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ABSTRACT

Abdominal aortic aneurysm (AAA) is a chronic inflammatory condition, triggered by the local
accumulation of macrophages, oxidative stress and damage to the aortic wall. Pro-inflammatory
eicosanoids seem to play a significant role in AAA. The pro-inflammatory events seen in AAA
could be due to a deficiency of anti-inflammatory eicosanoids such as lipoxin A4 (LXA4),
resolvins, protectins and maresins as a result of reduced tissue concentrations of their
precursors: arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA). Thus, an imbalance between pro- and anti-inflammatory eicosanoids may underlie AAA.
Angiotensin-Il (Ang-11), a pro-inflammatory molecule, seems to have a role in AAA. | propose
that AAAis due to the local (abdominal aortic wall) deficiency of AA and other PUFAs and their
anti-inflammatory metabolites especially LXA4. The beneficial action of EPA and DHA reported
in the animal experimental models of AAA induced by Ang-Il infusion can be attributed to their
(EPA and DHA) ability to enhance the formation of not only resolvins, protectins and maresins
but also LXA4. It is likely that abdominal aortic tissue (endothelial cells, smooth muscle cells
and other cells) may be deficient in AA, EPA and DHA, and have defective activity of 5-, 12-,
and 15-lipoxygenases and cyclooxygenase, especially COX-2 resulting in decreased formation
of LXA4, resolvins, protectins and maresins. Thus, methods designed to enhance the formation
of LXA4 and other anti-inflammatory eicosanoids may form a new approach to prevent and
manage AAA.
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INTRODUCTION

In a recent experimental study performed
on animals, Yoshihara ¢z /"' showed that
the dietary intake of eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA)
prevented abdominal aortic aneurysm
development through the inhibition
of aortic and macrophage-mediated
inflammation. In the model studied, the
authors used angiotensin II infusion in
apolipoprotein E-deficient mice to induce
the development of abdominal aortic
aneurysm. Itis evident from their results that
though both EPA and DHA could suppress
the development of AAA (abdominal aortic
aneurysm), in general, DHA was found to
be more potent than EPA in suppressing
the inflammatory markers (especially IL-
18, MCP-1, 1L-6), implying that perhaps
DHA is a more potent suppressor of AAA
in the animal model studied. Even if one
compared the changes in plasma LDL-C,
HDL-C and triglycerides, the changes are

more striking with DHA supplementation
compared to those seen with EPA. It is
known that EPA can be converted to DHA
and, in turn, DHA could be retroconverted
to EPA. If one compares the ratio between
EPA and DHA in animals that have been
supplemented with EPA and DHA, it
is clear that there is a more significant
increase in the plasma levels of DHA
compared to EPA (in EPA supplemented
animals, the ratio between EPA/DHA =
6.24, while in DHA supplemented animals
the ratio between DHA/EPA is 11.73, if
EPA and DHA are equally well absorbed
and the conversion of EPA to DHA and
retroconversion of DHA to EPA is same/
similar). These results emphasize that
perhaps, DHA is more effective than EPA
in preventing the development of AAA,
though the authors reported that there is no
significant difference in the size of the AAA
between EPA and DHA groups. Similar
arguments have been presented by Meital
et alP and suggested that inflammation
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plays a key role in the pathogenesis of AAA, and EPA and
DHA are beneficial in the animal models of AAA in view
of their anti-inflammatory actions. It was also suggested®
that anti-inflammatory products of EPA and DHA, such
as resolvins, protectins and maresins, may have a role in
this beneficial action.

PUFAS AND THEIR METABOLITES,
ANGIOTENSIN-II, AA AND AAA

These results reported by Yoshihara ef @/ and arguments
put forward by Meital ez a/P atre interesting. Despite these
impressive results and arguments, it is noteworthy that the
exact mechanism(s) by which EPA and DHA can prevent
AAA induced by angiotensin-1I infusion remains unclear. Itis
not clear whether EPA and DHA themselves can bring about
this beneficial action or they need to be converted to their
respective anti-inflammatory compounds such as resolvins
and protectins and maresins (resolvins E1, E2 and E3
are formed from EPA; while resolvins D1, D2, D3 and D4,
protectins and maresins are formed from DHA, see Figures

