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Abstract

The inflammatory process seen in inflammatory bowel disease (IBD) is due to excess production of pro-inflammatory
cytokines interleukin-1 (IL-1), IL-6, tumor necrosis factor-a (TNF-a), interferons (IFNs), macrophage migration inhibitory
factor (MIF), HMGB1 (high mobility group B1) and possibly, a reduction in anti-inflammatory cytokines IL-10, IL-4, and
transforming growth factor-3 (TGF-{3). These pro-inflammatory molecules lead to increased production of reactive
oxygen species (ROS) including nitric oxide resulting in target tissue damage. | propose that inadequate production of
inflanmation resolving molecules lipoxins, resolvins, protectins, maresins and nitrolipids that suppress inflammation,
ROS production, enhance wound healing and have cytoprotective properties results in inappropriate inflammation,
delay in healing/repair process and so target tissue/organ damage continues in IBD. Hence, suggested therapeutic
approach could include administration of stable synthetic analogues of lipoxins, resolvins, protectins, maresins and
nitrolipids. This implies that measuring urine, stool and plasma levels of lipoxins, resolvins, protectins, maresins and
nitrolipids may be used to detect the onset, progression and response to treatment of 1BD.
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Background

Although genetic, environmental and sex hormonal fac-
tors have been implicated in the pathogenesis of auto-
immune diseases, including inflammatory bowel disease
(IBD), it is known that pro-inflammatory cytokines,
nitric oxide (NO), free radicals, a deranged immune
system, a deficient anti-oxidant defenses, Toll-like re-
ceptors and microbiota play a significant role both in
the initiation and perpetuation of the inflammatory
process observed. Once the inflammatory process is
triggered, this leads to the production of a variety of pro-
inflammatory molecules and possibly, a reduction in the
elaboration of anti-inflammatory molecules. This imbal-
ance between the pro- and anti-inflammatory molecules
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would ultimately cause target tissue/organ damage seen in
these conditions. Despite many advances in the under-
standing of the pathobiology of IBD, it is still not clear
what triggers the onset of IBD and which factors are
needed to induce resolution of the same.

Hypothesis

I propose that continued inflammatory events seen in
IBD are due to failure of the resolution of inflammation.
Thus, the balance between inflammation and resolution
is disturbed more in favor of pro-inflammatory events
and/or failure of resolution inducing molecules to be
produced at the most appropriate time leading to non-
resolution of inflammation. In other words, even after
the inciting agent responsible for the initiation of in-
flammation is removed; inappropriate inflammation
continues simply because resolution failed to occur.
This leads to delay in the healing/repair process and so tis-
sue/organ damage continues. This may explain as to why
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even when these patients are continuing to take anti-
inflammatory and immunosuppressive medicines, target
organ damage continues. In view of this, it is suggested that
institution of pro-resolution-inducing agents could induce
remission and restore normal physiological function of the
target tissues/organs in IBD and other autoimmune dis-
eases. Such endogenous pro-resolution-inducing molecules
include: lipoxins, resolvins, protectins, maresins, nitric
oxide, nitrolipids, 15 deoxyA>™'* PGJ, PGD,, anti-
inflammatory cytokines such as IL-4, IL-10, and some poly-
unsaturated fatty acids (PUFAs) (see Fig. 1).

Based on this hypothesis, it is suggested that progres-
sion and flares of IBD are not only due to increased
production of pro-inflammatory molecules IL-6, TNF-q,
MIF (macrophage migration inhibitory factor), HMGB1
(high mobility group box 1), free radicals and lipid medi-
ators such as prostaglandins (PGs), leukotrienes (LTs)
but also as a result of decreased formation and release of
anti-inflammatory molecules: IL-4, IL-10, TGF-B, and
lipoxins, resolvins, protectins, maresins and nitrolipids.

