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Purpose of review

Nonresolving inflammation is now considered the underpinning of several prevalent human diseases,
including atherosclerosis. The resolution of inflammation is a highly coordinated program to
counterbalance proinflammatory signals for a swift return to tissue homeostasis. This process is controlled
in part by endogenous specialized proresolving lipid mediators (SPMs). Emerging evidence has revealed
that the balance of SPMs and proinflammatory mediators during acute inflammation regulates the duration
of the inflammatory response and the timing of tissue resolution. Moreover, an imbalance between SPMs
and proinflammatory mediators has been linked to several prevalent chronic inflammatory diseases in
humans, including atherosclerosis.

Recent findings

Lipid mediator imbalances have recently been linked to atherosclerotic plaque instability. Administration
of key SPMs restored this imbalance and led to plaque stability. SPMs have also recently been shown to
be protective in other cardiovascular disease models including myocardial infarction, stroke and
neointimal hyperplasia.

Summary

The current review highlights recent work that supports the concept of dysregulated inflammation-resolution
in atherosclerosis with a particular focus on mechanisms and therapeutic opportunities associated with
SPM receptors and lipid mediator imbalances. This article is based on experimental studies.
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INTRODUCTION

Atherosclerosis is driven by the persistent sub-
endothelial retention of Apolipoprotein B lipopro-
teins and is widely regarded as a condition in which
immune cells ultimately cause damage to the vessel
wall [1–7]. This damage is in part attributed
to impaired clearance of dead cells, persistence
of inflammation and failed resolution programs
[4,8,9]. The current therapy for atherosclerosis is
LDL cholesterol–lowering by drugs like statins
and is beneficial for a wide range of patients [10].
However, some statin-treated patients continue to
suffer from life-threatening vascular events (an issue
referred to as ‘residual risk’ in the clinical literature)
[10], and thus cardiovascular diseases (CVD) still
remain the leading cause of death worldwide. This
concept of ‘residual risk’ raises the question as to
what is needed to better manage this disease [10].
One aspect of reducing this risk is to aggressively
lower LDL, as is the case with PCSK9 inhibitors [10].
The other risk to consider is the inflammatory
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component of the disease [1,8,10–12]. Ongoing
trials like Cardiovascular Inflammation Reduction
Trial (CIRT)and Canakinumab Anti-inflammatory
Thrombosis Outcomes Study (CANTOS) will better
aid in our understanding of how certain aspects of
the inflammatory component of this disease can be
regulated [13,14]. This review will highlight new
mechanisms and therapeutic strategies that not
only temper inflammation but also enhance tissue
repair [15,16]. In this regard, tissue reparative
processes are largely accomplished through a highly
rved. www.co-clinicalnutrition.com
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KEY POINTS

� Impaired inflammation-resolution is the underpinning of
several prevalent human diseases,
including atherosclerosis.

� Imbalances in the ratio of SPMs : proinflammatory
mediators drive atherosclerosis progression.

� Stimulating inflammation-resolution with the use of
proresolving ligands promotes plaque stability and is
thus protective in experimental atherosclerosis.

� A better understanding as to how individuals can
mount and resolve acute inflammatory responses will
likely yield important insight into the pathological basis
of several nonresolving diseases.
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coordinated program called the resolution of inflam-
mation (or inflammation-resolution) [15,17

&&

]. Athe-
rosclerotic lesions are like nonresolving vascular
wounds [1]; therefore, understanding how to boost
inflammation-resolution and thus tissue reparative
processes may yield very important findings for the
development of future therapeutics [4,5,9,18].
INFLAMMATION-RESOLUTION IS A
PROTECTIVE RESPONSE

