Universiteit

4 Leiden
The Netherlands

Systemic and white adipose tissue inflammation in obesity and insulin

resistance
Beek, L. van

Citation
Beek, L. van. (2017, May 24). Systemic and white adipose tissue inflammation in obesity and
insulin resistance. Retrieved from https://hdl.handle.net/1887/49009

Version: Not Applicable (or Unknown)
) Licence agreement concerning inclusion of doctoral thesis in the
License:

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/49009

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/49009

Cover Page

The handle http://hdl.handle.net/1887/49009 holds various files of this Leiden University
dissertation.

Author: Beek, L. van
Title: Systemic and white adipose tissue inflammation in obesity and insulin resistance
Issue Date: 2017-05-24


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/49009
https://openaccess.leidenuniv.nl/handle/1887/1�




122

Chapter 7

Discussion

As the obesity epidemic is still increasing, strategies to prevent and treat obesity and related
pathologies are urgently needed. Obesity-induced inflammation is thought to contribute to the
development of metabolic disorders. Therefore, inflammatory pathways that play a role in obesity-
induced inflammation are potential promising targets in the treatment of metabolic disorders.
Extensive knowledge on obesity-induced inflammation and the role of inflammatory pathways in the
development of metabolic disorders can benefit the development of these therapeutic strategies.
Mouse models are widely used to study obesity and related disorders. However, to what extent
mouse-derived results translate to humans has not been studied extensively yet. Obesity-induced
inflammation and its role in the development of insulin resistance, as well as the similarities of these
processes between humans and mice have been addressed in this thesis. The new findings described
in this thesis will be summarized and discussed in this final chapter. Additionally, clinical implications
of obesity-induced inflammation as target to treat metabolic disorders and future perspectives will be

addressed.

Summary of the new findings

In this thesis, we determined to what extent metabolic health of obese humans is associated with
obesity-related inflammation. WAT depot expandability and composition of the immune cells were
determined during the development of obesity in mice, and the immune cell composition of the
circulation and WAT were compared between obese humans and mice. Additionally, the role of Fc-
receptors and the complement pathway in obesity-induced insulin resistance were studied. The main
findings of this thesis are listed below:

—  Metabolic health is associated with inflammatory status; obese women with T2DM have
increased numbers of circulating leukocytes and higher levels of IL6 in the circulation as
compared with metabolically healthy obese women (Chapter 2)

—  DIO male C57BI/6J mice exhibit metabolic dysfunction from a body weight of 40 grams
onwards, which seems to be directed by the limited storage capacity of gWAT (Chapter 3)

—  The different WAT depots of male C57BI/6J mice differ with respect to expandability and
immune cell composition (Chapter 3)

—  The composition of immune cells in the circulation and WAT differs remarkably between
obese humans and mice; mice have relatively higher numbers of B cells in both the circulation
and WAT (Chapter 4)

—  The effect of obesity on circulating immune cells shows similarities between humans and
mice, including increased activation of lymphocytes and higher numbers of monocytes
(Chapter 4)

—  FcRy-chain deficiency reduces the development of diet-induced obesity and associated WAT
inflammation. This can, at least partly, be explained by increased lean mass and altered gut

microbiota of the FcRy-chain deficient mice (Chapter 5)
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—  1gG in WAT increases with increasing body weight in mice (Chapter 6)
—  If obesity-induced IgG antibodies contribute to the development of insulin resistance, this is

not dependent on FcyR or complement mediated pathways (Chapter 6)

Adipocytes in the development of metabolic disorders

Although obesity is known as a primary risk factor for the development of metabolic disorders, 20-
25% of obese subjects are seemingly metabolically healthy, and it is not yet known why specifically
some people remain healthy whereas others develop T2DM. Metabolically healthy obese subjects are
considered as individuals with excessive weight, who are relatively insulin sensitive with a healthy lipid
profile including low TG and fasting glucose levels, and who lack any signs of metabolic dysfunction
(1). Adipocytes are thought to play an important role in the development of obesity related metabolic
disorders. As long as obesity coincides with healthy normal functioning adipocytes, triglycerides (TG)
can be properly stored in the adipose tissue and will not accumulate in peripheral tissues. Additionally,
healthy non-stressed adipocytes produce less pro-inflammatory mediators compared to enlarged
stressed adipocytes. Thus, normal functioning adipocytes that are still able to expand and thus can
cope with the excessive lipid load during obesity, may be crucial for metabolic health. However, what
are the determinants for adipocytes to expand without getting stressed, and how does this translate
to metabolically healthy obesity? Metabolically healthy obese persons might have a genetic advantage
that leads to better processing and storage of the increased lipid load. Whether metabolically healthy
obese individuals always remain healthy seems questionable. Especially when obesity progresses, at
some point the adipocytes will reach their limit for healthy expansion, and this will eventually and
unavoidably lead to metabolic dysfunction.