1 and 2). Another important information that should have
been generated is to know how much of the administered
EPA and DHA were incorporated at the site of AAA and
whether there is any correlation between the amount of EPA
and DHA present and AAA. It will be interesting to know
whether angiotensin-II decreases the content of EPA and
DHA at the site of AAA and if so, whether this is reversed
by the supplementation of these fatty acids. It is possible
that the increased availability of EPA or DHA or both may
lead to an enhanced formation of resolvins, protectins
and maresins that could have reversed the development of
AAA. Yet, the other possibility that needs to be considered
is the action of angiotensin-Il on the formation of pro-
inflammatory prostaglandins (PGs), thromboxanes (TXs)
and leukotrienes (L'Ts) from AA,'" an n-6 PUFA. Itis likely
that the supplementation of EPA and DHA displaced AA
from the cell membrane phospholipid pool that can lead to
anincreased formation of 1.XA4 (see figure 3) and decreased
formation of pro-inflammatory PGs, TXs and LTs (from
AA). An increased presence of EPA and DHA in the cell
membrane (because of their supplementation) can enhance

Figure 1: Scheme showing the formation of resolvins from EPA and conversion and retroconversion between EPA and DHA and formation of resolvins, protectins and
maresins from DHA. Angiotensin-Il may block the conversion of EPA and DHA to their respective anti-inflammatory metabolites such as resolvins, protectins and maresins
and enhance the formation of pro-inflammatory prostaglandins, leukotrienes and thromboxanes from EPA and arachidonic acid (AA).
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Figure 2: Scheme showing the formation of D series resolvins, protectins and maresins from DHA

Figure 3: RIN5F (rat insulinoma) cells were treated with 10 ug/mL PUFAs =+ STZ (21mM) for 24 hours. The LXA4 was estimated in the supernatant of the cell cultures. All
the above set of experiments were done in triplicate on two separate occasions (n = 6) and values are expressed as mean + SEM. * P < 0.05 compared to untreated
control, # P < 0.05 compared to STZ. This data is taken from Ref. 17.
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the formation of anti-inflammatory resolvins, protectins
and maresins. Even though AA forms the precursor to
the anti-inflammatory lipoxin A4 (LXA4), the presence of
angiotensin-II, a pro-inflammatory molecule!""’! perhaps
may drive the generation of pro-inflammatory metabolites
from AA instead of anti-inflammatory LXA4. In a previous
study," we showed that PUFAs inhibit the activity of
angiotensin converting enzyme (ACE) that is needed for the
formation of Ang-II. This implies that there could occur
a balance between various PUFAs and ACE activity and
whenever tissue concentrations of PUFAs are low, it may
resultin an increased formation of Ang-11 that, in turn, may
trigger events that result in the development of AAA. It has
not been studied, but it is possible that LXA4, resolvins,
protectins and maresins may inhibit ACE activity and reduce
the formation of Ang-II. If these proposals are true, then it
is likely thatlocal deficiency of AA, EPA and DHA and their
anti-inflammatory X A4, resolvins, protectins and maresins
may trigger the development of AAA. The decreased
formation of resolvins, protectins and maresins at the site
of AAA could be attributed to the decreased activities of
5-, 12-, and 15- lipoxygenases (LOXs) and cyclooxygenase
enzymes and/or their genetic polymorphisms in the target
tissues that are needed for their formation. Thus, adequate
activities of COX and LOX enzymes in the target tissues
are essential to obtain the purported beneficial actions of
the supplemented EPA and DHA.

Resolvins/protectins/maresins are not only anti-
inflammatory,?¥ but also possess anti-fibrotic actions!"!
and inhibit the proliferation of fibroblasts!" and thus,
angiotensin-II-induced AAA could be prevented. Since
angiotensin-II has pro-inflammatory actions!""" and
resolvins, protectins and maresins are anti-inflammatory
in nature, this may explain the ability of EPA and DHA
to prevent AAA. It is likely that local balance between
pro- and anti-inflammatory lipid mediators (PGs, TXs,
LTs »s. resolvins, protectins and maresins) ultimately
determines the initiation and progression or prevention
of AAA. Extending this argument further, it is important
to estimate the plasma and aortic tissue (obtained at the
time of surgery) levels of EPA and DHA and PGs, LTs,
TXs and resolvins, protectins and maresins in patients with
aortic aneurysms and correlate the same to the severity of
the disease.

ARE AA AND LXA4 CRUCIAL TO
PREVENT AAA:?