The acute inflammatory response, when coupled
with a timely resolution program, is a protective
process that is necessary to neutralize pathogens
and repair injury [19]. Uncontrolled or nonresolving
inflammation can lead to unintended host-mediated
tissue damage [15,20]. In this regard, a failure of the
inflammation-resolution response is now thought to
be the underpinning of numerous chronic inflam-
matory diseases [15]. Inflammation-resolution is
controlled by several endogenous mediators that
include specialized proresolving mediators (SPMs)
such as lipoxins, resolvins, protectins and maresins
[15] and other lipid mediators like 15-deoxy-delta-
12,14-prostaglandin J2 (15d-PGJ2) [19]; protein/pep-
tide mediators such as annexin A1 [21,22] and IL-10;
and gases such as carbon monoxide and hydrogen
sulfide [23]. SPMs each have distinct chemical struc-
tures and bind/activate select G-protein coupled
receptors (GPCRs) [15]. Significantly, SPMs are
actively synthesized at the onset of acute inflam-
mation to counteract proinflammatory signals [15].
How exactly SPMs act at the receptor level to counter-
balance proinflammatory signals in vivo is largely
unknown, and recent key initial findings underlying
this concept will be highlighted below [24].

Emerging evidence has revealed that the balance
of SPMs and proinflammatory mediators during
118 www.co-clinicalnutrition.com
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acute inflammation regulates the duration of the
inflammatory response and the timing of resolution
[25–27]. Moreover, an imbalance between SPMs and
proinflammatory mediators has been linked to a
number of diverse chronic inflammatory diseases
in humans, including, chronic obstructive pulmon-
ary disease, asthma [28], aggressive periodontitis
[29] and atherosclerosis [30,31

&

]. In this regard,
it is no surprise that administration of SPMs are
protective in several disease models including sepsis,
asthma, periodontitis, arthritis, injury-induced neo-
intimal hyperplasia, myocardial infarction, stroke
and atherosclerosis [9,31

&

,32
&&

,33
&

,34], to name a
few [5,15,17

&&

].
SPECIALIZED PRORESOLVING LIPID
MEDIATORS ARE PROTECTIVE IN
EXPERIMENTAL ATHEROSCLEROSIS

SPMs are agonists that bind and activate specific
GPCRs [15]. Deletion of key SPM receptors such as
lipoxin receptor/formyl peptide receptor 2 (ALX/
FPR2) or G-protein coupled receptor 18 (GPR18)
leads to exacerbated inflammation and defective
resolution [18,35,36]. These findings provide
evidence that SPMs are essential endogenous
mediators of the inflammation-resolution response.
With regard to atherosclerosis, engagement of the
ALX/FPR2 receptor with its proresolving ligands
(Annexin A1 or Ac2–26) led to improved plaque
stability [37

&

] and decreased atherogenesis [38]. In
the absence of exogenous ligand, the role of ALX/
FPR2 in atheroprogression is a bit more complex,
likely because ALX/FPR2 is expressed on multiple cell
types and can bind several ligands [39]. Significantly,
the proresolving protein IL-10, when encapsulated
into plaque-targeted nanoparticles, promoted plaque
stability in part through a reduction in necrosis and
increase in fibrous cap thickness [40]. In addition
to proresolving proteins and peptide, exogenous
administration of SPMs to atherosclerotic mice and
rabbits has recently been explored. Resolvin E1
(RvE1), which is a ligand for the GPCR called
ChemR23, reduced atherogenesis in cholesterol-fed
rabbits [32

&&

]. Another study highlighted that RvE1,
when administered in combination with atorvasta-
tin, led to a significantly greater decrease in plaque
size compared with RvE1 alone [34]. These results
suggest that a cotreatment strategy, as alluded to
above, to both lower cholesterol and enhance inflam-
mation-resolution, may be particularly beneficial for
thwarting plaque progression.

More recent studies focused on SPMs and plaque
progression. Specifically, atheroprogression was
associated with SPM : proinflammatory mediator
imbalances in human [31

&

] and murine plaques
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Defective efferocytosis

FIGURE 1. Specialized proresolving lipid mediators are protective in advanced murine atherosclerosis. Advanced
atherosclerotic lesions have features of failed resolution including an imbalance in specialized proresolving lipid
mediators : proinflammatory leukotrienes, defective efferocytosis, large necrotic cores, thin fibrous caps and increased reactive
oxygen species. Restoration of key defective specialized proresolving lipid mediators such as resolvin D1, resolvin D2 or
maresin 1 to already established atherosclerotic lesions promote lesion stability largely in part through reduced necrotic cores
and thicker fibrous caps. Resolvin D1 also increases lesional efferocytosis and decreases reactive oxygen species.
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[31
&