Adipose tissue distribution is known as a major factor in the development of metabolic disorders
and varies widely between individuals. Especially vVWAT has been associated with the development
of metabolic disorders (2), and is thought to exert more negative effects on health as compared with
SWAT. Adipose tissue distribution might also contribute to the difference in metabolic health between
equally obese individuals, however, the factors determining body fat mass and fat distribution are
still largely unknown (3-5). A role for developmental genes in regulating body fat distribution has
been suggested by several GWAS studies (6-9). Genetic variation in adipose tissue depot specific
expression patterns of developmental transcription factors involved in embryological development,
may contribute to differences in proliferation and differentiation capacity of the adipocytes in different
depots and regulate fat distribution (10, 11). Inflammatory signals may also regulate adipose tissue
depot specific growth and fat distribution. Recently, a role for the inflammatory component NLPR3-
inflammasome has been described in the limited expansion capacity of sSWAT and the development
of insulin resistance in humans. The inflammasome down regulates adipogenesis (12). In chapter
2 we found no differences in waist circumference, total body fat percentage, or adipocyte size of
the different depots between morbidly obese women with and without T2DM. Thus, in our study

population, fat distribution did not seem to be associated with metabolic health, or to explain the
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difference in inflammation. However, as our study population is already morbidly obese for at least
five years, it is possible that fat distribution is an important regulator of metabolic health primarily
in the initial phase of the development of obesity. In chapter 3, we have determined inter-depot
differences regarding adipocyte size and WAT depot expansion during the development of obesity
in male C57BI/6J mice. There we found an association between limited gWAT adipocyte expansion
capacity and insulin resistance. This indicates that capacity of the gWAT depot to expand determines
the development of metabolic disorders in mice. Whether humans have such a WAT depot expansion
capacity threshold for the development of metabolic disorders requires further investigation. As
humans have high inter-individual variability due to genetic and environmental variation, a general
threshold for the development of metabolic disorders may be challenging to find.

Interestingly, the limited capacity of subcutaneous adipocytes to expand has recently been
suggested as adeterminant of metabolic disease and adipocyte dysfunctionin humans(13). Comparable
to what we showed in the gWAT depot in mice (chapter 3), in humans the limited expansion capacity of
subcutaneous adipocytes seems to result in increased hypertrophy of visceral adipocytes and adipose
tissue dysfunction. A previous study determined increased visceral adipose tissue and liver fat as the
best predictor for insulin resistance (14). The expansion capacity of adipocytes from the human sWAT
depot might therefore be an important factor in the development of metabolic disorders. To address
the role of adipose tissue expansion, inflammation, and function in the development of metabolic

disorders, longitudinal studies in humans during the development of obesity are crucial.

Adipocytes as a potential therapeutic target to treat metabolic disorders

Increasing the adipocyte plasticity and the adipose tissue expansion capacity might be a way to
decrease WAT dysfunction and inflammation during obesity. There are several potential means to
improve adipocyte and WAT functioning. The first option would be to increase the expandability of
the individual adipocyte, which would lead to increased lipid storage capacity of the adipose tissue,
without associated stress. Adipocyte expandability is limited by multiple factors, including intracellular
lipid droplet size, oxygen supply and extracellular matrix remodelling (15). Adipocyte specific proteins
like Plinl and Fsp27 have been shown to be crucial for metabolic flexibility and cell growth of the
adipocyte (16, 17). For instance, mice deficient for Fsp27 have small adipocytes and associated
impaired lipid storage capacity, which leads to hepatic steatosis and insulin resistance upon HFD
feeding (18). Fsp27 interacts with adipocyte triglyceride lipase (ATGL) and thus plays a role in the
regulation of TG-storage. By increasing adipocyte specific proteins like Fsp27, adipocytes might be
able to grow larger.

Another way to increase the lipid storage capacity of the adipose tissue, is to increase the number
of adipocytes in the adipose tissue. Adipocyte hyperplasia can only be facilitated by adipogenesis, and
thus increasing the number of pre-adipocytes differentiating into adipocytes. Adipocytes are typically
derived from adipose tissue resident mesenchymal progenitor cells. Recently, it has been suggested

that adipocytes could also be derived by de novo production from bone marrow progenitor cells,
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which indicates an alternative lineage involved in adipogenesis (19). These new findings contribute
to the possibilities to increase the availability of pre-adipocytes for recruitment in the expanding
adipose tissue depots. Both adjustments would improve fat storage in the adipose tissue rather than
in peripheral tissues, and additionally would lower the obesity induced adipocyte stress, which both

improve metabolic health.