Lipoxin A, is detectable in urine

LXAy, generated by lipoxygenase (LO) transformation of
AA possess potent anti-inflammatory activity in vivo,
and temporal biosynthesis of LXA,, concurrent with
spontaneous resolution, has been observed during ex-
udate formation [1-3]. LXs, resolvins, protectins and
maresins, which are anti-inflammatory bioactive lipids
formed from polyunsaturated fatty acids: arachidonic acid
(AA), eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), are detectable in the plasma. Recently, it was
shown that urine contains LXA, and exercise significantly
increased urinary excretion in healthy volunteers [4, 5],
suggesting that alterations in the urinary excretion of
LXA, can used as a reflection of changes in LXA, forma-
tion to monitor changes in the inflammatory process.

Urinary levels of LXA, was decreased while that of
cysLTs (cysteinyl leukotrienes) increased in volunteers
aged from 26 to over 100 years leading to an imbalance
of the LXA,/cysLTs ratio that is an index of the en-
dogenous anti-inflammatory potential [6, 7]. These results
suggest that endogenous anti-inflammatory mechanisms
become less efficient with age that could result in in-
creased susceptibility to inflammatory disorders with
advancing age. Similar to their measurement in urine,
lipoxins, resolvins and protectins can also be measured in
stools and plasma.

These results imply that measurement of plasma, urin-
ary and stool LXs and LTs could be used as a marker of
inflammatory process in IBD. In this context, it is note-
worthy that anti-inflammatory cytokines IL-4 and IL-10
trigger the conversion of AA, EPA and DHA to lipoxins,
resolvins, protectins and maresins suggesting a mechan-
ism by which they are able to suppress inflammation [8].
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LXA; and LTs ratio determines the degree of
inflammation
In animal models of glomerulonephritis and other renal
pathologic states, LTs exerted adverse effects in the
glomerulus. LTB, augments neutrophil infiltration, and
LTC4 and LTD, mediate potent vasoconstrictor effects
on the glomerular microcirculation. Selective blockade
of the 5-lipoxygenase pathway produced a significant
amelioration of the deterioration of renal hemodynamic
and structural parameters. On the other hand, 15-S-
hydroxyeicosatetraenoic acid (15-S-HETE), the immedi-
ate product of arachidonate 15-lipoxygenase, and the
lipoxins, which are produced by sequential 15- and 5- or
5- and 12-lipoxygenation of AA are also generated in the
course of glomerular injury that antagonize leukotriene-
induced neutrophil chemotaxis and lipoxin A, antago-
nized the effects of LTD, and LTC4 on the glomerular
microcirculation. Thus, the contrasting effects of 5- and
15-lipoxygenase products represent endogenous pro-
and anti-inflammatory influences that ultimately deter-
mine and regulate the extent and severity of glomerular
inflammation [9-12].

These results are in favor of the proposal that defi-
ciency of anti-inflammatory bioactive lipids may play a
significant role in autoimmune diseases including IBD.

PUFAs and lipoxins bind to GPCR and suppress
inflammation

Monocytes and macrophages express an extensive rep-
ertoire of G protein-coupled receptors (GPCRs) that
regulate inflammation and immunity [13]. PUFAs, es-
pecially AA, EPA and DHA and their metabolites such
as eicosanoids, lipoxins, resolvins, protectins and maresins
function as agonists at a number of G protein-coupled re-
ceptors (GPCRs) that play a significant role in leukocyte
recruitment and inflammation. G protein-coupled recep-
tor 120 (GPCR120) that functions as a w-3 fatty acid
receptor/sensor that when stimulated with w-3 fatty acids
(EPA and DHA) induced broad anti-inflammatory effects
in monocytic RAW 264.7 cells and in primary intraperito-
neal macrophages that were abrogated by GPR120 knock-
down [14]. Thus, PUFAs and their anti-inflammatory
bioactive lipids may suppress inflammation in autoimmune
diseases by acting on GPCRs.

