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Defective inflammation resolution is the underlying cause of prevalent chronic inflammatory diseases,
such as arthritis, asthma, cancer, and neurodegenerative and cardiovascular diseases. Inflammation
resolution is governed by several endogenous factors, including fatty acidederived specialized pro-
resolving mediators and proteins, such as annexin A1. Specifically, specialized proresolving mediators
comprise a family of mediators that include arachidonic acidederived lipoxins, omega-3 fatty acid
eicosapentaenoic acidederived resolvins, docosahexaenoic acidederived resolvins, protectins, and
maresins. Emerging evidence indicates that imbalances between specialized proresolving mediators and
proinflammatory mediators are associated with several prevalent human diseases, including athero-
sclerosis. Mechanisms that drive this imbalance remain largely unknown and will be discussed in this
review. Furthermore, the concept of dysregulated inflammation resolution in atherosclerosis has been
known for several decades. Recently, there has been an explosion of new work with regard to the
therapeutic application of proresolving ligands in experimental atherosclerosis. Therefore, this review
will highlight recent advances in our understanding of how inflammation resolution may become
defective in atherosclerosis and the potential for proresolving therapeutics in atherosclerosis. Last, we
offer insight for future implications of the field. (Am J Pathol 2017, 187: 1211e1221; http://
dx.doi.org/10.1016/j.ajpath.2017.01.018)
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The Ideal Outcome of the Inflammation
Resolution Response Is Tissue Repair and
Regeneration

Acute inflammation, coupled with a timely inflammation
resolution response, is a protective process.1 When there is a
defect in the inflammation resolution program, inflammation
persists and collateral tissue damage ensues.1,2 However,
most inflammatory processes are self-limiting, which impli-
cates the existence of endogenous proresolution pathways.1

Although it was previously thought that proinflammatory
mediator catabolism was sufficient for inflammation to cease,
it is now known that the resolution of acute inflammation is
an active, highly coordinated process.1 The process is
controlled by a variety of endogenous mediators that include
stigative Pathology. Published by Elsevier Inc
the following: i) specialized proresolving mediators (SPMs),
such as lipoxins, resolvins, protectins, and maresins1,3,4; ii)
protein/peptide mediators, such as annexin A15 and IL-10;
iii) gases, such as carbon monoxide and hydrogen sul-
fide6,7; and iv) nucleotides, such as adenosine and inosine.8

As an example, SPMs are actively biosynthesized in local
tissue microenvironments at the onset of acute inflammation
to counterbalance the numerous proinflammatory signals,
. All rights reserved.
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which controls the magnitude and duration of inflammation.1

SPMs each have distinct chemical structures and bind and
activate specific G-proteinecoupled receptors.1 The con-
centration of SPMs needed to activate these receptors is
achieved at their local sites of biosynthesis.1 As an example,
the concentration of resolvin D1 (RvD1) in local blister ex-
udates from humans is approximately 85 pmol/L.9 In a
separate study with human macrophages, RvD1 enhanced
efferocytosis in the dose ranges of 10 to 100 pmol/L,10 thus
supporting that low concentrations of SPMs detected in
humans are capable of evoking significant biological activity.
Furthermore, deletion of key SPM receptors, such as ALX/
FPR2 or GPR18, leads to exacerbated inflammation and
defective resolution.11e13 These findings provide strong ev-
idence that SPMs are essential endogenous mediators of the
inflammation-resolution response. Furthermore, emerging
evidence has revealed that the balance of proinflammatory
mediators and SPMs during acute inflammation regulates the
duration of the inflammatory response and the timing of tis-
sue resolution.14,15 SPMs, which are biosynthesized through
the actions of lipoxygenases (LOXs), are protective in vivo,
and act locally to control leukocyte trafficking and enhance
efferocytosis.1 As such, SPMs stimulate the host to repair and
regenerate tissue and are thus protective in several disease
models, including injury-induced neointimal hyperpla-
sia,16,17 myocardial infarction,18,19 and atherosclerosis,20e24

to name a few. This panoply of work suggests that lipid
mediator balances and tissue repair/regeneration (rather than
a simple blockade of proinflammatory signals) are critical to
thwart disease. Moreover, as will be illustrated in the
following section, an imbalance between proresolving and
proinflammatory mediators has been linked to a number of
diverse chronic inflammatory diseases in humans, including
atherosclerosis.25e27 Furthermore, this review will highlight
recent advances in our understanding of how inflammation
resolution may become defective in atherosclerosis and the
potential for proresolving therapeutics in atherosclerosis.
Imbalances in Proinflammatory and
Proresolving Mediators Drive
Atheroprogression and Arterial Tissue Injury

