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Acute inflammation is a fundamental, protective response that orchestrates immune system to
address harmful stimuli both from within and via invasion. New evidences indicate that the resolu-
tion of acute inflammation is not simply passive but active and highly regulated processes coordi-
nated by new families of potent bioactive lipid mediators (LMs), coined specialized proresolving
mediators (SPMs). These SPMs are biosynthesized from n-3 polyunsaturated fatty acids. Low con-
centrations of SPM (nM range) stimulate proresolving cellular processes, such as inhibition of neu-
trophil infiltration, enhancement of macrophage phagocytosis of bacteria and efferocytosis of cellular
debris, and reduction of inflammatory pain through specific G-protein coupled receptors.

Of the many bioactive mediators that regulate inflammation resolution, low-dose carbon mon-
oxide (CO) functions as a tissue-protective gaso-transmitter that is endogenously produced by the
heme oxygenase (HO) system. Specific SPMs activate the HO system, which in turn enhances
endogenous CO production locally, thus establishing a protective feed-forward circuit between SPMs
and CO. In addition, treatment with low-dose CO and SPMs exerts protective effects against isch-
emia/reperfusion injury by decreasing leukocyte—platelet interaction and proinflammatory LM levels.

Recent studies reviewed herein assessed the impact of SPMs and low-dose inhaled CO on
inflammatory diseases. LM metabololipidomics approach allows the assessment of the efficacy of
novel treatments with SPMs and low-dose CO. Moreover, this approach indicates the regions where
the action of individual LMs may be physiologically relevant and when these LMs are produced in
vivo to serve their proresolving mediator functions that may also permit new directions for treating

human diseases.
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Introduction

Acute inflammation is a host protective response
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orchestrated by the innate immune system against
harmful stimuli, such as infection or tissue damage.
Temporally and locally coordinated cellular processes
are involved in the resolution mechanisms of inflam-
mation. However, when uncontrolled, inflammation
leads to chronic disorders in different organs. It was
once believed that simple passive dilution of proin-
flammatory chemical mediators at the inflammation
site could stop ongoing inflammation, with subse-
quent responses ending with the loss of chemotactic
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gradients that direct cell traffic”?. Recent results from
the Serhan laboratory indicate that the resolution of
acute inflammation and return to homeostasis is not a
passive process but an active biosynthetic process that
is highly regulated and programmed at the tissue level
by several newly discovered families of bioactive lipid
mediators (LMs), which together are coined the spe-
cialized proresolving mediators (SPMs) '

Of the many different endogenous small mole-
cules contributing to the resolution of inflammation,
carbon monoxide (CO) functions as a tissue-protec-
tive gaso-transmitter that is endogenously synthesized
by heme oxygenase (HO) system”. Inhalation of low-
dose CO exerts anti-inflammatory effects both 77 vive
and in vitro and protective effects against inflamma-
tory diseases”. For example, inhalation of low-dose
CO ameliorates collagen-induced arthritis, prevents
bone destruction, and decreases anti-collagen antibody
levels and osteoclast number®. In non-human pri-
mates, exposure to low-dose CO after LPS inhalation
protects against lung inflammation, decreases TNF-a
release in bronchoalveolar lavage fluid, and reduces
airway neutrophil influx”. A recent study reported
that specific SPMs activated the endogenous HO sys-
tem, which in turn enhanced CO production locally,
thus establishing a protective feed-forward circuit
between SPMs and CO®. This review focuses on the
new evidences indicating specific novel mechanisms of
and functional relationships between SPMs and CO
in resolving inflammation.

Resolution of Acute Inflammation is an
Active Process

After infection or tissue damage, exogenous and
endogenous chemical mediators are released at the
injury site”. These chemical mediators regulate the
permeability of vasculature and enhance the formation
of inflammatory exudate and infiltration of polymor-
phonuclear neutrophils (PMNs) (Fig.1A). The
inflammatory exudate transfers water soluble fractions
from circulating plasma and polyunsaturated fatty
acids (PUFAs), such as n-3 PUFAs along with albu-
min®. These n-3 PUFAs are substrates for the biosyn-
thesis of local-acting SPMs by exudate cells (Fig. 1B).
SPMs function to temporally limit the further influx
of PMNis into the inflammation sites iz vivo and regu-
late the apoptosis of PMNs'?. During the resolution
of inflammation, SPMs enhance the infiltration and
M2-type polarization of macrophages, which have
anti-inflammatory and proresolving characteristics. In
addition, SPMs promote macrophage-mediated
phagocytosis of apoptotic PMNs (efferocytosis) and

their trafficking to the lymph nodes and spleen'’.
These SPM-controlled active cellular processes con-
tribute to the clearance of “inflammatory remnants”
and establishment of tissue homeostasis.

