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here is a growing amount of evidence
that  obesity-induced low-grade
inflammation is an important causative
link between obesity and many of its
associated pathologies such as type 2 dia-
betes and atherosclerosis. In the quest to
identify the triggers of obesity-associated
inflammation of adipose tissue, our labo-
ratory recently demonstrated that adipo-
cytes can secrete leukotrienes, and that
these pro-inflammatory lipid mediators
contribute to obesity-associated inflam-
mation and insulin resistance in mice.
Together with other recent studies, our
recent findings identify an important
role for the enzyme 5-lipoxygenase and
its products in the induction and reso-
lution of adipose tissue inflammation.
Therefore, pharmaceutical approaches
that target this enzyme or its products
should be considered as novel treatments
aimed at preventing or resolving obesity-
induced inflammation and its associated
pathologies.

Obesity has become a worldwide public
health crisis. Globally, obesity is now a
bigger threat than malnutrition in every
region aside from sub-Saharan Africa,
according to the most recent Global
Burden of Disease Study.! Deaths due to
obesity now occur at three times the rate
of deaths due to malnutrition. Obesity
itself would be of little concern if it were
not associated with the “metabolic syn-
drome”, a constellation of metabolic
abnormalities that portend the develop-
ment of type 2 diabetes, atherosclerosis,
and non-alcoholic fatty liver disease.! The
list of diseases associated with obesity is
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ever growing. This inspires the question
of how obesity triggers these complica-
tions and what can be done to inter-
vene in the progression from obesity to
disease. Low-grade, chronic inflamma-
tion is now considered a common link
between obesity and the majority of its
associated pathologies. In both obese
mice and humans, macrophage accu-
mulation within insulin-sensitive tissues
(i.e., white adipose tissue [WAT], liver,
and skeletal muscle [SKM]) has been
demonstrated, together with the recently
described increase in WAT T lympho-
cytes.” Recent studies have established
that obesity leads in WAT to a shift in
balance of anti-inflammatory M2 mac-
rophages and Th2 and regulatory T cells
(Tregs) toward pro-inflammatory Thl
cells and influx of CD8~ effector T cells,
subsequently resulting in the recruitment
and differentiation of pro-inflammatory
M1 macrophages.” The resulting increase
in production/secretion of pro-inflam-
matory factors leads to insulin resistance
and type 2 diabetes.? This interplay
between immunological and metabolic
processes has recently been defined as
immunometabolism; an emerging field
of investigation at the interface between
the historically distinct disciplines of
immunology and metabolism.> Over the
past years, many research efforts have
focused on identifying the trigger(s) driv-
ing the recruitment of inflammatory cells
to obese AT. Several recent studies have
demonstrated a prominent role for the
5-lipoxygenase/leukotriene pathway in
AT inflammation and the insulin resis-
tance that is associated with it.
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Leukotrienes (LTs) are potent pro-
inflammatory mediators and many impor-
tant aspects of both innate and adaptive
immune responses, such as leukocyte and
lymphocyte cytokine production and cell
proliferation, differentiation, and migra-
tion, are regulated by LTs.* Their biosyn-
thesis starts with cytosolic phospholipase
A2 (cPLA2) that catalyzes the release of
arachidonic acid (AA) from cell-mem-
brane phospholipids. AA is subsequently
converted to leukotriene A4 (LTA4) by the
enzyme 5-lipoxygenase (5-LO) in concert
with 5-lipoxygenase activating protein
(FLAP). Although FLAP does not have
enzymatic activity, it enhances the abil-
ity of 5-LO to interact with its substrate.
LTA4 is converted by LTA4 hydrolase
(LTA4-H) to leukotriene B4 (LTB4), or
it can be conjugated with reduced glu-
tathione by leukotriene C4 (LTC4) syn-
thase (LTC4-S) to yield LTC4. LTB4
and LTC4 are exported from the cell by
specific transporter proteins; the released
LTC4 is converted to LTD4 which under-
goes conversion to LTE4 by sequential
amino acid hydrolysis. LTB4 is a potent
leukocyte chemoattractant and activator.*
This leukotriene promotes the generation
of M1 macrophages.> On the other hand,
cysteinyl-containing LTs (CysLTs; LTC4,
D4, and E4) contract smooth muscles,
particularly in the peripheral airways, and
are regarded as pivotal mediators of bron-
chial asthma. In addition, both LTB,
and CysLTs are potent chemoattractants
for T cells.*® Furthermore, LTB, inhibits
Treg differentiation and stimulates T 17
differentiation, a T cell subset recently
shown to be increased in obesity.”'® LTs
exert their biological functions through
activation of G-protein-coupled receptors.
LTB, binds to BLT1 and BLT2 receptors
with high and low affinities, respectively,
and the CysLTs bind to the CysLT1 and
CysLT?2 receptors with varying affinities.*

