62). In the first part of this discussion, lowering of cholesterol has already been passed 
in review and this is an effective strategy to reduce atherosclerosis and cardiovascular 
disease. In this section, additional strategies to constrain development of obesity-
associated disorders by lowering plasma lipids and/or reducing inflammation to decrease 
development of atherosclerosis and insulin resistance will be discussed.

Triglyceride combustion by BAT and beige WAT
A promising therapeutic approach to reduce plasma triglyceride levels is to increase 
combustion of fatty acids by BAT. Activation of β3-adrenergic receptors on brown adipocytes 
is the most well-known and potent way to induce thermogenesis and lipid combustion (63, 
64) and β3-adrenergic receptor agonists such as CL-316243 potently induce lipid uptake 
by BAT in mice (17). Many other compounds have also been identified to activate BAT. 
Among these, rimonabant (65), metformin (66),  glucagon-like peptide-1 receptor activation 
(67) and salsalate (chapter 5) also reduce plasma triglycerides. We showed that salsalate 
does this by directly activating BAT (Fig. 1), evidenced by increased uncoupled respiration 
and lipolysis in brown adipocytes. Although it was long thought that salicylates exert their 
beneficial metabolic effects through activation of AMPK (68, 69), we found evidence for 
an alternative intracellular mechanism dependent on the PKA pathway. A later report by 
Smith et al. (70) confirms that AMPK does not mediate the beneficial effects of salicylates. 
Although they primarily focussed on glucose metabolism rather than triglycerides, they 
showed that mice lacking the AMPK subunit that salicylates interact with still experience 
beneficial effects on glucose metabolism upon salicylate treatment. Interestingly, the same 
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group also provided evidence for a mechanism by which salicylate induces mitochondrial 
uncoupling independent of UCP1, possibly explained by the protonophoric effects of 
salicylates, i.e. the ability to move protons across lipid bilayers (70). The potential of 
salsalate to directly induce mitochondrial uncoupling in primary hepatocytes (70) may 
also explain why salsalate prevents non-alcoholic steatohepatitis (71). If salsalate indeed 
functions as a mitochondrial uncoupler in any cell type, this also clarifies how salsalate 
increases energy expenditure in human subjects (72). Other protonophoric compounds are 
probably effective to lower plasma triglycerides by activating BAT too. However, systemic 
treatment with mitochondrial uncouplers can be very dangerous; the mitochondrial 
uncoupler 2,4-dinitrophenol (DNP) induces weight loss but is associated with side effects 
like hyperthermia, tachycardia and death (73-75). In order to safely induce weight loss by 
activating BAT with mitochondrial uncouplers, improved ways to specifically target BAT 
would be warranted first.

A novel approach to activate BAT is via GPR120, a free fatty acid receptor that is 
activated by medium and long chain fatty acids (76). GPR120 is highly expressed in WAT and 
BAT and others have shown that GPR120 mediates anti-inflammatory actions of ω-3 fatty 
acids (77-79), plays a role in adipocyte differentiation (80), and enhances glucose uptake, 
which contributes to improved insulin sensitivity (77). Lack of GPR120 leads to obesity, 
glucose intolerance and hepatic steatosis (81). Our incentive to study whether stimulation 
of GPR120 could activate BAT was the fact that Gpr120 expression in BAT increases upon 
cold exposure (82), which indicates a role for GPR120 in thermogenesis. We found that lack 
of GPR120 increased fat mass and reduced energy expenditure, but did not have evident 
effects on triglyceride-rich lipoprotein turnover. Promisingly, injections with the GPR120 
agonist TUG891 increased fat oxidation and reduced fat mass (chapter 6). While we were 
performing these experiments, others already published that the GPR120 agonist GW9508 
activates BAT (Fig. 1) (83). Although these are encouraging results, future studies (which will 
soon be performed by Schilperoort et al.) will have to elucidate whether BAT activation by 
GPR120 agonists also leads to enhanced triglyceride-derived fatty acid uptake by BAT and 
consequently lower plasma lipids.