In this context, it is noteworthy that there is substantial
evidence to suggest that AA and LXA4 may have a more
critical role in AAA compared to EPA and DHA and heir
anti-inflammatory metabolites. Pillai ez a/!"” reported that

in patients undergoing AAA surgery, there is a temporal
relationship for local acting peptides: VEGE, IL-10 and
TGF- and lipid mediators. Furthermore, the patients of
AAA could be divided into two broad categories based on
their lipid profile — one being an early resolver population
and the other a delayed resolver population, though both
groups eventually showed full recovery. It is of interest to
note that an early resolver population showed consistently
higher levels of 5-, 12-, and 15-HETE (derived from AA,
15-HETE is the precursor of LXA4), both 17-HDHA and
14-HDHA (that could lead to the formation of resolvins
and maresins) and resolvins (RvE1 and RvE2), and their
intermediate 18-HEPE-changes that indicate activation
of resolution pathways. Though both early and delayed
resolver groups showed slightly different temporal profile
of eicosanoids, ultimately both groups recovered well.
These results emphasize the fact that an early release
of anti-inflammatory lipid mediators may enhance the
recovery process and LXA4 seems to play a significant role
in this process in addition to the active role for resolvins
protectins and maresins.

In a recent study, we reported that supplementation of
EPA and DHA enhances the synthesis and release of
LXA4, presumably due to their ability to displace AA from
cell membrane.' In view of this, it is important to note
that supplementation of EPA and DHA (and presumably
other unsaturated fatty acids) will not only lead to the
enhanced formation of resolvins, protectins and maresins
but may also result in increased LXA4 generation. Hence,
it is worthwhile to investigate whether a combination of
AA and EPA and DHA is more suitable to prevent AAA
in humans.

The observation by Pillai 7 @/ that the patients of AAA
belonging to the early resolver population consistently had
higher levels of 5-, 12-, and 15-HETE (derived from AA,
15-HETE is the precursor of LXA4) (< 24 hours); While
the delayed resolver population had much lower levels of
LXAA4 to start with but eventually showed enhanced LXA4
levels (after 48 hours), though both groups eventually
showed full recovery. It is of interest to note that early
resolver population showed consistently higher levels of 5-,
12-,and 15-HETE (derived from AA), both 17-HDHA and
14-HDHA (that could lead to the formation of resolvins
and maresins) and resolvins (RvE1 and RvE2) and their
intermediate 18-HEPE-changes that indicate an activation
of resolution pathways. Though both early and delayed
resolver groups showed slightly different temporal profile
of eicosanoids, ultimately both groups recovered well.

These results are in support of our studies on RIN5F
(rat insulinoma) cells in vitro and streptozotocin (STZ)-
induced type 1 and type 2 diabetes mellitus in experimental
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animals. In these studies, we noted that STZ-induced
cytotoxicity to RINSF cells is more effectively blocked
by AA and LXA4 compared to EPA, DHA, resolvins
and protectins. Similarly, LXA4 was found to be the most
effective eicosanoid in preventing ST”Z-induced type 1
and type 2 DM, while resolvins and protectins were less
effective (17, 18 and unpublished data). Surprisingly, AA
was found to be as effective as that of LXA4 in preventing
both type 1 and type 2 DM. Subsequent studies showed
that AA administration restored LXA4 levels to normal
that were reduce by STZ treatment.'> ' These results,
though on a different topic emphasize the fact that AA
and LXA4 are more potent anti-inflammatory compounds
compared to EPA and DHA, and resolvins and protectins;
under some specific conditions, they may preferentially
get converted to LXA4. In view of these observations,

it will be interesting to study the effect of a combination
of AA, EPA and DHA in the prevention of AAA. Such
a translational work could have important therapeutic
implications.

INTERACTION(S) AMONG ANG-II,
CYTOKINES, ROS AND PUFAS AND
THEIR RELEVANCE TO AAA

In general, AAA is induced in experimental animals
employing angiotensin 1I (Ang-1I) infusion that leads to
an increase in the inflammatory markers (especially 1L-
18, MCP-1, 1L-6), implying that AAA is an inflammatory
condition. Based on this premise, it was presumed that
EPA/DHA can suppress AAA since these fatty acids
and their metabolites such as resolvins and protectins