The concept that imbalances in lipid mediators are associated
with disease originated shortly after the discovery of throm-
boxane A2 and prostacyclin.

28 In this regard, an imbalance in
the thromboxane A2/prostacyclin ratio was thought to provide
an explanation for some of the changes occurring in various
pathological situations.28,29 Another piece of the puzzle was
added when Serhan and colleagues30 found that angioplasty
increased the levels of proresolving lipoxins (eg, lipoxin A4,
LXA4) and proinflammatory leukotrienes (LTs; eg, LTC4,

LTD4) in human coronary arterial blood, indicating that cor-
onary arterial cells could perform LT and SPM biosynthesis
and thereby affect the balance of mediators. Correlations were
reported for high levels of plasma LTs and plaque instability
1212
in humans,31 and other studies indicated that LTB4 increased
recruitment of monocytes and their differentiation to foam
cells,32 as well as intimal hyperplasia.33 Furthermore, cys-
teinyl LTs have been shown to enhance the recruitment of
leukocytes into the arterial wall and to contribute to throm-
bosis and vascular remodeling.34,35 In humans, the incidence
of atherosclerosis, stroke, and myocardial infarction in certain
populations has been linked to variants of the genes that
encode proteins and enzymes required for LT biosynthesis,
such as 5-lipoxygenase (5-LOX), 5-LOXeactivating protein,
and leukotriene A4 (LTA4) hydrolase.

36e39 Furthermore, on
treatment with a 5-LOXeactivating protein inhibitor,
C-reactive protein was reduced in one population of patients
who had both a history of myocardial infarction and one of the
enzyme gene variants mentioned above.40 Diet gene in-
teractions have also been extensively studied.41,42 For
example, individuals with a specific 5-LOX variant who also
ingested a diet rich in AA had increased carotid atheroscle-
rosis compared to individuals with nonvariant 5-LOX,
whereas those with the same mutation but who ingested a diet
rich in omega-3 fatty acids had less carotid atherosclerosis
compared with the control population.41 More recent work
indicated a trend between eicosapentaenoic acid and a 5-LOX
variant in lowering cardiovascular disease (CVD) risk
(P Z 0.06).43 Further studies need to be performed to
determine the functions of these single-nucleotide poly-
morphisms and to reconcile the results of a few clinical trials
that failed to show a protective effect of dietary fish oils.42 For
example, this variability may be because of a lack of unifor-
mity and quality control of the fish oils being tested, different
doses and types of fish oils used, and/or the difficulty of
showing beneficial effects on subjects already being treated
with other CVD or diabetes drugs. Furthermore, fish oils
contain a mixture of substances, only a fraction of which
represent n-3 polyunsaturated fatty acids. This is the case
particularly for marine oils that can also contain fish steroids.
In this regard, fish oils should not be considered synonymous
with eicosapentaenoic acid and docosahexaenoic acid. Also,
there is an absence of data on the uptake and kinetics of
eicosapentaenoic acid and docosahexaenoic acid into human
tissues.
Although much of the earlier attention was focused on

proinflammatory LTs, new results highlight SPMs in CVD
(see more details below). For example, support for a role of
endogenous biosynthesis of SPMs in limiting atheroscle-
rosis was suggested by a study showing that overexpression
of a key SPM biosynthetic enzyme, 12/15-LOX, in chow-
fed Apoe�/� mice was atheroprotective.20 Furthermore, low
levels of SPMs in the plasma, including aspirin-triggered
LXA4, were reported in patients with vascular disease.44,45