An alternative therapeutic approach is to induce the formation of beige adipocytes 
in WAT, because beige adipocytes probably also use triglycerides for nonshivering 
thermogenesis like classic brown adipocytes do. This is supported by the fact that fatty 
acid uptake in beige WAT upon β3-adrenergic stimulation increases while the WAT depots 
shrink (17). Beiging of WAT is typically induced by cold and catecholamine stimulation (17, 
84, 85), but many other stimuli that promote a beige phenotype are rapidly being discovered 
and include pharmacological activation of β3-adrenergic receptors (17, 64), thyroid 
hormone (86), glucagon-like peptide 1 receptor activation (67), fibroblast growth factor 
21 (87), and bone morphogenetic protein 7 (88). Furthermore, various components of the 
immune system have been implicated to promote beiging, such as alternatively activated 
macrophages (89, 90), eosinophils (91) and ILC2s (92, 93). Several cytokines were identified 
to be involved in the underlying mechanisms and recent evidence also points towards a 
prominent role for interferon regulatory factors in the regulation of beiging (52, 53). Thus, 
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genesis and activation of beige adipocytes is an alternative pharmacological strategy to 
combust lipids and thereby reduce lipid levels in the blood.

Although it was long thought that beige adipocytes are derived from Myf5+ precursor 
cells whereas white adipocytes are not, the current model of the differentiation process 
seems more complex as Myf5+ cells can also differentiate into white adipocytes. More 
specific factors that mark brown/beige adipogenesis (e.g. the transcription factor Ebf2) are 
presently being discovered (94). Gaining a better understanding of adipocyte development 
is a prerequisite for the development of compounds that promote beige adipocyte 
differentiation and is under investigation.

Cholesterol lowering strategies
Whether triglycerides are an independent risk factor for cardiovascular disease is still under 
debate (95), but cholesterol certainly is the main risk factor for atherosclerosis development 
(6). Therefore, cholesterol-lowering strategies are effective in battling atherosclerosis. 
In chapter 2, we found that mycobacterial  BCG infection lowered cholesterol partly 
by increasing hepatic uptake of cholesterol. We speculate that the accumulation of 
mycobacteria we detected in the liver could be responsible for this increased cholesterol 
uptake (Fig. 1 of this discussion), as mycobacteria use host cholesterol as an energy source 
(96-99). Since humans cannot use cholesterol as an energy source like triglycerides, the 
most effective strategy to lower cholesterol levels in humans is inhibition of HMG-CoA 
reductase, which decreases cholesterol synthesis in the liver. Other approaches are 
inhibition of intestinal cholesterol absorption and sequestration of bile acids. Bile acid 
sequestrants bind bile acids in the intestine, thereby preventing their reabsorption and 
leading to increased fecal excretion. This reduces the bile acid pool in the liver and thereby 
stimulates bile acid synthesis from cholesterol. Consequently, hepatic uptake of cholesterol 
is increased to replenish hepatic cholesterol levels and plasma cholesterol levels are 
lowered. The most recent addition to cholesterol lowering drugs are proprotein convertase 
subtilisin kexin type 9 (PCSK9) inhibitors. PCSK9 binds to the LDL receptor (mainly in the 
liver), resulting in intracellular degradation of the receptor and a subsequent decrease in 
LDL receptors on the plasma membrane. By preventing PCSK9 binding to LDL receptors 
with PCSK9 inhibitors, LDL receptor degradation is prevented, which results in increased 
LDL receptor expression and enhanced hepatic uptake of LDL from the circulation 
(100). As discussed above, BAT activation not only has the potential to reduce plasma 
triglyceride levels (101, 102), but activation of BAT by β3-adrenergic receptor stimulation in  
E3L.CETP mice also lowers cholesterol levels by indirectly accelerating the hepatic 
clearance of cholesterol-enriched remnants (17). Although (temporarily) introducing a 
cholesterol-consuming bacterium is far from optimal considering the pathogenic nature of 
e.g. Mycobacterium tuberculosis or Mycobacterium leprae (103), it would be neat to find a 
novel strategy to combust cholesterol in a similar way as BAT is able to burn triglycerides.
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Anti-inflammatory strategies
Taking into account the wide spectrum of inflammatory cells and cytokines that are 
elevated in obesity, targeting a single cell, factor or cytokine might not be efficient to reduce 
systemic inflammation and ways to manage the overall metabolic inflammation should be 
considered. In this light, salicylates, such as salsalate, are favourable as they inhibit the 
master regulatory protein complex of inflammation NF-κB and thereby transcription of 
many inflammatory cytokines (104). Despite the fact that salicylates were shown to lower 
glucose levels in diabetic individuals more than 100 years ago (4, 105), and since then a large 
amount of research was dedicated to the role of inflammation in both insulin resistance 
and atherosclerosis, salicylates have not been applied in the clinic to treat these disorders 
yet. In chapter 5, we show that salsalate not only improves glucose metabolism, but also 
reduces inflammation in WAT (Fig. 1 of this discussion). Although we did not demonstrate 
a causal relationship between the reduced adipose tissue inflammation and the improved 
glucose metabolism observed, it does confirm that the two effects go together. Promisingly, 
salicylate was also shown to reduce atherosclerosis partly by quenching inflammation. As 
described above, this was proven by showing that salicylate treatment reduces hepatic 
NF-κB activity and macrophage content in plaques further than low cholesterol feeding (to 
achieve similar plasma cholesterol levels in the salicylate-treated and the control group) 
did (24).