Based on the preceding discussion, I suggest that
increased production of lipoxins, resolvins, protectins
and maresins at sites of inflammation in IBD may sup-
press the disease process. Failure to produce adequate
amounts of these anti-inflammatory lipoxins, resolvins,
protectins, maresins and nitrolipids could render the
inflammatory process to continue unabated. Hence,
methods designed to enhance the production of lipoxins,
resolvins, protectins and maresins and/or administration
of synthetic analogues of lipoxins, resolvins, protectins
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Fig. 1 Scheme showing role of pro and anti-inflammatory bioactive lipids in IBD. For easy understanding only LXA, has been depicted in the figure.
It is to be noted that resolvins, protectins, maresins and nitrolipids may follow the same pathway as that of LXA, from the respective precursors
(EPA and DHA: eicosapentaneoic acid and docosahexaenoic acid respectively). Possible interaction among cholinergic anti-inflammatory pathway
(Ach), serotonin, dopamine and LXA, is also depicted in the figure. There are three classes of phospholipases that control the release of AA and
other PUFAs: calcium-independent PLA, (iPLA,), secretory PLA; (sPLA,), and cytosolic PLA, (cPLA,). Each class of PLA; is further divided into isoenzymes
for which there are 10 for mammalian sPLA,, at least 3 for cPLA,, and 2 for iPLA,. During the early phase of inflammation, COX-derived
PGs and lipoxygenase-derived LTs initiate exudate formation and inflammatory cell influx. TNF-a causes an immediate influx of neutrophils
concomitant with PGE, and LTB, production, whereas during the phase of resolution of inflammation an increase in LXA, (lipoxin Ay),
PGD, and its product 15deoxyA'* "PGJ, formation occurs that induces resolution of inflammation with a simultaneous decrease in PGE, synthesis
that stops neutrophil influx and enhances phagocytosis of debris. Thus, there appears to be two waves of release of AA and other PUFAs: one at
the onset of inflammation that causes the synthesis and release of PGE, and a second at resolution for the synthesis of anti-inflammatory PGD,,
15deoxyA'*"*PGJ,, and lipoxins that are necessary for the suppression of inflammation. Thus, COX-2 enzyme has both harmful and useful actions
by virtue of its ability to give rise to pro-inflammatory and anti-inflammatory PGs and LXs. Increased type VI iPLA, protein expression was found to
be the principal isoform expressed from the onset of inflammation up to 24 h, whereas type lla and V sPLA, was expressed from the beginning of
48 h till 72 h while type IV cPLA, was not detectable during the early phase of acute inflammation but increased progressively during resolution
peaking at 72 h. This increase in type IV cPLA, was mirrored by a parallel increase in COX-2 expression. The increase in cPLA, and COX-2 occurred
in parallel, suggesting a close enzymatic coupling between these two. Thus, there is a clear-cut role for different types of PLA, in distinct and
different phases of inflammation. Selective inhibition of cPLA; resulted in the reduction of pro-inflammatory molecules PGE,, LTB,, IL-13, and
platelet-activating factor (PAF). Furthermore, inhibition of types lla and V sPLA, not only decreased PAF and LXA, (lipoxin A4) but also resulted in a
reduction in cPLA, and COX-2 activities. These results suggest that sPLA,-derived PAF and LXA, induce COX-2 and type IV cPLA,. IL-13 induced
cPLA, expression. This suggests that one of the functions of IL-1 is not only to induce inflammation but also to induce cPLA, expression to initiate
resolution of inflammation. Synthetic glucocorticoid dexamethasone inhibited both cPLA, and sPLA, expression, whereas type IV iPLA, expression
is refractory to its suppressive actions. Activated iPLA, contributes to the conversion of inactive prolL-13 to active IL-1(3, which in turn induces cPLA,
expression that is necessary for resolution of inflammation. LXs, especially LXA, inhibit TNF-a-induced production of ILs; promote TNF-a mRNA
decay, TNF-a secretion, and leukocyte trafficking and thus attenuated inflammation. Though the proposal presented has focused mainly on LXA,, it
may be mentioned here that there could be a significant role for other anti-inflammatory bioactive lipids such as resolvins, protectins, maresins and
nitrolipids in IBD. Thus, in all the places wherever LXA, is mentioned, it may be assumed that resolvins, protectins, maresins and nitrolipids also have