As another example, human vulnerable atherosclerotic pla-
que regions had significantly less 5-LOXederived SPMs
and a significant imbalance between these SPMs and LTs
compared with stable plaque regions.22 These human plaque
findings were also corroborated in murine plaques, where
there was a marked imbalance between SPMs and LTs as
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Resolution in Atherosclerosis
atherosclerosis progressed from early to advanced stage of
disease22,23 (Figure 1). Possible mechanisms underlying this
imbalance include factors that affect the subcellular locali-
zation of 5-LOX, such as oxysterols/oxidative stress and
SPMs.46 We previously uncovered a new pathway that ex-
plains, in part, why endogenous SPMs could be defective in
inflammatory diseases like atherosclerosis.22,46 During
inflammation or oxidative stress, 5-LOX is phosphorylated
and translocates to the nuclear membrane, which favors the
biosynthesis of the proinflammatory mediator, leukotriene
B4 (LTB4).

47,48 In this context, the SPM RvD1 promoted
nuclear exclusion of 5-LOX and thereby suppressed LTB4

and enhanced the proresolving molecule, lipoxin A4 (LXA4)
in macrophages.46 Recent findings have also suggested that
5-LOXeactivating protein plays an important role in the
production of SPMs.49,50 Other processes that can affect
SPM production include transcellular biosynthesis between
Figure 1 Early/stable plaques have a high specialized proresolving mediator
Early plaques exhibit a controlled inflammation phenotype, in which efferocyto
synthesized in both human and murine plaques. SPMs require essential fatty acids
(eg, LXA4 and LXB4) are generated from arachidonic acid (AA). D-series resolvins
docosahexaenoic acid (DHA). Other key SPMs that were identified in plaques in
maresin 1 (MarR1)]. Advanced plaques generate more proinflammatory media
cyclooxygenase-derived prostaglandins (eg, PGE2), which results in a marked imba
the potential site of biosynthesis of mediators, and solid black lines represent
5-lipoxygenase; 12-LOX, 12-lipoxygenase; 15-LOX, 15-lipoxygenase; LT, leukotrie
dins; ROS, reactive oxygen species.

The American Journal of Pathology - ajp.amjpathol.org
interacting cells1 and the release of LX precursors from
cellular phospholipids.51 Leukotriene A4 hydrolase is also
emerging as an intriguing target for atherosclerosis, because
its inhibition has been linked to a decrease in leukotriene B4

and an increase in lipoxins.31,49

In sum, SPM imbalances occur in advancing atheroscle-
rotic lesions, which provides a molecular basis for previous
observations that advanced atherosclerotic plaques have
pathological features of defective resolution.52,53
SPM Rescue Impairs Efferocytosis in Advanced
Atherosclerotic Plaques

A common function of SPMs is their ability to enhance
noninflammatory clearance of apoptotic cells, or effer-
ocytosis,1,54 and thus a defect in SPMs might lead to an
(SPM)/proinflammatory mediator ratio than advanced/vulnerable plaques.
sis, among other processes, remains intact. SPMs are endogenously bio-
and are biosynthesized through the actions of key lipoxygenases. Lipoxins
, including resolvin D1 (RvD1) and resolvin D2 (RvD2) are generated from
clude DHA-derived protectins [eg, protectin D1 (PD1)] and maresins [eg,
tors, such as AA-derived leukotrienes [eg, leukotriene B4 (LTB4)] and
lance between SPMs and proinflammatory mediators. Dashed lines indicate
the biochemical pathways. AC, apoptotic cell; COX, cyclooxygenase; 5-LOX,
ne; LTA4, leukotriene A4; LTA4H, leukotriene A4 hydrolase; PG, prostaglan-
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impaired efferocytosis response. Given the importance of
defective efferocytosis in necrotic core formation and
advanced plaque progression,55 a potential therapeutic
strategy to boost efferocytosis in atherosclerosis and sup-
press plaque necrosis would be to restore plaque SPMs. To
test this hypothesis, we administered RvD1 to Western
dietefed Ldlr�/� mice during the time period when earlier
lesions progressed to advanced lesions. RvD1 was admin-
istered because it was the most significantly decreased SPM
as atherosclerosis progressed from the early to advanced
stage in Ldlr�/� mice, but several other SPMs were
decreased as well.22 Nevertheless, we found that RvD1
significantly increased the SPM/LT ratio, enhanced lesional
efferocytosis, and decreased plaque necrosis compared with
vehicle controls.22 These results indicate that addition of
key defective SPMs tip the balance toward a more pro-
resolving plaque phenotype (Figure 2). As will be described
in more detail below, almost identical results were observed
when a peptide mediator of resolution was administered in
Figure 2 Specialized proresolving mediators (SPMs) reduce lesion necrosis and
panel: Key features of advanced plaques include large necrotic cores, thin fibrou
metalloproteinases (MMPs) and defective efferocytosis. New results indicate that a
important receptor for efferocytosis and has recently been linked to the biosynthesi
SPMs. Bottom panel:When SPMs (or other proresolving ligands) are administered to
like necrosis and oxidative stress, are markedly reduced. SPM administration also
ratio. RvD1 enhanced lesional efferocytosis in part because of its ability to limit M