Obesity-induced inflammation in the development of metabolic disorders

In humans, the effect of obesity-associated inflammation has been extensively studied in the adipose
tissue itself. Systemic inflammation has primarily been assessed by measuring circulating cytokine
levels during obesity. However, the composition of the circulating immune cell pool and activation
status thereof has not been examined thoroughly thus far. We performed an extensive analysis
of immune cell composition and activation status in the circulation as described in chapter 2.
Furthermore, metabolically healthy versus unhealthy obesity is poorly understood. We specifically
addressed the hypothesis that obesity-induced inflammation is a determinant of the difference in
metabolic health between obese individuals. In this thesis, we indeed showed that metabolic health
is associated with obesity-related inflammation, as both adipose tissue and systemic inflammation
was higher in obese women with T2DM as compared to metabolically healthy obese women (chapter
2). However, the factors that lead to the differences in inflammatory status of obese woman with and
without T2DM have not been revealed yet.

Previous studies in humans showed increased adipose tissue as well as systemic inflammation
during obesity (20-22). In mice, the effect of obesity on adipose tissue inflammation has been
extensively studied, however, obesity-induced systemic inflammation has been under-investigated
so far, as also reviewed by Ip et al (23). In chapter 2 and 4 we showed that obesity is associated
with increased lymphocyte activation and increased numbers of monocytes in the circulation of both
humans and mice. Additionally, we showed higher numbers of T cells, B cells and macrophages in the
adipose tissue of mice with increasing obesity (chapter 3). It thus seems that systemic inflammation
reflects the inflammatory status of the adipose tissue. The local inflammatory response in the adipose
tissue during obesity may result in a spillover of inflammatory mediators into the circulation. Cytokines
and chemokines from the adipose tissue can be released into the circulation, thereby inducing low-
grade systemic inflammation and also promoting inflammation in other tissues.

In addition to inflammatory cytokine from hypertrophic adipocytes, other possible inducers of
inflammation are released. Stressed and hypertrophic adipocytes have a disturbed lipid metabolism
that can directly contribute to a pro-inflammatory state. Saturated fatty acids derived from or
poorly stored by adipocytes are able to increase inflammation by binding to Toll like receptors (24).
Furthermore, saturated fatty acids have been shown to increase reactive oxygen species (ROS), which
also can stimulate inflammatory pathways, like the inflammasome complex, which in turn results in
increased levels of the pro-inflammatory cytokine IL-1B (25).

Recently, the role of the gut microbiota in the development of metabolic disorders received much

125



126

Chapter 7

attention. It has been shown that obese human subjects have an altered bacterial composition in their
gut, compared to lean human subjects (26, 27). Conversely, altering the microbiota of obese humans
and mice by transfer from a healthier, lean phenotype, results in a better metabolic phenotype with
increased insulin sensitivity (26, 28). This supports a role for the microbiota in the development of
obesity induced inflammation and the development of metabolic disorders. Another gut related
hypothesis that might contribute to inflammation is the leaky-gut syndrome. It is known that the
altered gut microbiota in obesity are associated with changes in the digestion and absorption of food
(29). This gut dysbiosis is also thought to lead to increased intestinal permeability, allowing endotoxins

from the microbiota to enter the blood stream inducing systemic inflammation.

Antibodies in the development of metabolic disorders

In this thesis, we specifically focused on the role of IgG antibodies in the development of metabolic
disorders. We showed in chapter 2 an increased activation status of circulating B cells in obese women
compared to age matched lean women. Furthermore, we found increased levels of I1gG antibodies
in the adipose tissue with increasing obesity (chapter 6). However, we could not prove that IgG
antibodies are causative in the development of IR, as described in chapter 5 and 6. In addition, it
remains unclear to which antigens these obesity-induced antibodies are directed. Stressed and dying
adipocytes are suggested as a source of the antigens during obesity. It is generally known that dying
adipocytes are surrounded by macrophages, characterized as CLS that phagocytose the cell debris. We
showed that IgG antibodies co-localise with CLS, and are thus surrounding dying adipocytes. This co-
localization consists of FcR mediated IgG-macrophage interaction, but is also partly FcR independent
as we showed in chapter 6. This suggest that these antibodies are sampling antigens from these
dying adipocytes to induce immune responses. We and others tried to reveal the antigens to which
the obesity induced 1gG antibodies respond (chapter 6, 30), however we were not able to identify
specific obesity antigens yet. Winer did show increased IgG antibodies targeting general intracellular
components in the circulation of insulin resistant versus insulin sensitive subjects. If the obesity related
antigens originate from the AT, it might be a valuable approach to search for the antigens specifically in
the human AT rather than in the circulation.