Since South Asians have reduced expression of type 1 interferon signalling in WAT 
(chapter 4) and a disadvantageous metabolic phenotype including obesity and insulin 
resistance (106, 107), one could speculate that anti-inflammatory type 1 interferons would 
qualify to treat adipose tissue inflammation and/or insulin resistance and atherosclerosis in 
this population. Interferons are currently used to treat viral infections (108) but have never 
been applied or tested to treat metabolic inflammation. Although more insight into the 
link between interferon signalling in adipose tissue and metabolic health would be useful, 
investigating whether interferon treatment would be effective to reduce metabolic disease 
in humans does not entail a high risk because interferons are approved drugs (108).

In summary, type 2 diabetes and atherosclerosis are both characterized by systemic 
inflammation and a decent amount of evidence suggests that targeting inflammation with 
pharmacological interventions may improve these metabolic disorders.

TRANSLATIONAL CHALLENGES

Large quantities of studies aimed at reducing the obesity epidemic and related morbidities 
are currently being performed in mice, which ultimately need to be translated towards the 
human situation. For instance, anti-inflammatory strategies to reduce atherosclerosis 
and insulin resistance may deserve faster implementation in the clinic if only we could 
show how and to which extent the immune system exactly contributes to these metabolic 
derangements in humans. The fact that lipid metabolism and inflammation are intertwined 
(7) complicates progress within this field of research. HMG-CoA reductase inhibitors 
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(i.e. statins) reduce C-reactive protein (CRP, a marker of inflammation) levels besides 
lowering LDL cholesterol in clinical trials (109-111). When added to statins, the cholesterol 
absorption inhibitor ezetimibe also reduces CRP (112). It was recently reported that PCSK9 
is directly involved in promoting inflammatory processes (113, 114) and thereby contributes 
to atherosclerosis independent of cholesterol, which suggests that even PCSK9 inhibition 
may reduce inflammation (114). Comparative studies into the differential effects of 
statins, ezetimibe and PCSK9 inhibitors on cholesterol levels, inflammatory markers and 
cardiovascular outcome may shed more light upon the relative contribution of inflammation 
and cholesterol on cardiovascular disease in humans. It would also be interesting to take 
along assessment of the inflammatory phenotype of WAT and skeletal muscles more often 
in clinical studies as we did in chapter 4, to gain a better understanding of potential anti-
inflammatory effects of promising compounds on these tissues.

With regards to lowering triglycerides by activating BAT and beige WAT, combusting lipids 
this way prevents obesity and atherosclerosis in mice, but the translational value of these 
promising results from different mouse models for the human situation is still uncertain. 
Interscapular classical BAT in mice does not regress with age whereas adult humans no 
longer possess this classical BAT depot. Another difficulty in extrapolating mouse data to 
the human is the fact that humans are usually situated in a thermoneutral zone (±25°C) due 
to the wearing of clothes, while mice are often housed at room temperature (18-22°C) at 
which BAT is active. Housing mice in their thermoneutral condition (30°C) would be more 
comparable to the human situation, which is not always acknowledged. Future studies BAT 
activation and beiging in mice should therefore preferably be performed at 30°C.

Interestingly, mechanisms of beiging of WAT display more similarities between mice 
and humans. Hormones, immune cells or cytokines that induce beige adipocytes in mice 
are also present in humans, suggesting that beiging via those mechanisms can also occur 
in humans. For example, presence of ILC2s in human adipose tissue has been confirmed, 
suggesting that the circuit of ILC2s, eosinophils, type 2 cytokines and anti-inflammatory 
macrophages that induce beiging in mice, is also operational in human beiging (115). Severe 
beiging of WAT is also seen in patients with pheochromocytoma, a catecholamine-secreting 
tumor. This condition indeed leads to increased energy expenditure (116). Together, these 
observations support a similar mechanism behind beiging in humans and in mice, although 
beiging capacity and its contribution to energy expenditure in humans still needs to be 
determined in detail.