1214
the same manner as above.56 Viola et al23 found that the
SPMs maresin 1 and RvD2 decreased as atherosclerosis
progressed and that combined administration of maresin 1
and RvD2 to Apoe�/� mice with established atherosclerosis
had significantly less necrosis than vehicle controls. Given
that maresin 1 and RvD2 enhance efferocytosis in other
contexts,1 it is likely that enhanced efferocytosis played a
role in the observed benefit in this model.
Earlier work demonstrated that MerTK, a key efferocytosis

receptor on macrophages, is a critical regulator of plaque
necrosis and lesion stability.57,58 MerTK can be regulated by
a disintegrin and metalloprotease (ADAM)17-mediated
cleavage process that disables the receptor and produces a
soluble fraction called soluble Mer. In this regard, Thorp
et al59 mapped the cleavage site of MerTK, which provided
the basis for the generation of a MerTK cleavageeresistant
mouse (MertkCR).60 This in vivo tool helped uncover a new
function of MerTK, namely, its ability to promote tissue
repair and SPM biosynthesis.60 In this regard, MertkCR mice
enhance efferocytosis, fibrous caps, and the SPM/leukotriene (LT) ratio. Top
s caps, increased oxidative stress, and a dysregulated activation of matrix
dvanced plaques also have an imbalance in the SPM/LTB4 ratio. MerTK is an
s of SPMs. Cleavage of MerTK results in decreased efferocytosis and decreased
mice with ongoing atherosclerosis, several key features of advanced plaques,
increases fibrous cap thickness and efferocytosis and restores the SPM/LTB4
erTK cleavage. LTB4, leukotriene B4; sol Mer, soluble Mer.
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had accelerated resolution of zymosan-stimulated peritonitis
and were protected against ischemia/reperfusion-induced
remote organ injury compared with wild-type controls.60

Thus, when the impaired resolution cycle is broken, as it is
when MerTK is rendered inactive by proteolytic cleavage, the
system loses both efferocytosis and the proper balance of
proresolving and proinflammatory lipid mediators. It is
possible that these new findings could apply to other chronic
inflammatory disorders, many of which share defects in both
efferocytosis and inflammation resolution. Indeed, in the case
of certain diseases, like lupus and Sjögren syndrome, which
show positive correlations with soluble Mer, it is possible that
MerTK cleavage and thus a disruption of inflammation res-
olution can be involved.61,62 With regard to atherosclerosis, a
previous study reported that macrophages near the necrotic
cores of human atherosclerotic plaques have lower cell sur-
face MerTK and higher ADAM17 expression compared with
peripheral plaque macrophages.63 Furthermore, human
symptomatic plaques had less surface MerTK compared with
asymptomatic plaques. These results were recapitulated in
mice, in which advanced, vulnerable plaques had signifi-
cantly less surface MerTK compared with early plaques.64 To
test causation,MertkCR mice has decreased necrotic cores and
increased SPM/proinflammatory mediator ratio compared
with wild-type controls.64 The major class of SPMs that were
increased in the MertkCR plaques was the D-series SPMs. In
this regard, administration of RvD1 during plaque progres-
sion increased lesional surface MerTK compared with con-
trols, which may be linked to RvD1’s ability to enhance
lesional efferocytosis (Figure 2).22,64 Interestingly, MertkCR