The underlying mechanisms driving obesity induced low-grade chronic inflammation are still poorly
understood. Both the adaptive and innate immune responses have been recognized as key players in
these inflammatory responses. Since autoantigens have been discovered to be present during obesity,
the question arises if T2DM is possibly an autoinflammatory disease and thereby innate immune
response driven, or an autoimmune disease and adaptive immunity driven. The presence of obesity
related autoantibodies indicates that T2DM and insulin resistance may be autoimmune diseases. T2DM
might thus be more similar to type 1 diabetes than originally thought, which is generally considered
as a typical autoimmune disease. The innate immune system has also clearly proven its role in obesity
induced inflammation. Especially macrophages have been implicated, which are known to take up and

process excessive TG as well as to phagocytose dying and dead adipocytes. Both processes are able to
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induce immune responses that can be recognized as autoinflammatory. With the current knowledge,
| would not consider T2DM as a typical autoimmune nor a typical autoinflammatory disease, as it

combines aspects of both.

Inflammation as a potential therapeutic target to treat metabolic disorders

As obesity-induced inflammation is known to contribute to the development of insulin resistance,
inflammatory pathways seem promising targets to treat insulin resistance and T2DM. The anti-
inflammatory drug aspirin seems to improve multiple metabolic measurements in T2DM patients
(32), it may improve insulin sensitivity by preventing serine phosphorylation of the IRS proteins
(33). However, the therapeutic value of high-doses of aspirin is limited by its side effects, including
gastric ulcer formation and increased risk of bleeding and stroke. Salsalate, which similarly as aspirin
belongs to the salicylate class of drugs, is not associated with these side effects. Salsalate is therefore
recognized as a useful option in the treatment of insulin resistance and T2DM (34). Since 1876 salsalate
has already been suggested as possible treatment for T2DM, and a recent study showed improved
metabolic functioning in T2DM patients by salsalate (35). However, until now, salsalate has received
limited study as potential treatment for T2DM, and larger clinical trials are needed.

Statins, generally used as lipid-lowering drugs, have been tested in clinical trials for a potential
improvement of insulin sensitivity. Treatment with statins reduced cytokines and pro-inflammatory
markers in the circulation, though no beneficial effect on glucose metabolism could be observed
(36). In contrast, high-dose statin use is associated with increased risk for T2DM (37). Furthermore,
blocking the Il1b signaling pathway by administration of neutralizing antibodies or administration of
IL1 receptor antagonist does show beneficial effects on glucose metabolism in both obese humans and
DIO-mice (38-42). Improved blood glucose levels after treatment of T2DM patients was attributed to
enhanced pancreatic B-cell function, however, no effect on insulin sensitivity could be observed (43).
TNF blockers did reduce blood glucose levels when used to treat patients with rheumatoid arthritis,
as well as marginal effects in obese individuals (44-46). However, anti-TNF treatment has not been
effective in improving glucose metabolism in T2DM patients thus far (47-50).

Another anti-inflammatory compound is dexamethasone, a member of glucocorticoid family of
drugs which is considered the most effective compound to treat inflammatory diseases. However,
dexamethasone therapy was associated with deteriorated insulin sensitivity in a clinical trial with
healthy young males (51), likely due to systemic side effects. A strong reduction of inflammation may
not only block the adverse, but also the beneficial effects of inflammation on energy metabolism and
insulin sensitivity. It is suggested that inflammation regulates energy metabolism in a feedback manner
by increasing energy expenditure (52). In a recent study, we studied the glucocorticoid receptor (GR)
modulator C108297. This selective GR modulator combines both GR antagonism, which is known to
reduce diet-induced obesity and GR agonism, which is known to reduce diet-induced inflammation
(53). Selective GR modulation might thereby be a potential strategy to reduce obesity and related

insulin resistance.

127



128

Chapter 7

Anti-inflammatory therapies fail to improve insulin sensitivity in both animal models and clinical
trials thus far (31). Failure of these drugs to treat insulin resistance is probably primarily caused by the
complexity and comprehensiveness of obesity induced inflammation, with numerous inflammatory
signals and immune responses involved. Targeting inflammatory pathways to treat T2DM seems
more difficult than suggested, which may be explained by the fact that inflammatory pathways are
involved in almost all physiological processes and diseases. Furthermore, it could also be risky to
alter inflammatory responses, as the capacity to destroy invading pathogens may also be affected
by anti-inflammatory agents. To circumvent interfering with general inflammatory processes in the
body, targeting the inducer of obesity related inflammation instead of the inflammatory pathways
itself, might be a relevant manner in the treatment of metabolic disorders. In this way, the obesity
induced inflammation and thus the development of metabolic disorders can be diminished without
affecting general inflammatory processes. This strengthens the value for identifying the antigens or
other inducers of obesity related inflammation. Future studies should focus on unravelling the source

and type of the inducers of obesity related inflammation.