Novel SPMs Derived from Arachidonic Acid,
Eicosapentaenoic Acid, Docosahexaenoic
Acid, and n-3 Docosapentaenoic Acid

The arachidonic acid (AA) bioactive metabolome
includes cyclooxygenase (COX) products, such as
prostaglandins (PGs) and thromboxanes (Txs), and
5-lipoxygenase (5-LO) products, such as leukotrienes
(LTs), that are well-known proinflammatory bioactive
LMs'? that function in the initiation phase of the
acute inflammatory response”. Emerging evidences
indicate that resolution of inflammation is an active
process that is accompanied by the stereospecific bio-
synthesis of potent LMs that stimulate this resolution
(Fig.1), which has been reviewed in previous stud-
ies” > 9. Potent LMs identified to date (Fig.2)
include AA-derived lipoxins (LXs)'*'?; n-3 eicosap-
entaenoic acid (EPA)-derived E-series resolvins
(Rvs)'*'"; and docosahexaenoic acid (DHA)-derived
D-series Rvs*” 2V, protectins®”, and maresins® 2%.
Fatty acids belonging to n-3 docosapentaenoic acid
(DPA)-specific bioactive metabolome also serve as
SPMs. Dalli ez al. identified novel n-3 DPA Ruvs, pro-
tectins, maresins®, and 13-series Rvs (RvTs)?® in
human and mouse tissues. These compounds exert
potent tissue-protective effects and induce enhanced
resolution of acute inflammation and increased sur-
vival of mice during infections. RvTs regulate phago-
cytosis in humans and mice by stimulating bacterial
phagocytosis and regulating inflammasome compo-
nents. RvT biosynthesis during neutrophil-endothe-
lial cell interaction is initiated by COX-2 and is
increased after treatment with atorvastatin because of
S-nitrosylation of COX-2%?. These findings may
explain one of the possible mechanisms underlying
the pleiotrophic and potentially beneficial effects of
statin therapy observed in human studies.

SPMs exert proresolving effects at low concentra-
tion, suggesting that they interact with specific cell
surface receptors. Table 1 shows SPMs and their cor-
responding receptors. LXA4 and RvD1 act as agonists
of ALX/FPR2 and DRV/GPR32%" % Recently, Chi-
ang et al. reported a novel proresolving receptor
GPR18 of RvD2*). RvD3 and RvD5 exert proresolv-
ing effects through DRV/GPR32%" 3. E-Series Rvs
act as agonists of ERV/ChemR23'”%" and antagonists
of LTB4 receptor BLT132.



Lipid and Gas Mediators in Resolution

657

(A) Acute inflammation

Epithelial
cells
\ﬁ Chemical
edit s
Ti J
dalfnsal;ee @ @ @ @
® © ® ®

(B) Resolution mechanisms: active process

Vasculature
Epithelial
8|
PMN SPM ’
o Specialized
apoptosis ® proresolving A
. . mediators
(] ® @ i ,@ d
® o o “ %
® _© ® ®
® ® 3 3
Vasculature
Epithelial

cells

Efferocytosis
by macrophage

S s

k‘ Lymphatic

PMN infiltration

Vasculature

€

SPM:
Specialized
proresolving
mediators

> ©00
S e e e e

vessels

Fig.1. Resolution phase of acute inflammation is a highly coordinated and active

process

(A) Acute inflammation. At the tissue damage site, exogenous and endogenous chemi-
cal mediators are released. These chemical mediators regulate the permeability of vascu-
lature and enhance the formation of inflammatory exudate and infiltration of polymor-
phonuclear neutrophil (PMNs). (B) Resolution of acute inflammation. Specialized pro-
resolving mediators, coined SPMs, are synthesized from inflammatory exudate through
specific enzymatic conversions. SPMs stimulate resolution processes, such as enhance-
ment of PMN apoptosis, macrophage infiltration and M2-type polarization, and mac-
rophage-mediated efferocytosis. These SPM-controlled active cellular processes contrib-

ute to the resolution mechanisms.