lesions also had more T regulatory cells compared with
controls.64 Key D-series SPMs, such as those identified in
human and murine plaques, have been shown to stimulate T
regulatory cells in other contexts65 and therefore the increase
in T regulatory cells could be in part because of the increase
in D-series SPMs in the MertkCR plaques. Therefore, in the
setting of advanced atherosclerosis, MerTK cleavage pro-
motes many of the features of clinically dangerous plaques,
including necrosis, imbalance of proresolving versus proin-
flammatory lipid mediators, and fibrous cap thinning.

Although the examples above illustrate the concept that
defective efferocytosis in atherosclerotic lesions could be
caused by abnormalities with the phagocytes themselves, a
recent study has shown that apoptotic plaque cells in human
andmouse lesions inappropriately retain a don’t-eat-me signal
called CD47, which is normally present on live cells to block
cell engulfment.66 Defects on both ends of the efferocytosis
pathway in advanced plaques would generate a major
impediment to apoptotic cell clearance in lesions. Finally,
other studies have provided evidence that necroptosis also
contributes to the formation of plaque necrosis,67,68 but
whether defective clearance of necroptotic cells is important
in this process remains to be investigated.

In addition to SPMs, two other protein-derived mediators
of resolution, annexin A1 and IL-10, have been shown to be
protective in atherosclerosis. The first proof-of-concept
The American Journal of Pathology - ajp.amjpathol.org
study was performed with Ac2-26, which is a bioactive
peptide from annexin A1. Ac2-26 was encapsulated into
polymeric nanoparticles (NPs) that had a lesion-targeting
(collagen-IV) motif.56 Administration of collagen-IV Ac2-
26 NPs to Western dietefed Ldlr�/� mice with established
atherosclerosis decreased lesional oxidative stress, matrix
metalloproteinases, and plaque necrosis in a manner that
was dependent on the myeloid cell Ac2-26 receptor, ALX/
FPR2.5,56 Collagen-IV Ac2-26 NPs also increased the
thickness of the protective fibrous cap, collagen synthesis,
and intraplaque IL-10 expression.56 Administration of
lesion-targeted NPs containing IL-10 also led to an increase
in fibrous caps and efferocytosis and a decrease in lesional
oxidative stress, necrosis, and matrix metalloproteinases
compared with various control treatments.69 Systemic IL-10
has anti-inflammatory actions, but this report suggests that
targeted, local delivery of IL-10 can have tissue reparative
and proresolving actions.69 In support of the above Ac2-26
findings, Kusters et al70 subsequently found that treatment
with human recombinant annexin A1 decreased lesional
necrosis in midadvanced lesions of Ldlr�/� mice fed a
Western diet. Moreover, in early atherogenesis, Drechsler
et al71 found that in vivo delivery of Ac2-26 to Western
dietefed Apoe�/� mice quelled atherogenesis in a receptor-
dependent manner. In particular, Ac2-26 decreased lesion
area and macrophage number, which is consistent with the
known anti-inflammatory and proresolving functions of
Ac2-26. To further gain insight into endogenous mecha-
nisms associated with annexin A1-ALX/FPR2 signaling in
atherogenesis, Drechsler et al71 studied Apoe�/�Fpr2�/�

and Apoe�/�Anxa1�/� mice and found that they had
increased atherosclerotic lesion area and heightened
myeloid cell adhesion and recruitment. Mechanistically,
their results indicate an endogenous protective role for
annexin A1 and ALX/FPR2 via inhibition of integrin acti-
vation evoked by key chemokines.6