Several studies have suggested a poten-
tial link between the LT pathway and AT
inflammation."! Both 5-LO and FLAP
expression were shown to be increased in
obese AT.">"> These major players in LT
biosynthesis were found to be expressed
both in adipocytes and adipose tissue
macrophages (ATMs) in obese AT.'>!
Furthermore, a recent study demon-
strated that adipose tissue from obese
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mice, compared with that from lean mice,
exhibits increased LTB4 levels. In the
same study, FLAP inhibition resulted in
decreased ATM infiltration and improve-
ment of insulin sensitivity. Moreover,
mice lacking the LTB, receptor BLT1
exhibit a similar decrease in ATM infiltra-
tion and improvement of insulin sensitiv-
ity in a model of diet-induced obesity.”
Recently, we reported that mouse and
human adipocytes produce LTs." This adi-
pocyte LT production increases with obe-
sity, positively correlates with adipocyte
size, and is stimulated by inflammatory
stimuli. Furthermore, preadipocytes do
not produce LTs and this is in agreement
with low mRNA levels of LT synthesis
pathway enzymes in preadipocytes com-
pared with mature adipocytes. Adipocytes
account for 45% of the total LTB, produc-
tion and 24% of the total CysLT produc-
tion in AT from normal chow fed mice.
This contribution decreases to 33% and
12%, respectively in mice fed a high fat
diet (HFD). This decrease is presumably
due to a reduction of adipocytes per gram
of AT (consequence of increased adipo-
cyte size), and perhaps an increase of stro-
mal vascular cell content (consequence of
infiltration of inflammatory cells). Using
in vitro macrophage and T cell chemotaxis
assays, we showed that primary adipocytes
isolated from obese AT secrete more che-
motactic activity for these cells than those
isolated from normal AT.'® This obesity-
induced increase in chemotactic activity
is lacking in primary adipocytes isolated
from obese mice that lack the enzyme
5-LO and are therefore incapable of pro-
ducing LTs, suggesting an important role
for 5-LO products in the chemotactic
activity secreted by adipocytes. This was
further confirmed by the observation that
inhibition of adipocyte 5-LO activity with
zileuton led to a dose-dependent decrease
in secreted chemotactic potential by these
adipocytes. From these in vitro chemo-
taxis experiments, we concluded that
inhibiting 5-LO activity in adipocytes can
fully block their chemotactic potential for
macrophages and T cells. We showed that
these effects on chemotaxis could be par-
tially due to an indirect effect of blocking
5-LO activity on the production of other
chemokines such as monocyte chemoat-
tractant protein 1 (MCP-1), since our data
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suggests that 5-LO products produced by
adipocytes can stimulate MCP-1 produc-
tion by those cells in an autocrine fashion.
5-LO-deficient mice exhibit a decrease in
HFD-induced AT macrophage and T cell
infiltration and are partially protected
from HFD-induced insulin resistance.'
Similarly, 2 weeks of daily treatment with
zileuton could counteract the insulin resis-
tance and AT inflammatory state already
established in HFD-fed wild-type mice.
The decrease in AT macrophages was
largely due to a reduction in proinflam-
matory M1 macrophages with, as a con-
sequence, a proportional increase in M2
macrophages. These findings suggest that
lack or inhibition of 5-LO leads to a shift
in proportion of M1 vs. M2 macrophages
in AT. Lastly, we showed that lack or inhi-
bition of 5-LO resulted in an improved
inflammatory state in HFD-fed mice,
both systemically and locally in AT.'

Our finding that only 2 weeks of zileu-
ton treatment already leads to such a sig-
nificant reduction of AT macrophages
and T cells suggests that there is a fast
turn-over of these cells. However, it was
shown before that ATMs are retained lon-
ger in HFD-fed compared with NC-fed
mice and it was suggested that ATMs
in NC-fed mice have a faster turnover
rate than HFD-fed mice.” Perhaps the
increased levels of LTs found in obese AT
are partially responsible for retaining the
ATMs and therefore blocking LT pro-
duction accelerates their departure and
decreases their attraction.

One question that we were not able
to answer in our recent study is whether
the phenotypes observed in the 5-LO
knockout mice and the zileuton-treated
mice (i.e., decreased inflammation/insu-
lin resistance) are due to the absence or
decrease, respectively, in LT production
in the adipocytes, stromal vascular cells
(SVCs; e.g., macrophages), or both. We
have given much thought to how we
could determine the relative roles of LT
production from both cell compartments
to the local and systemic inflammation
and development of insulin resistance.
We intended to investigate this by per-
forming bone marrow transplant studies.
The idea was that by transplanting bone
marrow from the 5-LO KO into WT
mice we would create mice that would
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Figure 1. Adipose tissue lipoxin A4 levels.
Lipoxin A4 levels in epi-WAT derived from
NC- and HFD-fed wild-type mice and HFD-fed
wild-type mice treated p.o. daily for a 2-week
period with either vehicle (10% DMSO) or
zileuton (100 mg/kg). Data are expressed as
mean + SEM (n > 6). **p < 0.01 compared with
NGC; #p < 0.01 compared with HFD + veh.