Diet-induced obese mouse models to study metabolic disorders in humans

In this thesis, we have addressed mouse to human translatability, studying to what extent the situation
in mice mimics the situation in humans in terms of WAT inflammation and development of insulin
resistance during obesity. The expansion and immune cell composition of the different WAT depots
during the development of obesity in mice has been extensively described in chapter 3. We found
that the composition of the different WAT depots was very different, however, with increasing obesity,
all depots had increasing numbers of macrophages, primarily of the pro-inflammatory M1 type. It is
difficult to determine the immune cell populations in human adipose tissue over time with progressing
obesity. We were therefore not able to perform a one to one comparison of the effect of obesity
on the AT expansion and composition. However, we did compare systemic inflammation between
lean and obese humans and mice (chapter 4). Even though the immune cell composition of the
circulation is different between humans and mice, they both show increased lymphocyte activation
and higher numbers of monocytes in the circulation in the obese condition. This indicates a similar
effect of obesity on the immune cells, and thus a comparable obesity-induced inflammatory response
in humans and mice. DIO mouse models can therefore be considered as a useful tool in the field of
obesity research regarding obesity related inflammation.

We showed in chapter 3 that gWAT is the depot to be primarily affected as well as the depot that
shows an increase in all immune cell subtypes during the development of obesity. According to these
data, the gWAT depot is most suitable to be analysed when studying the underlying mechanisms behind
obesity induced WAT inflammation in mice. When studying the effect of immunological pathways on
obesity-related disorders, immune deficient mouse models and immunological modulators might,
next to changing immunological pathways, also affect body weight. This makes it very difficult to

interpret the obesity-related results. When studying WAT inflammation and insulin resistance in mice,
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differences in body weight should be recognized and if possible corrected for as this is an important
confounding factor.

In this thesis, we have specifically focussed on the role of immunoglobulins (Ig) during obesity and
primarily on IgG antibodies and related pathways, including the Fc-receptor pathway and complement
system. For this purpose, we have used genetically modified mouse models as a tool to study the role
of immune cells or immunological pathways in the development of obesity related inflammation. It
has been shown that circulating 1gG antibodies increase with obesity in mice (30). We additionally
showed increased IgG in the adipose tissue of mice with increasing body weight (chapter 6). We found
that mice have a much higher number of B cells in the circulation and the adipose tissue compared to
humans (chapter 4). As IgG antibodies are produced by B cells, it is possible that the I1gG effect induced
by obesity is mouse specific, and may be of less importance in the human situation. However, although
the number of B cells in the circulation is lower in humans, we did observe increased numbers of
activated B cells in the human circulation with obesity (chapter 2). Furthermore, it has been shown
that obesity increases systemic IgG levels in humans as well (54). Whether IgG plays a role in both mice

and humans during obesity thus requires further investigation.

Concluding remarks

Thus far, the mechanisms driving obesity-indSuced inflammation and the contribution thereof to
metabolic disorders are not fully understood. This thesis described obesity-induced systemic and WAT
inflammation in mice, and showed comparable effects of obesity on circulating immune cells between
humans and mice. Furthermore, we determined that inflammatory status is associated with metabolic
health in obese human subjects. Despite the fact that human studies are more difficult to carry out,
costly and time consuming, they are crucial for a proper understanding of human pathology and to
find potential targets to treat metabolic diseases. Therefore, more effort should be put into performing
large scale longitudinal clinical trials focussing simultaneously on systemic and WAT inflammation in
lean and obese subjects, with and without metabolic disorders. Longitudinal studies might eventually
provide us with insight in the starting point of adipose tissue dysfunction and metabolic disorders in
humans and they might provide clues towards the driver(s) of these processes. Nevertheless, mouse
models have contributed greatly to our current knowledge. The data described in this thesis indicates
a similar response of immune cells from humans and mice in obesity, which highlights the value and
relevance of animal models in obesity research. In my view, mechanistic animal studies and human
clinical trials are highly complementary and should be performed side by side to improve relevance
and applicability for human therapeutic target discovery.

In conclusion, although ideally diet and exercise would be the best way to prevent obesity and
metabolic disorders, this is obviously not effective in reducing obesity in our current society. Immune
cells as well as inflammatory factors that have been shown to contribute to obesity related pathologies
seem attractive targets in the fight against obesity and metabolic disorders. However, as the immune

system is a very delicate and complex system comprising interaction and compensation from other
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inflammatory pathways, obesity-induced inflammation might be too ambitious as a target. Therefore,
| suggest that instead of broadly decreasing inflammatory responses, targeting the inducers of the
inflammation would be a more promising approach to decrease obesity related inflammation and
metabolic disorders. Our data suggest that obesity related antigens represent novel targets to treat

obesity related insulin resistance.



Summarizing discussion

Reference list

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Brochu M, Tchernof A, Dionne 1J, Sites CK, Eltabbakh GH, Sims EA, et al. What are the physical characteristics
associated with a normal metabolic profile despite a high level of obesity in postmenopausal women? The
Journal of clinical endocrinology and metabolism. 2001;86(3):1020-5. Epub 2001/03/10.