The SPM resolvin E1 (RvE1) has also been shown to be
protective in a rabbit model of atherogenesis. Hasturk et al21

reported that topical administration of RvE1 to the perio-
dontium at the initiation of high cholesterol diet decreased
atherogenesis. In this regard, it is intriguing to consider the
possibility that SPM-eluting stents or biodegradable wraps
could be used to prevent further plaque progression at the
time of percutaneous coronary intervention.72 Similarly,
Salic et al24 found that oral treatment with RvE1 in a mouse
model of atherosclerosis decreased lesion area and lesional
inflammation without affecting cholesterol levels or sys-
temic inflammatory markers like serum amyloid A. More
important, when RvE1 was administered in combination
with atorvastatin, plaque size was reduced almost twice as
much as with RvE1 alone.24 These results suggest that a
cotreatment strategy to both lower cholesterol and enhance
resolution may be particularly beneficial in preventing
plaque progression. In addition to statins, ADP receptor
antagonists are another major class of CVD drugs because
of their ability to quell platelet aggregation.73 Interestingly,
1215
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RvE1 limits ADP-stimulated platelet aggregation,74,75 and
therefore RvE1 may be an intriguing therapeutic target for
CVD because of its multipronged ability to temper inflam-
mation, enhance efferocytosis, and quell ADP-induced
platelet aggregation.76

SPMs Promote Collagen Synthesis for Wound
Healing and Can Help Stabilize Atherosclerotic
Plaques

One of the most striking observations of the plaques in
athero-prone mice treated with SPMs or collagen-IV Ac2-26
NPs was a marked increase in fibrous cap thickness and
collagen synthesis in plaques.22,23,56 MertkCR mice also had
increased fibrous caps, which suggest a role for endogenous
SPMs in this process. Although the mechanisms underlying
the formation of the protective cap still remain at large, it is
possible that efferocytosis can participate in the process.
Efferocytosis is known to cause the synthesis and release of
transforming growth factor-b and SPMs, both of which can
trigger collagen synthesis and tissue repair.55,77e79 In this
regard, RvE1 increased collagen in the context of periodontal
ligament repair,80 and 17R-RvD1 was shown to increase
matrix synthesis in a model of arthritis.81 On the other hand,
RvD1 was found to decrease cardiac collagen in the setting of
myocardial infarction,18 and there are several reports that
suggest SPMs exert antifibrotic actions.82,83 Thus, the role of
SPMs in fibrosis appears to be context specific, and factors
that control its actions in collagen synthesis in advanced
atherosclerosis represent an important area for future
investigation.

Emerging Areas of Investigations for the
Inflammation-Resolution and Atherosclerosis
Fields

miRNAs are emerging as important regulators of inflamma-
tion in atherosclerosis.84e87 Interestingly, miR-33 inhibition
mirrored many of the same actions of SPMs in plaques, such
Table 1 SPMs Play Protective Roles in Several Factors that Exacerbate

Factors that exacerbate atherosclerosis Role of SPMs

High LDL Exogenous administration o
cholesterol (mice).22,23

Obesity/type 2 diabetes Exogenous administration o
inflammation. LXA4 decre

Age SPMs are decreased in aged
Smoking Exogenous administration o
Arthritis Exogenous administration o
Renal fibrosis LXA4 protects against renal
Sex Greater SPM/LT ratio in you
Sedentary lifestyle Exercise (human) and stret

LDL, low-density lipoprotein; LT, leukotriene; LXA4, lipoxin A4; Mar1, maresi
mediator.

1216
as an increase in T regulatory cells, a modest increase in
lesional collagen, and a significant decrease in necrosis.84