not be able to produce LTs by the bone
marrow-derived stromal vascular cells
(e.g., macrophages) but would still pro-
duce LTs by adipocytes. Similarly, bone
marrow transplants from WT mice to
5-LO KO mice would result in mice that
can produce LTs by bone marrow-derived
stromal cells (e.g., macrophages) but
not by adipocytes. However, we realized
that these bone marrow studies would
be inconclusive as a consequence of LT
production resulting from transcellular
biosynthesis. This phenomenon occurs
when a donor cell, that has the capabili-
ties to produce LTA, (i.e., expresses 5-LO
and FLAP), will transfer the LTA, to a
neighboring acceptor cell that expresses
LTA,-H and/or LTC,-S, which will then
lead to LT synthesis by the acceptor cell.’®
Direct cell-to-cell contact, or at least close
proximity between the cells, seems to be
necessary for the LTA, transfer to occur.
This would mean that when, for example,
we would transplant 5-LO KO bone mar-
row to WT mice, adipocytes could trans-
fer LTA4 to neighboring 5-LO-deficient
macrophages that could subsequently
still produce LTs. Making a cell type-
specific 5-LO KO using a Cre-lox system
would suffer from the same dilemma. To
overcome this problem, instead of trans-
planting WT BM into 5-LO-deficient
recipients we could transfer WT BM
into LTA -H”~ and/or LTC,-S7~ mice

(and vice versa), thereby preventing any
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possible LTA, conversion to LTB, and/or
cys-LTs by non-BM derived cells. A simi-
lar approach can also be used to investi-
gate whether transcellular biosynthesis
does indeed take place in adipose tissue;
trancellular biosynthesis does occur if we
can still measure BLT, or CysLT produc-
tion in adipose tissue from 5-LO-deficient
mice that received BM from LTA -H or
LTC4-S mice, respectively. Since in that
case, LTA, from BM-derived cells must
have been transferred to 5-LO-deficient
surrounding cells that can still convert
LTA, to BLT, or CysLT by the action
of LTA-H or LTC,-S, respectively.
Following the same line of thought, cell
type-specific knockouts of LTAH or
LTC, (or both) using the Cre-lox sys-
tem would also allow us to circumvent
the above described problem of transcel-
lular biosynthesis and study the relative
roles of LT production from a specific
cell type (e.g., adipocyte or macrophage)
in the local and systemic inflammation
and development of insulin resistance
observed in obese mice. Furthermore,
these kinds of approaches would also
allow us to delineate the specific roles
of LTB, vs. CysLTs. In this regard, an
important role for LTB, has already been
demonstrated by the finding that BLT1
knockout mice exhibit a decrease in ATM
infiltration and improvement of insulin
sensitivity in a model of diet-induced
obesity.”

In our study, we focused on leukotri-
enes as products of 5-LO but this enzyme
also plays a crucial role in the synthe-
sis of lipoxins, resolvins, and maresins,
three families of specialized pro-resolv-
ing mediators (SPM).” These SPM play
an important role in the resolution of
inflammation, in an actively coordinated
program that permits restoration of tis-
sue homeostasis and involves the effec-
tive removal of inflammatory stimuli and
the spatio-temporal control of leukocyte
trafficking as well as chemical mediator
generation.””  These anti-inflammatory
lipid mediators are synthesized by trans-
cellular pathways involving both 12/15-
LO and 5-LO. There seems to be an
inverse relationship between LT and SPM
biosynthesis.”® Based on this, one could
expect to see a decrease of SPM in obese
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AT. Indeed, it was recently demonstrated
that the production of SPM is deficient
in inflamed obese AT.?! We confirm that
AT lipoxin A4 levels decrease with HFD
(Fig. 1). Furthermore, we observed a
further decrease when we blocked 5-LO
activity with zileuton, confirming that
lipoxin A4 production depends on 5-LO
activity (Fig. 1).

The role for 5-LO in the synthesis of
SPM suggests that resolving inflammation
in obese AT by stimulating a switch from
LT to SPM production by 5-LO could be
an alternative way of treating insulin resis-
tance and other pathological conditions
that have been shown to be associated with
the obesity-induced low-grade inflamma-
tion. In line with this, it was shown that
stimulation of SPM formation (accom-
panied by a decrease in LTB,) in leptin-
deficient obese mice, by feeding them an
omega-3-fatty acid-enriched diet, led to
reduced insulin resistance and hepatic
steatosis.”> The same study showed that
directly administering SPM intraperitone-
ally mimicked these effects. Similarly, two
other studies administering either resolvin
DI to leptin receptor-deficient diabetic
mice or lipoxin A4 to an age-associated
adipose inflammation model, respectively,
both showed reduced AT inflammation
and improvement of insulin sensitivity.?>*!
Furthermore, resolvin D1 treatment was
shown to induce M2 macrophage polar-
ization in obese AT.?*%

In summary, further research is needed
to elucidate the specific roles of LTB, vs.
CysLTs in adipose tissue inflammation
and the relative role of adipocyte- vs.
SVC-derived LTs. However, based on
our recent findings and those of others,
we can already conclude that 5-LO and
its inflammation-inducing or -resolving
products play an important role in obesity-
induced AT inflammation and subsequent
development of insulin resistance. New or
already existing therapeutic approaches
that target 5-LO or the action of its prod-
ucts might therefore be promising tools
for treating obesity-induced inflammation
and associated pathologies.
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