Figure 4: Scheme showing metabolism of essential fatty acids, their role in inflammation and cytoprotection of endothelial cells. Inflammation could be triggered by
endogenous soluble mediators such as angiotensin-Il. The activity of ACE is inhibited by various PUFAs and their anti-inflammatory metabolites such as LXA4/resolvins/
protectins/maresins. Ang-ll triggers inflammation by enhancing the formation of TNF-o and generation of free radicals (reactive oxygen species, R0S). PUFAs and LXA4/
resolvins/protectins/maresins suppress TNF-o production and ROS and thus, produce their anti-inflammatory actions. TNF-o is known to inhibit the activities of desaturases
and thus, produce EFA (essential fatty acid-LA and ALA) deficiency that may lead to decreased formation of AA, EPA and DHA and consequently reduced formation of
LXA4/resolvins/protectins/maresins due to precursor deficiency. Thus, there appears to be a close interaction among Ang-ll, PUFA metabolism and formation of LXA4/
resolvins/protectins/maresins, TNF-o. and ROS generation and inflammatory process. Excess production of Ang-ll, TNF-o. and ROS may trigger inflammation and produce
AAA; similarly, reduced formation of PUFAs and their anti-inflammatory metabolites LXA4/resolvins/protectins/maresins may also trigger or perpetuate inflammation and
lead to the formation of AAA. Presence of adequate amounts of PUFAs/LXA4/resolvins/protectins/maresins may prevent the local inflammatory events, suppress TNF-o.
production and ROS generation and thus, preserve the integrity of aorta and prevent AAA. Similar set of events may also play a role in the pathogenesis of type 1 and

type 2 diabetes mellitus, pre-eclampsia and hypertension.
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have anti-inflammatory actions. In this context, it is
interesting to note that Ang-1I enhances tumor necrosis
factor-o. (TNF-a) production and augments free radical
generation,”?! events that trigger the inflammation that
may explain the pro-inflammatory actions of Ang-II
(Figure 4) that may undetlie its (Ang-11I) ability to produce
AAA. In a previous study, we showed that PUFAs inhibit
the activity of angiotensin-converting enzyme!" (ACE) and
thus, reduce the formation of Ang-II and thus, suppress
the inflammatory events that are associated with the
renin-angiotensin-aldosterone system (RAS). In addition,
PUFAs and their metabolites LXA4, resolvins, protectins
and maresins are known to inhibit TNF-a. production and
suppress free radical generation. Thus, RAS and Ang-II
have pro-inflammatory actions, while PUFAs and their
metabolites — LXA4, resolvins, protectins and maresins —
have anti-inflammatory actions.

Based on the preceding discussion, it can be said that
the balance between RAS and Ang-II »s. PUFAs/LXA4/
resolvins/protectins/matesins may play an important
role in the pathogenesis of AAA and other conditions,
in which the vascular system, salt and water balance and
glucose homeostasis are critical such as hypertension, pre-
eclampsia, type 2 diabetes mellitus, obesity and metabolic
syndrome. Previously, we showed that PUFAs and their
metabolites play a critical role in the pathobiology of
hypertension, pre-eclampsia, type 2 diabetes mellitus and
metabolic syndromel'* 1% 2234 We, previously showed
that AA prevents chemical-induced type 1 and type 2
diabetes, partly, due to its conversion to anti-inflammatory
LXA4,"- ¥ implying that the precursor PUFAs need
to be converted to their specific anti-inflammatory
metabolites to produce their beneficial actions. In a similar
fashion, the beneficial action of AA/EPA/DHA in the
prevention of AAA will depend on their conversion
to anti-inflammatory LXA4, resolvins, protectins and
maresins at the site of aortic aneurysm formation. Thus,
it is possible that a decrease in the activities of 5-, 12-,
15-lipoxygenases and cyclooxygenase enzymes and/or
their genetic polymorphisms in the target tissues (in this
case, the aortic wall) may lead to a sub-optimal formation
of LXAA4, resolvins, protectins and maresins in the aortic
tissue, resulting in local inflammation and occurrence of
AAA. If these concepts are correct, it implies that the
methods to deliver AA/EPA/DHA to the site of tissue
damage and their conversion to specific anti-inflammatory
LXAA4, resolvins, protectins and maresins is critical to
derive their beneficial action(s). Hence, methods need to be
developed not only to specifically deliver AA/EPA/DHA
to the specific site where they are needed and/or deficient
but also their conversion to respective anti-inflammatory
metabolites: LXA4/resolvins/protectins/maresins to
obtain their much-needed beneficial actions.
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