SPMs and CO Constitute a Proresolving
Circuit

Inhalation of low-dose CO accelerates the resolu-
tion of acute inflammation, enhances macrophage-
induced phagocytosis and efferocytosis in humans and
mice, and regulates local LMs temporally®. The effect
of CO on SPM production was demonstrated in

human macrophages incubated with serum-treated
zymosan (STZ). Treatment of these macrophages with
CO (250 ppm, 8 h, 377C) significantly decreased the
levels of proinflammatory PGE2 and TxB:2 but
increased the levels of proresolving RvD1, RvD2,
PD1, RvEl, and RvE3 (Fig. 3A). Moreover, CO treat-
ment increased the mRNA and protein levels of
15-LO (Table 1). Specific Rvs are converted and
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Fig.2. Bioactive LMs and SPM derived from AA, EPA, DHA, and n-3 DPA: essential fatty acids

AA metabolome includes COX products, such as PGs and Txs, and 5-LO products, such as LTs and LO interaction products LXs.
EPA metabolome includes PGs, Txs, LTs, and E-series Rvs. DHA metabolome includes D-series Rvs, protectins, and maresins. n-3
DPA metabolome includes n-3 DPA Rvs, protectins, maresins, and recently discovered 13-series Ruvs.

Table 1. Proresolving lipid and gaseous mediators and their corresponding mechanism of function

Proresolving lipid mediators Mechanism of function

Lipoxins
LXA4 agonist for ALX/FPR2 2, DRV/GPR32%®
Resolvin D-series
RvD1 agonist for ALX/FPR2, DRV/GPR32%
RvD2 agonist for GPR18%)
RvD3 agonist for DRV/GPR32%)
RvD5 agonist for DRV/GPR323”
Resolvin E-series
RvE1 agonist for ERV/ChemR23'”, antagonist for BLT1%?
RvE2 partial agonist for ERV/ChemR233"

Proresolving gaseous mediators Mechanisms of function

mRNA, protein expression of 15-LO 1
Enzymatic activity of 15-PGDH/EOR { ¥
Regulation of heme binding proteins®

Carbon monoxide (CO)
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Fig.3. SPMs and CO constitute a novel proresolving circuit

Carbon Monoxide

(A) GM-CSF differentiated human macrophages were incubated with or without low-dose CO (250 ppm, 8 h, 37°C) and then
incubated with serum-treated zymosan for 30 min. Results of LM metabololipidomics are expressed as percent changes by CO
treatment; mean = SEM, n=4. *p<0.05 versus normoxic incubation. (B) SPMs induce HO-1 with human macrophages.
Human macrophages were incubated with the selected SPMs at 0.1 nM concentration. Cells were harvested, and HO-1 expres-
sions were determined using FITC-labeled anti-HO-1 antibody. Results are mean = SEM, n=4. *p< 0.05 versus vehicle. Repro-
duced from reference® with permission. Copyright 2013. The American Association of Immunologist, Inc.

metabolized through the 15-hydroxy PG dehydroge-
nase (15-PGDH)/eicosanoid oxidoreductase (EOR)
pathway. CO decreases the enzymatic activity of
15-PGDH/EOR, thereby increasing SPM accumula-
tion locally. Conversely, blockade of 15-LO expression
in macrophages using specific shRNA decreases CO-
induced SPM production®. Together, these results
suggest that impacts of CO on the regulation of
inflammatory responses are mediated by both decreased
levels of proinflammatory LMs and increased levels of
proresolving mediators such as specific SPMs.

SPMs directly activate the HO-1/CO pathway as
a part of endogenous proresolving mechanisms. For
example, HO-1 levels in human macrophages were
monitored using flow cytometry with an FITC-conju-
gated anti-HO-1 antibody. A panel of SPMs (LXA4,
RvD1, RvD2, PD1, MaR1, and RvE1l) was tested to
establish their rank order of potency. At 0.1 nM con-
centration, RvD1 was the most potent SPM because it
significantly increased HO-1 levels by approximately
50% compared with vehicle, followed by PDI1
(Fig.3B). Equi-concentration of proinflammatory
LTB4« did not significantly increase HO-1 levels. These
results indicated that SPMs increased HO-1 expres-
sion and contributed to endogenous CO production
in human macrophages at the tissue injury site.

These observations indicate that low-dose CO is
a proresolving gaseous mediator. Particularly, inhala-

tion of CO promotes the phagocytic ingestion of
apoptotic PMNs (efferocytosis) and their exit to the
lymphatic system®. In addition, these results highlight
the association between the 15-LO/SPM and HO-1/
CO pathways that amplify each other and constitute
the proresolving circuit (Fig. 3).