an important role to play along with LXA,

and maresins will aid in the prevention and management
of IBD and other autoimmune diseases. This proposal is
supported by the recent report [15] that p-Cell destruc-
tion produced by multiple low-doses streptozotocin was
completely prevented in fat-1 mice (transgenic fat-1
mice carry a C. Elegans gene, fat-1, encoding an n-3 fatty
acid desaturase catalyzing the conversion of n-6 to n-3
PUFAs and hence, these animals have high tissue
levels of n-3 PUFAs) that was associated with in-
creased levels of the anti-inflammatory lipoxin A, and
the 18-hydroxyeicosapentaenoic acid, precursor of the
anti-inflammatory resolvin E;.

Testing the hypothesis

The hypothesis presented here can be tested by perform-
ing relevant in vitro, in vivo and human studies. (1) In
vitro studies could be performed using colon epithelial
cells. For instance, one can use HCoEpiC cells from
ScienCell Research laboratories (USA) which are isolated
from human colon tissue. These cells can process and
present antigens to T cells in vitro, and can be stimu-
lated to express HLA class II and intercellular adhesion
molecules in vivo [16]. They also respond to a broad
array of cytokines with altered gene expression and
growth characteristics [17]. These HCoEpiC cells could
be exposed to LPS (lipopolysaccharide) and various
pro- and anti-inflammatory cytokines and their ability

to secrete pro- and anti-inflammatory bioactive lipids
such as prostaglandins, leukotrienes, thromboxanes,
lipoxins, resolvins, protectins, maresins and nitrolipids
could be measured. It is anticipated that in response
to pro-inflammatory stimuli, HCoEpiC cells would pro-
duce increased amounts of prostaglandins, leukotrienes,
thromboxanes and IL-6 and TNF-a and reduced concen-
trations of anti-inflammatory bioactive lipids such as
lipoxins, resolvins, protectins and maresins and IL-10, IL-
12 and TGEF-B. In contrast, when HCoEpiC cells are
supplemented with anti-inflammatory cytokines would
secrete higher amounts of lipoxins, resolvins, protectins,
maresins and nitrolipids and less of prostaglandins, leuko-
trienes and thromboxanes.

(2) In vivo studies could include colonic instillation of
the hapten, trinitrobenzene sulphonic acid (TNB) that
induces ulceration and inflammation which can persist
for 3 weeks [18]. Another IBD model that could be
studied includes the guinea pig acetic acid-induced
colonic inflammation model that shows characteristics
of IBD including PMN infiltration, edema, ulceration
and necrosis [19]. Both acute and chronic colitis can also
be induced by feeding female Swiss-Webster mice with
5 % DSS (dextran sulfate sodium 30,000—-40,000 mol wt)
for 5 or 7 d, respectively [20]. This IBD model could
be used to study prophylaxis, prophylaxis plus therapy
and therapeutic effect of lipoxins, resolvins, protectins,
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nitrolipids (all as singly or in combination) during the
acute and chronic phase of the disease and therapeut-
ically during the chronic phase of the disease. Thus, a
variety of IBD models could be used to study the
balance between pro- and anti-inflammatory bioactive
lipids and changes in their concentrations during the
onset of the disease, progression of the disease and
remission of IBD to understand the dynamics of their
changes in various phases of the disease. In these ani-
mal models of IBD, plasma, tissue (colonic secretions
and colonic tissue) and urinary levels of prostaglan-
dins, leukotrienes, thromboxanes, lipoxins, resolvins, pro-
tectins, maresins, nitrolipids and various cytokines could
be measured to ascertain their role in the disease
process. Similarly, lipoxins, resolvins, protectins, mar-
esins and nitrolipids can be administered (including
their more stable synthetic analogues) to know their
protective action against IBD.