,33
&

]. Restoration of key defective SPMs, like
Resolvin D1 (RvD1), which is an ALX/FPR2 ligand
or a combination of Resolvin D2 (RvD2, a GPR18
ligand) and maresin 1, led to decreased plaque
necrosis and increased fibrous cap thickness
(Fig. 1) [31

&

,33
&

]. Moreover, RvD1 administration
increased lesional efferocytosis, which is a process
known to promote tissue repair. Together, these
results suggest that large necrotic cores, defective
efferocytosis and thin caps are all features of failed
inflammation resolution [41,42]. The above find-
ings strongly suggest that lipid mediator imbalances
promote plaque instability. New mechanisms that
underpin plaque necrosis [43] and efferocytosis are
emerging [44], and how lipid mediator imbalances
impact these new processes are of unknown.

Gaps in our understanding of SPM biology in
atherosclerosis remain. First, it would be informa-
tive to know the cellular targets of SPMs. In this
regard, generation and validation of ALX/FPR2,
GPR18 and ChemR23 floxed mice would be invalu-
able tools for the field and would help identify the
cell type(s) that evoke the above protective actions.
Secondly, a deeper understanding of the SPM-GPCR
interaction and signaling is important for future
translation to humans because we will not only gain
more insight into proresolution mechanisms but
we can begin to determine how SPMs may interact
with other drugs [22], the latter being especially
important for precision medicine [45].

In this regard, the Perretti laboratory has uncov-
ered many new mechanisms associated with ALX/
FPR2 signaling [24,46]. As an example, GPCRs can
form dimers that affect their activation and
1363-1950 Copyright � 2017 Wolters Kluwer Health, Inc. All rights rese
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downstream signaling [47]. Although dimerization
is not required for ligand recognition, emerging evi-
dencesuggests thatdimerizationmayplayakeyrole in
fine-tuning host responses [47]. For example, Cooray
et al. [24] found that Annexin A1 initiated ALX/FPR2
homodimerization, which led to a proresolution feed-
forward circuit and an increase in IL-10. Ac2–26 is a
bioactive peptide from Annexin A1 that has been
shown to have anti-inflammatory and proresolving
properties [22]. Ac2–26 initiates a heterodimer com-
plex with ALX/FPR2 and FPR1, the latter is a GPCR,
which is thought to play roles in proinflammatory
signaling. This heterodimer complex initiated by
Ac2–26 binding neutralizes the actions of a proin-
flammatory ligand called serum amyloid A [24]. These
results suggest that proresolution ligands beget pro-
resolution signaling to counterbalance proinflamma-
tory signals at the level of the receptor. How these
processes occur in vivo and in atherosclerosis remain of
immense interest. Overall, an improved understand-
ing of SPM-initiated signaling pathways will unravel
new mechanisms that may give rise to novel thera-
peutics and may reveal rapid molecular readouts for
assessing resolution responses in humans.
MECHANISMS ASSOCIATED WITH LIPID
MEDIATOR IMBALANCES AND BEYOND

Acute inflammatory processes include vascular leak-
age and edema formation, mobilization of circulat-
ing leukocytes into tissues, phagocyte removal
of dead cells and debris from tissue, eventual phag-
ocyte clearance and mobilization of cells from the
bone marrow [15,20]. These processes are required
rved. www.co-clinicalnutrition.com 119

uthorized reproduction of this article is prohibited.



(a)

(b)

FIGURE 2. Self-limited versus ongoing inflammation from mouse to human. Low-dose zymosan A–induced peritonitis yields a
self-limited inflammatory response, whereas high zymosan A reveals a response that represents ongoing inflammation and
delayed resolution (a). A direct comparison of the low-dose versus high-dose zymosan peritonitis reactions has uncovered
mediators and mechanisms associated with healthy versus dysregulated resolution (b). Furthermore, the low-dose versus high-
dose zymosan peritonitis model provides a means to accurately assess the impact of particular drugs on inflammation and
resolution programs. Translating this approach to humans will likely yield important ways to assess how particular drugs
impact inflammation-resolution programs.
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for neutralizing pathogens and tissue repair. With
that said, a dysregulation of any one (or a combi-
nation) of these processes is associated with several
chronic inflammatory diseases [27]. The challenge
we are facing is how to target and temper the
immune response without completely abolishing
these host-protective pathways [15,16].