Bigornia SJ, Farb MG, Mott MM, Hess DT, Carmine B, Fiscale A, et al. Relation of depot-specific adipose
inflammation to insulin resistance in human obesity. Nutrition & Diabetes. 2012;2(3):e30.

Vohl MC, Sladek R, Robitaille J, Gurd S, Marceau P, Richard D, et al. A survey of genes differentially expressed
in subcutaneous and visceral adipose tissue in men. Obesity research. 2004;12(8):1217-22. Epub 2004/09/02.

Yoneyama S, Guo Y, Lanktree MB, Barnes MR, Elbers CC, Karczewski KJ, et al. Gene-centric meta-analyses for
central adiposity traits in up to 57 412 individuals of European descent confirm known loci and reveal several
novel associations. Human molecular genetics. 2014;23(9):2498-510. Epub 2013/12/19.

Hilton C, Karpe F, Pinnick KE. Role of developmental transcription factors in white, brown and beige adipose
tissues. Biochimica et biophysica acta. 2015;1851(5):686-96. Epub 2015/02/11.

Norris JM, Langefeld CD, Talbert ME, Wing MR, Haritunians T, Fingerlin TE, et al. Genome-wide association
study and follow-up analysis of adiposity traits in Hispanic Americans: the IRAS Family Study. Obesity (Silver
Spring, Md). 2009;17(10):1932-41. Epub 2009/05/23.

Fox CS, Liu Y, White CC, Feitosa M, Smith AV, Heard-Costa N, et al. Genome-wide association for abdominal
subcutaneous and visceral adipose reveals a novel locus for visceral fat in women. PLoS genetics.
2012;8(5):€1002695. Epub 2012/05/17.

Gesta S, Bliher M, Yamamoto Y, Norris AW, Berndt J, Kralisch S, et al. Evidence for a role of developmental
genes in the origin of obesity and body fat distribution. Proceedings of the National Academy of Sciences of
the United States of America. 2006;103(17):6676-81.

Yamamoto Y, Gesta S, Lee KY, Tran TT, Saadatirad P, Kahn CR. Adipose depots possess unique developmental
gene signatures. Obesity (Silver Spring, Md). 2010;18(5):872-8. Epub 2010/01/30.

Djian P, Roncari AK, Hollenberg CH. Influence of anatomic site and age on the replication and differentiation
of rat adipocyte precursors in culture. Journal of Clinical Investigation. 1983;72(4):1200-8.

Hauner H, Entenmann G. Regional variation of adipose differentiation in cultured stromal-vascular cells from
the abdominal and femoral adipose tissue of obese women. International journal of obesity. 1991;15(2):121-
6. Epub 1991/02/01.

Kursawe R, Dixit VD, Scherer PE, Santoro N, Narayan D, Gordillo R, et al. A Role of the Inflammasome in
the Low Storage Capacity of the Abdominal Subcutaneous Adipose Tissue in Obese Adolescents. Diabetes.
2016;65(3):610-8. Epub 2016/01/01.

Laforest S, Labrecque J, Michaud A, Cianflone K, Tchernof A. Adipocyte size as a determinant of metabolic
disease and adipose tissue dysfunction. Critical reviews in clinical laboratory sciences. 2015;52(6):301-13.
Epub 2015/08/21.

Kloting N, Fasshauer M, Dietrich A, Kovacs P, Schon MR, Kern M, et al. Insulin-sensitive obesity. American
journal of physiology Endocrinology and metabolism. 2010;299(3):E506-15. Epub 2010/06/24.

Halberg N, Khan T, Trujillo ME, Wernstedt-Asterholm |, Attie AD, Sherwani S, et al. Hypoxia-inducible factor
lalpha induces fibrosis and insulin resistance in white adipose tissue. Molecular and cellular biology.
2009;29(16):4467-83. Epub 2009/06/24.

Puri V, Konda S, Ranjit S, Aouadi M, Chawla A, Chouinard M, et al. Fat-specific protein 27, a novel lipid droplet
protein that enhances triglyceride storage. The Journal of biological chemistry. 2007;282(47):34213-8. Epub
2007/09/22.

Sun K, Halberg N, Khan M, Magalang UJ, Scherer PE. Selective Inhibition of Hypoxia-Inducible Factor la
Ameliorates Adipose Tissue Dysfunction. Molecular and cellular biology. 2013;33(5):904-17.

Tanaka N, Takahashi S, Matsubara T, Jiang C, Sakamoto W, Chanturiya T, et al. Adipocyte-specific disruption of
fat-specific protein 27 causes hepatosteatosis and insulin resistance in high-fat diet-fed mice. The Journal of
biological chemistry. 2015;290(5):3092-105. Epub 2014/12/06.

Gavin KM, Gutman JA, Kohrt WM, Wei Q, Shea KL, Miller HL, et al. De novo generation of adipocytes from

circulating progenitor cells in mouse and human adipose tissue. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology. 2016;30(3):1096-108. Epub 2015/11/20.