(3) Most important studies that need to be performed
to firmly establish the role of bioactive lipids will be to
measure the plasma, stool and urinary levels (and if
possible colonic concentrations) of anti-inflammatory
lipoxins, resolvins, protectins, maresins and nitrolipids
and pro-inflammatory prostaglandins, leukotrienes and
thromboxanes and various cytokines in subjects who are
having acute, chronic and subacute features of IBD. If
the hypothesis presented here is correct, it is expected
that plasma, colonic, urinary and stool concentrations of
lipoxins, resolvins, protectins, maresins and nitrolipids
and anti-inflammatory cytokines will be low whereas
those of pro-inflammatory bioactive lipids and cytokines
will be high during the acute and subacute and chronic
phases of IBD (though the degree of elevation could be
variable). It is likely that all pro- and anti-inflammatory
bioactive lipids and cytokines need not be altered and
the alteration may be seen only in one or more than one
of the biomolecules. If such a study is in support of the
hypothesis presented here, then it is worthwhile to study
the preventive and curative action of more stable and
synthetic analogues of lipoxins, resolvins, protectins,
maresins and nitrolipids in patients with IBD.

Implications of the hypothesis

If the hypothesis presented here is true, it will usher in a
new era in our approach to IBD, which predisposes to
the development of colon cancer, in the form of use of
lipoxins, resolvins, protectins, maresins and nitrolipids
in its prevention and treatment. It is possible that more
stable and orally active synthetic analogues of lipoxins,
resolvins, protectins, maresins and nitrolipids could be
developed for IBD. Furthermore, if such an approach of
use of lipoxins, resolvins, protectins, maresins and nitro-
lipids in the prevention and management of IBD be-
comes successful, it will pave way to treat other
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autoimmune diseases such as lupus, rheumatoid arth-
ritis, multiple sclerosis and type 1 diabetes mellitus.

Conclusions

Based on the preceding discussion, it is likely that ad-
ministration of stable synthetic analogues of lipoxins,
resolvins, protectins and maresins may form a new
approach in the prevention and treatment of IBD.
Measurement of urine, stool and plasma levels of lipoxins,
resolvins, protectins, maresins and leukotrienes would
help in determining whether IBD is in remission, continu-
ing or resolving. For instance, if the levels of lipoxins,
resolvins, protectins, maresins and leukotrienes revert to
normal it implies that IBD is in entering remission phase
or is in remission; and if the levels of lipoxins, resolvins,
protectins, maresins and nitrolipids are lower than normal
and those of leukotrienes are high it indicates that the
disease is continuing and/or not responding to the therapy
instituted. In those subjects who are on therapy for IBD if
the levels of lipoxins, resolvins, protectins, maresins and
nitrolipids are not increasing and/or if the levels of leuko-
trienes are increasing it indicates that the disease is
continuing and remission is yet to set in. On the other
hand, if the plasma, urine and stool levels of lipoxins,
resolvins, protectins, maresins and nitrolipids are increas-
ing and those of leukotrienes are decreasing it indicates
that the underlying IBD is entering remission phase and
that the patient is responding to the therapy instituted.
Thus, serial measurements of lipoxins, resolvins, protec-
tins, maresins, nitrolipids and leukotrienes will give an
indication as to the progress and response to therapy. It is
likely that changes in the plasma, urine and stool levels of
lipoxins, resolvins, protectins, maresins, nitrolipids and
leukotrienes will precede the clinical remission or progres-
sion IBD. It is also envisaged that by determining the
plasma, stool and urinary levels of lipoxins, resolvins,
protectins, maresins and nitrolipids in those with IBD,
one will be able to determine which of these bioactive
lipids is needed for appropriate therapy. For instance, in
those with IBD who show only a decrease in lipoxins need
to be given lipoxins; those with deficiency of resolvins
need only resolvins; those who show low levels of protec-
tins need to get only protectins and similarly those who
have decreased levels of maresins need to be adminis-
tered only maresins. It is anticipated though lipoxins,
resolvins, protectins, maresins and nitrolipids are all
anti-inflammatory and resolution inducing molecules,
all patients with IBD may not have deficiency of all
these five bioactive lipids. It is likely that patients
with IBD may show deficiency of only one, two, three
or all five of these molecules. This heterogeneity in
the deficiency of these bioactive lipid molecules could
due to genetic heterogeneity in the synthesis and action of
pro-resolution bioactive lipids (namely lipoxins, resolvins,
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protectins and maresins), polymorphism of 5-, 12- 15-
lipoxygenases and cyclooxygenases. Such genetic het-
erogeneity and polymorphism of lipoxygenases and
cyclooxygenases may explain innumerable variations
in the histological and clinical presentation of IBD
and their response to therapies employed.