Simple proof-of-concept models like zymosan
A–induced peritonitis simulate an acute inflamma-
tory response and encompass all of the processes
mentioned above. The dose of zymosan dictates the
magnitude and extent of inflammation and resol-
ution. Low-dose zymosan initiates a healthy, self-
limited inflammatory reaction (i.e. inflammation
that naturally resolves), and high-dose zymosan
yields an outcome of ongoing inflammation and
impaired resolution (Fig. 2a) [48,49]. The exact
nature of inflammation incited by zymosan is not
identical to the several nonresolving diseases men-
tioned above. Nevertheless, high-dose zymosan
represents inflammation in its ongoing state and
offers an approach to identify mediators involved in
this maladaptive process (Fig. 2b). With this simple
model, the Serhan lab uncovered that inflam-
mation-resolution is an active process, which is in
part regulated by SPMs [15]. In addition, the Serhan
120 www.co-clinicalnutrition.com
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laboratory established resolution indices [25,48,50],
which provide a quantitative measure of the host’s
ability to resolve inflammation. Furthermore, these
indices provide a means to accurately assess the
impact of particular drugs, cells, diet and others
on inflammation and resolution processes. The
causative role for SPMs in resolution was shown
when exogenously administered SPMs led to a
swifter resolution response [48]. Also, adminis-
tration of key proresolving proteins and peptides
like Annexin A1, Ac2–26 and chemerin also leads to
swifter resolution response [51].
Fine-tune immune responses through
mechanisms associated with lipid mediator
imbalances

Exudates from ongoing inflammation (i.e. high-dose
zymosan) had a significant imbalance in the SPM to
proinflammatory leukotriene ratio compared with
exudates from self-limited or resolving inflammation
(i.e. low-dose zymosan) [25]. This imbalance, as men-
tioned above, has been associated with several human
diseases and is evidence that this model can translate
endpoints that are relevant to complex diseases. In
the case of atherosclerosis, possible mechanisms
Volume 20 � Number 2 � March 2017
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underlying SPM : leukotriene imbalances include fac-
tors that affect the subcellular localization of a key
biosynthetic SPM and leukotriene enzyme called five-
lipoxygenase (5-LOX), such as oxysterols/oxidative
stress and SPMs [27]. During oxidative stress or inflam-
mation, 5-LOX is phosphorylated and translocates to
the nuclear membrane, which favors the biosynthesis
of the proinflammatory mediator, leukotriene B4

(LTB4) [31
&

,52]. The SPM RvD1 promotes nuclear
exclusion of 5-LOX and thereby suppresses LTB4

and enhances the proresolving molecule, lipoxin A4

in macrophages [27]. Subcellular localization
of five-lipoxygenase activating protein [53,54] and
regulation of leukotriene A4 hydrolase may also play
important roles in SPM formation and in SPM: leuko-
triene balances [53,55]. Other processes that can affect
SPM production and possibly play roles in atheroscle-
rosis and other nonresolving diseases include trans-
cellular biosynthesis between interacting cells [15,30]
and the release of lipoxin precursors from cellular
phospholipids [56]. Further understanding of mech-
anisms underlying SPM : leukotriene imbalances will
yield new ways to fine tune mammalian host
responses and may be an attractive way to approach
treatment of long-term diseases, such as atherosclero-
sis. In this regard, mer proto-oncogene tyrosine kinase
(MerTK), awellknownefferocytosis receptor, is emerg-
ing as a key target in the regulation of SPM : leuko-
triene ratios [57

&

]. MerTK is regulated by an ADAM17-
mediated cleavage process that disables the receptor
and produces a fraction called soluble Mer [58]. In this
regard, MerTK cleavage was shown to dismantle
SPM biosynthesis, which led to a marked imbalance
in SPM : leukotrienes [57

&

]. Thus, the resolution
cycle is broken when MerTK is cleaved and the
system loses both efferocytosis and the proper balance
of proresolving and proinflammatory lipid mediators.
Earlier work demonstrated that MerTK, a key effero-
cytosis receptor on macrophages, is a critical regulator
of plaque necrosis and lesion stability [59,60]. It is
possible that these new findings could apply to ath-
erosclerosis, in which defects in both efferocytosis and
inflammation-resolution underpin the disorder.