131



132

Chapter 7

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

O’Rourke RW, Kay T, Scholz MH, Diggs B, Jobe BA, Lewinsohn DM, et al. Alterations in T-cell subset frequency
in peripheral blood in obesity. Obesity surgery. 2005;15(10):1463-8. Epub 2005/12/16.

van der Weerd K, Dik WA, Schrijver B, Schweitzer DH, Langerak AW, Drexhage HA, et al. Morbidly obese
human subjects have increased peripheral blood CD4+ T cells with skewing toward a Treg- and Th2-dominated
phenotype. Diabetes. 2012;61(2):401-8. Epub 2012/01/10.

Yang H, Youm YH, Vandanmagsar B, Ravussin A, Gimble JM, Greenway F, et al. Obesity increases the
production of proinflammatory mediators from adipose tissue T cells and compromises TCR repertoire
diversity: implications for systemic inflammation and insulin resistance. Journal of immunology (Baltimore,
Md : 1950). 2010;185(3):1836-45. Epub 2010/06/29.

Ip BC, Hogan AE, Nikolajczyk BS. Lymphocyte roles in metabolic dysfunction: of men and mice. Trends in
endocrinology and metabolism: TEM. 2015;26(2):91-100.

Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate immunity and fatty acid-induced
insulin resistance. The Journal of clinical investigation. 2006;116(11):3015-25. Epub 2006/10/21.

Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MT, et al. Fatty acid-induced NLRP3-ASC inflammasome activation
interferes with insulin signaling. Nature immunology. 2011;12(5):408-15. Epub 2011/04/12.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut microbiome
with increased capacity for energy harvest. Nature. 2006;444(7122):1027-131.

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes associated with obesity.
Nature. 2006;444(7122):1022-3. Epub 2006/12/22.

Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF, et al. Transfer of intestinal microbiota
from lean donors increases insulin sensitivity in individuals with metabolic syndrome. Gastroenterology.
2012;143(4):913-6.e7. Epub 2012/06/26.

Teixeira TF, Collado MC, Ferreira CL, Bressan J, Peluzio Mdo C. Potential mechanisms for the emerging link
between obesity and increased intestinal permeability. Nutrition research (New York, NY). 2012;32(9):637-
47. Epub 2012/10/23.

Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, et al. B cells promote insulin resistance through
modulation of T cells and production of pathogenic IgG antibodies. Nature medicine. 2011;17(5):610-7. Epub
2011/04/19.

Gao Z-g, Ye J-p. Why do anti-inflammatory therapies fail to improve insulin sensitivity? Acta Pharmacologica
Sinica. 2012;33(2):182-8.

Yin MJ, Yamamoto Y, Gaynor RB. The anti-inflammatory agents aspirin and salicylate inhibit the activity of
I(kappa)B kinase-beta. Nature. 1998;396(6706):77-80. Epub 1998/11/17.

Gao Z, Zuberi A, Quon MJ, Dong Z, Ye J. Aspirin inhibits serine phosphorylation of insulin receptor substrate
1 in tumor necrosis factor-treated cells through targeting multiple serine kinases. The Journal of biological
chemistry. 2003;278(27):24944-50. Epub 2003/04/26.

Anderson K, Wherle L, Park M, Nelson K, Nguyen L. Salsalate, an old, inexpensive drug with potential new
indications: a review of the evidence from 3 recent studies. American health & drug benefits. 2014;7(4):231-
5. Epub 2014/08/16.

Goldfine AB, Fonseca V, Jablonski KA, Pyle L, Staten MA, Shoelson SE, et al. The effects of salsalate on glycemic
control in patients with type 2 diabetes: a randomized trial. Annals of internal medicine. 2010;152(6):346-57.
Epub 2010/03/17.

Chan DC, Watts GF, Barrett PH, Beilin LJ, Mori TA. Effect of atorvastatin and fish oil on plasma high-sensitivity
C-reactive protein concentrations in individuals with visceral obesity. Clinical chemistry. 2002;48(6 Pt 1):877-
83. Epub 2002/05/25.

Preiss D, Seshasai SR, Welsh P, Murphy SA, Ho JE, Waters DD, et al. Risk of incident diabetes with intensive-
dose compared with moderate-dose statin therapy: a meta-analysis. Jama. 2011;305(24):2556-64. Epub
2011/06/23.

Osborn O, Brownell SE, Sanchez-Alavez M, Salomon D, Gram H, Bartfai T. Treatment with an Interleukin 1 beta
antibody improves glycemic control in diet induced obesity. Cytokine. 2008;44(1):141-8.

Owyang AM, Issafras H, Corbin J, Ahluwalia K, Larsen P, Pongo E, et al. XOMA 052, a potent, high-affinity
monoclonal antibody for the treatment of IL-18-mediated diseases. mAbs. 2011;3(1):49-60.