Potential drugs that induce beiging of WAT in humans are currently being tested in the 
clinic (117). A possible target would be the β3-adrenergic receptor, although it is not specific 
for brown adipocytes as it is expressed in a variety of organs. Until recently, β-adrenergic 
receptor agonists had not been shown to have major effects on energy balance. In 2015, it 
was shown that a latest generation β-adrenergic receptor agonist, mirabegron (approved to 
treat the overactive bladder), activated BAT evidenced by increased [18F]fluorodeoxyglucose 
(FDG) uptake, and increased energy expenditure in healthy male subjects (118). As for 
targeting inflammation, the effects of salsalate (chapter 5) are currently being investigated 
in clinical trials (119-122). Promisingly, some studies show that salsalate improves glycemic 
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Figure 1. Immune modulation of adipose tissue and lipid metabolism. See text for explanation. BAT, 
brown adipose tissue;  BCG, Bacille-Calmette-Guérin; IFN, interferon; TRL, triglyceride-rich lipoprotein; 
WAT, white adipose tissue.
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control (123) and reduces systemic inflammation (119, 124, 125). However, salsalate did not 
reduce noncalcified coronary plaque volume in man (119), and thus the question remains 
whether reducing inflammation per se also reduces cardiovascular disease in humans.

Besides receptor-targeted drugs, diet and nutritional components can be considered as 
an alternative strategy to modulate thermogenesis and inflammation in humans. Although 
it is known that brown, beige and white adipocytes are fuelled by glucose and fatty acids, 
large knowledge gaps still exist. We still do not know whether different types of dietary fatty 
acids or carbohydrates elicit distinct effects on thermogenesis and inflammation. Whereas 
saturated fatty acids promote inflammation and are detrimental for metabolic health 
(126), n-3 fatty acids are anti-inflammatory and act beneficially (127). Whether dietary n-3 
fatty acids activate BAT or promote beiging remains to be investigated. As for specific 
carbohydrates, hardly anything is known about their effects on BAT activity or beiging. 
Almost 30 years ago, Walgren et al. (128) showed that dietary carbohydrates increase 
noradrenaline turnover in heart and/or BAT of rats, unrelated to the type of carbohydrate 
(i.e. fructose, sucrose, dextrose, corn starch) (128). These promising data have not been 
followed up. Other nutritional components of interest may be amino acids. High plasma 
concentrations of branched-chain amino acids are found in obesity and type 2 diabetes, 
and they are associated with increased cardiovascular risk (129). In mice, dietary restriction 
for the amino acid methionine activates BAT (130). Together, this suggests that altered 
intake of amino acids could modulate metabolic health. Future research might shed light on 
the underexposed aspect of modulating inflammation and thermogenesis and ultimately 
metabolic health by nutritional components.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The immune system plays an important role in brown and white adipose tissue and lipid 
metabolism and mechanisms behind the interactions between immune cells, adipocytes 
and lipids are gradually being uncovered. These mechanisms could yield targets to 
develop novel therapeutic strategies to lower plasma lipid levels, attenuate adipose tissue 
and systemic inflammation, and ultimately reduce atherosclerosis and insulin resistance. 
Currently, the most favourable novel approach to eliminate triglycerides and possibly also 
cholesterol is by increasing combustion of fatty acids in BAT or beige adipocytes in WAT. 
Combining this with anti-inflammatory therapies to restrain systemic and adipose tissue 
inflammation will probably further improve metabolic outcome by uncoupling obesity from 
its associated disorders that are mediated by inflammation. Since the immune system 
and its functioning are very complex, targeting central mediators of inflammation (i.e. 
transcription factors or upstream regulators of main inflammatory pathways such as NF-κB 
or IRFs) are probably preferred.

In order to find novel and effective therapeutic targets, the challenge is to identify the 
metabolic crosstalk between (brown, beige and white) adipocytes and immune cells and 
the order of events that occur during obesity development. Immune modulation of adipose 
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tissue and lipid metabolism will not come down to an individual immune cell type and will 
involve significant crosstalk between different cell types. Important questions to further 
address include: What are the immune regulatory effector molecules that are secreted by 
adipocytes to attract or regulate immune cells? How are browning and the immune system 
regulated in obesity? And how do these processes change during aging? And last but not 
least, it is of great importance to translate these findings towards the clinic in favour of 
developing effective and safe treatment options for the patient.
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