Together, these findings also suggest that
SPM : leukotriene ratios and/or MerTK cleavage
may be important readouts for whether inflam-
mation is in its ongoing state or whether inflam-
mation will be swiftly resolved.
Consider paths toward precision medicine

As mentioned above, the low-dose and high-dose
zymosan peritonitis model provides a means to accu-
rately assess the impact of particular drugs on inflam-
mation and resolution processes [48,49,61]. Navarro-
Xavier et al. [49] tested several anti-inflammatory
1363-1950 Copyright � 2017 Wolters Kluwer Health, Inc. All rights rese
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drugs and SPMs in the peritonitis model and found
that each drug had a distinct fingerprint for its impact
on the inflammation-resolution response.

The next challenge is to translate these concepts
to humans [45]. Because inflammation-resolution is
required for host defense against pathogens and for
tissue repair, understanding the impact of a particu-
lar drug on this program is extremely important.
For example, cyclooxygenase-2 (COX-2) inhibitors
and anti-TNFa therapy are considered ‘inflam-
mation-resolution toxic’ because they impinge on
host defense and tissue repair mechanisms [16,19].
Although the benefit of these drugs outweighs the
risks in debilitative diseases like arthritis or colitis,
the benefit : risk ratio for progressive diseases like
atherosclerosis is low [16]. Significantly, statins have
been shown to boost SPMs in certain contexts [62],
but whether statins are capable of exerting this
action in CVD patients is unknown.

The acute inflammatory response in humans
can be assessed by the systemic inflammatory reac-
tion following endotoxin [63,64] or the local inflam-
matory reaction following a cantharidin-induced
skin blister [65]. Recent findings in humans indicate
that SPMs are present in the plasma [66–68] and
can possibly serve as temporal biomarkers of inflam-
mation-resolution after endotoxin challenge. In
support of this, plasma from sepsis patients revealed
specific lipid mediator signatures associated
with clinical outcomes [69

&&

]. The blister model is
particularly intriguing because it provides a con-
trolled induction and termination of local inflam-
mation. Using this approach, Morris et al. [70]
uncovered that humans broadly fall into two
categories, those who resolved their acute inflam-
matory response swiftly and those who showed
a more delayed or prolonged inflammatory
response. The magnitude and duration of the acute
inflammatory response was controlled by endogen-
ous epimeric lipoxins and ALX/FPR2 expression
[70]. Overall, these simple and noninvasive human
tests can lead to a better understanding of how
an individual can mount and resolve an acute
inflammatory response and may be an ideal plat-
form to test whether particular drugs impinge on
an individual’s ability to resolve inflammation. The
latter will be particularly important for people who
have long-term chronic diseases.
CONCLUSION

Current treatments for atherosclerosis have made
major improvements in patient outcomes, but even
so, CVD still remains the leading cause of death
worldwide. Therefore, in addition to lipid lowering,
we need to also seriously consider the inflammatory
rved. www.co-clinicalnutrition.com 121
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processes of the disease.Atherosclerosis is a long-term
progressive disease, and so anti-inflammatory drugs
that dampen host defense mechanisms or that also
disrupt vascular homeostasis are not ideal [16,71,72].
Inflammation-resolution pathways not only quell
excessive or persistent inflammation without
disrupting necessary host defense programs but
also stimulate tissue repair and regeneration [15].
Moreover, the very recent preclinical literature that
is summarized in this review supports the atheropro-
tective action of proresolving mediators and suggests
that a new way to treat CVD may be through the
activation of tissue reparative programs.
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