Whether SPMs play a role in regulating miR-33 is unknown.
Oxidative stress is emerging as a process that not only

exacerbates atherosclerosis, but also directly impinges on
the inflammation-resolution program.22 More important,
SPMs have been shown to increase heme-oxygenase 1, an
endogenous antioxidant protein, in other contexts.88 Heme-
oxygenase 1 in certain contexts can lead to local production
of carbon monoxide, which has recently been linked to a
protective phenotype.89 Although SPMs have been shown
to decrease intraplaque oxidative stress,22 it is not known
whether the SPM-induced increase in heme-oxygenase 1
contributes to this effect.
Other risk factors for atherosclerosis, such as stress and

age, have also been causally linked to atherosclerosis and
specifically to features that drive vulnerable plaque for-
mation.90e92 Chronic stress, as an example, was shown to
induce an inflammatory phenotype.90 Therefore, it would be
interesting to see whether SPMs could temper the stress-
induced inflammatory phenotype and thus decrease stress-
induced plaque formation.
Other known factors that exacerbate atherosclerosis

include obesity/type 2 diabetes, smoking, arthritis, renal
fibrosis, and sex. Table 1 summarizes how SPMs have been
reported to be protective in all of these settings. The common
thread of these studies is that SPMs temper dysregulated
inflammation and promote tissue repair. A deeper mecha-
nistic understanding of how SPMs affect these risk factors
will be invaluable for the field.
Proresolution Pathways Stimulate Host
Responses and Are Not Immunosuppressive

Inflammation resolution tempers proinflammatory processes
and activates tissue repair/regenerative programs.1 Anti-
inflammation, on the other hand, only refers to the process
of limiting proinflammatory processes. The conceptual dif-
ference between anti-inflammation and proresolution is
highlighted by certain anti-inflammatory therapies, such
Atherosclerosis

f RvD1, or RvD2 and Mar1, results in no change of circulating

f RvD1 improves insulin sensitivity and decreases adipose
ases adipose inflammation and liver and kidney damage (mice).93,94

humans and mice.95,96

f RvD1 decreases lung injury from smoking (mice).97,98

f RvD1 or RvD3 protects against arthritis (mice).81,99

fibrosis.82

ng women compared with men (human).9

ch (rat) stimulates SPMs.100e102

n 1; RvD1, resolvin D1; RvD3, resolvin D3; SPM, specialized proresolving
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as selective cyclooxygenase-2 and LOX inhibitors.
Cyclooxygenase-2 inhibitors disrupt the critical throm-
boxane A2/prostacyclin balance and block the production of
PGE2 and PGD2 and thus the timely switch to resolu-
tion.103,104 LOX inhibition in mice significantly exacerbated
inflammation, indicated by the increased number of poly-
morphonuclear leukocytes in exudates at 24 hours and
reduced zymosan clearance to lymph nodes. Together, these
results indicate a resolution deficit characterized by impaired
phagocyte removal.79 In contrast, when SPMs were
administered together with the LOX inhibitor, the inflam-
mation resolution response was rescued, as evidenced by
a marked reduction and removal of exudate poly-
morphonuclear leukocytes. This overall concept may also
help explain the poor clinical outcome observed with
antietumor necrosis factor-a therapy in systemic inflam-
matory response syndrome patients (ie, the use of an
anti-inflammatory drug may derail a proper and temporal
proresolving response).105 In summary, it now seems
apparent that attempting to block inflammation via inhibi-
tion of enzymes or mediators reduces the ability to resolve
inflammation. Hence, it is important to develop drugs that
do not inhibit the resolution process or, more directly,
bolster this response. For example, there are some drugs that
are considered inflammation resolution friendly. Low-dose
aspirin is widely used for both the primary and secondary
prevention of unstable angina, myocardial infarction, and
stroke. The beneficial actions of low-dose aspirin in the
cardiovascular system are attributed to its ability to decrease
the formation of prothrombotic thromboxane A2 without
suppressing the basal biosynthesis of cardioprotective
prostacyclin.106 Aspirin has anti-inflammatory actions in
humans, such as blocking leukocyte trafficking to inflamed
tissues, which is likely independent of aspirin’s ability to
inhibit prostanoid biosynthesis.103,107 In this regard, aspirin
has been shown to jump-start inflammation resolution by
generating epimeric aspirin-triggered SPMs. As another
example of a potentially resolution-friendly drug, statins
were reported to augment the production of SPMs in certain
contexts,102,108 although the benefit of statins in the chronic
prevention of heart disease can be explained mostly by their
ability to lower plasma levels of low-density lipoprotein.
What the Future Holds for Immunomodulatory
CVD Treatment