The recent observation that the cholinergic anti-
inflammatory pathway based on vagus nerve activity
regulates macrophage and dendritic cell responses in
the spleen through alpha-7 nicotinic acetylcholine recep-
tor (a7nAChR) signaling and IBD patients have dysauto-
nomia with decreased vagus nerve activity, dendritic cell
and T cell over-activation [21] can also be attributed to
alterations in the production of lipoxins, resolvins, protec-
tins and maresins. For instance, it was reported that rats
with metabolic syndrome have ineffective inflammation-
resolving mechanisms that was associated with 120 %
decrease in plasma LXA, levels [22]. These results
suggest a close interaction between the cholinergic anti-
inflammatory pathway and lipoxins, resolvins, protectins
and maresins. Furthermore, it was reported that electroa-
cupuncture at the sciatic nerve controlled systemic in-
flammation by inducing vagal activation leading to the
production of dopamine in the adrenal medulla. Dopa-
mine inhibited cytokine production via dopamine type 1
(D1) receptors and D1 receptor agonists suppressed sys-
temic inflammation and rescued mice from polymicrobial
peritonitis. These results suggest that sciatic and vagus
nerves modulate the production of catecholamines [23].
Since acetylcholine is able to enhance the production of
lipoxins, resolvins, protectins and maresins (and possibly,
nitrolipids), it is likely that dopamine is also able to en-
hance the production of these anti-inflammatory bioactive
lipids. Though no studies have been performed with
serotonin and its possible influence on the production of
lipoxins, resolvins, protectins, maresins and nitrolipids, I
propose that a close interaction exists between them.
It is known that serotonin plays a significant role in
the inflammatory events of IBD [24]. Studies showed
that nicotine, which mediates its actions via a7-nicotine
acetylcholine receptor (a7-nAChR), attenuated both
IL-1p and 5-hydroxytryptamine (5-HT, serotonin)-
evoked Ca’* transients [25], suggesting that cholinergic
anti-inflammatory pathway has a regulatory role on sero-
tonin release and its actions. These evidences indicate that
anti-inflammatory bioactive lipids, anti-inflammatory cho-
linergic pathway, serotonin and dopamine interact among
them to regulate immune response and inflammation and
thus, ultimately in the pathogenesis of IBD.

Furthermore, LXA, seems to have a negative regulatory
role on cholinergic regulatory pathway by elaborating ni-
tric oxide. This implies that once the cholinergic anti-
inflammatory pathway has reached its optimum, its action
is negated by acetylcholine-induced LXA, generation so
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that undesirable immunosuppression does not set in. In
view of these interactions, administration of adequate
amounts of lipoxins, resolvins, protectins and maresins
are expected to be of benefit in the prevention and man-
agement of IBD.
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