Summarizing discussion

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Cavelti-Weder C, Babians-Brunner A, Keller C, Stahel MA, Kurz-Levin M, Zayed H, et al. Effects of gevokizumab
on glycemia and inflammatory markers in type 2 diabetes. Diabetes care. 2012;35(8):1654-62. Epub
2012/06/16.

Larsen CM, Faulenbach M, Vaag A, Volund A, Ehses JA, Seifert B, et al. Interleukin-1-receptor antagonist in
type 2 diabetes mellitus. The New England journal of medicine. 2007;356(15):1517-26. Epub 2007/04/13.

Sloan-Lancaster J, Abu-Raddad E, Polzer J, Miller JW, Scherer JC, De Gaetano A, et al. Double-blind, randomized
study evaluating the glycemic and anti-inflammatory effects of subcutaneous LY2189102, a neutralizing IL-
1beta antibody, in patients with type 2 diabetes. Diabetes care. 2013;36(8):2239-46. Epub 2013/03/22.

Boni-Schnetzler M, Thorne J, Parnaud G, Marselli L, Ehses JA, Kerr-Conte J, et al. Increased interleukin (IL)-
1beta messenger ribonucleic acid expression in beta -cells of individuals with type 2 diabetes and regulation
of IL-1beta in human islets by glucose and autostimulation. The Journal of clinical endocrinology and
metabolism. 2008;93(10):4065-74. Epub 2008/07/31.

Gonzalez-Gay MA, De Matias JM, Gonzalez-Juanatey C, Garcia-Porrua C, Sanchez-Andrade A, Martin J, et al.
Anti-tumor necrosis factor-alpha blockade improves insulin resistance in patients with rheumatoid arthritis.
Clinical and experimental rheumatology. 2006;24(1):83-6. Epub 2006/03/17.

Czajkowska JB, Shutty B, Zito S. Development of low blood glucose readings in nine non-diabetic patients
treated with tumor necrosis factor-alpha inhibitors: a case series. Journal of Medical Case Reports. 2012;6:5-.

Huvers FC, Popa C, Netea MG, van den Hoogen FHJ, Tack CJ. Improved insulin sensitivity by anti-TNFa antibody
treatment in patients with rheumatic diseases. Annals of the Rheumatic Diseases. 2007;66(4):558-9.

Dominguez H, Storgaard H, Rask-Madsen C, Steffen Hermann T, lhlemann N, Baunbjerg Nielsen D, et al.
Metabolic and vascular effects of tumor necrosis factor-alpha blockade with etanercept in obese patients
with type 2 diabetes. Journal of vascular research. 2005;42(6):517-25. Epub 2005/09/13.

Lo J, Bernstein LE, Canavan B, Torriani M, Jackson MB, Ahima RS, et al. Effects of TNF-alpha neutralization
on adipocytokines and skeletal muscle adiposity in the metabolic syndrome. American journal of physiology
Endocrinology and metabolism. 2007;293(1):E102-9. Epub 2007/03/22.

Ofei F, Hurel S, Newkirk J, Sopwith M, Taylor R. Effects of an engineered human anti-TNF-alpha antibody
(CDP571) on insulin sensitivity and glycemic control in patients with NIDDM. Diabetes. 1996;45(7):881-5.
Epub 1996/07/01.

Paquot N, Castillo MJ, Lefebvre PJ, Scheen AJ. No increased insulin sensitivity after a single intravenous
administration of a recombinant human tumor necrosis factor receptor: Fc fusion protein in obese
insulin-resistant patients. The Journal of clinical endocrinology and metabolism. 2000;85(3):1316-9. Epub
2000/03/17.

Perry CG, Spiers A, Cleland SJ, Lowe GD, Petrie JR, Connell JM. Glucocorticoids and insulin sensitivity:
dissociation of insulin’s metabolic and vascular actions. The Journal of clinical endocrinology and metabolism.
2003;88(12):6008-14. Epub 2003/12/13.

Ye J, Keller JN. Regulation of energy metabolism by inflammation: a feedback response in obesity and calorie
restriction. Aging. 2010;2(6):361-8. Epub 2010/07/08.

van den Heuvel JK, Boon MR, van Hengel |, Peschier-van der Put E, van Beek L, van Harmelen V, et al.
Identification of a selective glucocorticoid receptor modulator that prevents both diet-induced obesity and
inflammation. British journal of pharmacology. 2016;173(11):1793-804. Epub 2016/03/19.

Bassols J, Prats-Puig A, Gispert-Sauch M, Crehuet-Almirall M, Carreras-Badosa G, Diaz-Roldan F, et al. Increased

serum IgG and IgA in overweight children relate to a less favourable metabolic phenotype. Pediatric obesity.
2014;9(3):232-8. Epub 2013/04/05.

133