Anti-inflammatory drugs, such as synthetic corticosteroids,
cyclooxygenase inhibitors, and antietumor necrosis factor-
a, are highly efficacious in certain settings, such as in acute
inflammation or in symptomatic flares of autoimmune dis-
eases.109 In these settings, the adverse effect of these drugs
is either minimal because of short-term use or accepted
because of the high benefit/risk ratio in symptomatic dis-
eases.109 In the context of atherosclerosis, we do not yet
have a specific therapeutic approach to the persistently
The American Journal of Pathology - ajp.amjpathol.org
activated inflammatory response, notwithstanding the ef-
fects of statin-induced cholesterol lowering on suppressing
proinflammatory subendothelial lipoprotein retention.
Atherosclerosis is a long-term progressive disease, and so
anti-inflammatory drugs that dampen host defense mecha-
nisms or that happen to also disrupt vascular homeostasis
(eg, selective cyclooxygenase inhibitors) are not ideal.110

For example, recent work indicates that targeting plaques
with the anti-inflammatory drug, prednisolone, actually ex-
acerbates atherosclerosis.111,112 The burst of new preclinical
literature supporting the atheroprotective effect of pro-
resolving mediators suggests that stimulating rather than
blocking natural host responses may be the best way to
treat CVD.

Precision medicine and functional genomics will likely
play important roles in the future of CVD resolution thera-
peutics. Currently, genetic and genomic patterns controlling
resolution are not known and, if uncovered, might provide
strategies to tailor current drugs for better use in humans.
Patterns associated with post-translational modifications of
proteins, or lipid mediators, will also be critical end points for
a precision medicineebased treatment approach. Ultimately,
the goals would be to identify drugs that impinge on
endogenous resolution and to develop new personalized
therapeutics that specifically enhance this protective process.
Furthermore, understanding the way humans swiftly resolve
acute inflammation may also provide clues that can help
identify diseases before they develop. In humans, the innate
inflammatory response can be assessed by monitoring the
systemic inflammatory reaction after endotoxin113,114 or the
local inflammatory reaction after a cantharidin-induced
skin blister, a model of sterile inflammation.115,116 Recent
findings in humans indicate that SPMs are present in the
plasma45,117e119 and can possibly serve as temporal bio-
markers of inflammation resolution after endotoxin chal-
lenge. In addition, lipid mediator signatures may reveal clues
for patient outcomes. In this regard, plasma from sepsis pa-
tients revealed distinct lipid mediator and SPM patterns
associated with surviving versus nonsurviving patients.118

Therefore, lipid mediators in the plasma can be identified
and quantified to do the following: i) assess an individual’s
inflammation-resolution response,45,119 ii) monitor disease
outcomes,118 and iii) test the effect of particular drugs on
these pathways.120

The blister model provides a controlled induction and
termination of local inflammation and may be useful as a
starting point for genomic and lipid mediator screening and
testing of current and novel therapeutics. In this context,
Morris et al121 uncovered that humans fall into two cate-
gories, those who resolved their acute inflammatory re-
sponses in an immediate manner and those who showed a
more delayed or prolonged healing process. The magnitude
and duration of their acute inflammatory response was
controlled by endogenous epimeric lipoxins and ALX/FPR2
expression. More recent results indicate that there are clear
sex-specific differences with regard to inflammation-
1217
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resolution responses in humans.9 Along these lines, young
females exhibited a more controlled inflammatory response
compared with males, which was associated with an in-
crease in the SPM/LT ratio.9 The class of SPMs that were
particularly increased in females were those of the D-series,
which include RvD1 and RvD2. More important, these
same class of SPMs were decreased in human22 and murine
plaques.22,23 Incorporating a functional genomic approach
or identifying a specific signature associated with a defec-
tive inflammation-resolution response with human models
of swift versus delayed resolution may yield important
findings for tailoring specific drugs for individuals for
atherosclerotic cardiovascular disease and the other critical
diseases in our aging society that are characterized by
chronic inflammation and a defective resolution response.
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