CO and RvD1 Protect Against Ischemia/
Reperfusion injury by Decreasing PMN-
Platelet Interaction

Ischemia/reperfusion (I/R) injury is a major chal-
lenge in various clinical settings, such as cardiovascu-
lar, surgical, and critical care settings® %Y. During
ischemia, inflammatory responses are activated by
PMNs and platelets, which first occur locally. Initia-
tion of reperfusion or reflow results in the release of
activated PMNs, platelets, and inflammatory media-
tors. Virtually, all organs are susceptible to remote
injury caused by leukocyte-mediated tissue damage.
Inhalation of low-dose CO and intravenous adminis-
tration of SPMs exert protective effects against PMN-
mediated acute lung injury after I/R injury in a
murine model®”.

Histological analysis of samples from a murine
model (Fig.4A) indicated that I/R injury initiated
second-organ lung injury through PMN infiltration.
Inhalation of low-dose CO (250 ppm) or intravenous
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Fig.4. CO and RvD1 protect lungs against I/R injury by decreasing PMN-—platelet interaction

Bilateral hindlimb ischemia was initiated using tourniquets placed on each hindlimb. Mice were subjected to
hindlimb ischemia for 60 min, after which the tourniquets were removed to initiate reperfusion. Selected mice
were kept in the low-dose CO chamber (250 ppm) for 60 min before the induction of hindlimb ischemia.
RvD1 (500 ng) was intravenously administered to the tail vein 5 min before the start of reperfusion period. Fol-
lowing the reperfusion period (120 min), their lung damages were investigated. (A) I/R injured lung tissue his-
tology with hematoxylin and eosin staining was shown (magnification: x40; top-right, X 100). Arrows indicate
infiltrated PMNs. (B) Proposed mechanisms of action of low-dose inhaled CO and intravenous administration
of RvD1 on PMN-platelet interaction in lung protection after I/R injury. Reproduced from reference®® with
permission. Copyright 2014. The American Physiological Society.

administration of RvD1 (500 ng/mouse) markedly
decreased PMN infiltration into the lungs. Compared
with CO or RvD1 treatment alone, combined treat-
ment with CO (250 ppm) ansd RvD1 (500 ng) fur-
ther decreased PMN infiltration into the lungs. These
results indicated that CO and RvD1 protected the
lungs from PMN-induced tissue injury during reflow

by decreasing PMN infiltration. In addition, com-
bined treatment with CO and RvD1 exerted additive
tissue-protective actions.

Each LM identified in the lung tissue was quan-
tified earlier® *. Treatment with low-dose inhaled CO
(250 ppm) or RvD1 (500 ng/mouse) alone as well as
with the combination of CO and RvD1 significantly
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(A) LM profiling with human plasma. To assess potential losses during processing, deuterated internal standards that marked
specific chromatographic regions of interest were used. Internal labeled standards ds-5S-HETE, d+LTB4, ds-RvD2, and
d4-PGE2 (500 pg each) were added. Next, samples were held at —=20C for 60 min to allow protein precipitation and then cen-
trifuged (1,200 g, 4C, 10 min). Supernatants were collected and then placed into an automated extraction system. Solid-phase
C18 cartridges (500 mg) were equilibrated with methanol and H20. The samples were acidified by adding H20 (pH 3.5, HCI)
and then rapidly loaded onto the conditioned C18 column that was washed with H20 to neutralize the acid followed by hex-
ane. The products were eluted with methyl formate and methanol. The products were brought to dryness under gentle nitrogen
flow and immediately suspended in methanol-water (50:50 vol/vol) for LC-MS/MS injection. The LC-MS/MS was operated
in negative ionization mode using scheduled multiple reaction monitoring mode, followed by information-dependent enhanced
product ion scanning for identification of lipid mediators with their fragmentation patterns. (B) Total/free fatty acid profiling
with plasma. An internal standard was added to plasma, followed by methyl-derivatization with or without saponification.
Total/free fatty acid profile was investigated by GC-MS procedure using selected ion monitoring.

decreased the levels of proinflammatory LTs and Txs.
Of these mediators, levels of cysteinyl LTs LTC4 and
LTE4 were notably decreased by approximately 85%.
It is now well appreciated that cellular aggregation and
interactions between PMNss with platelets result in the
transcellular biosynthesis of cysteinyl LTs (Fig. 4B)" .
LTA4 produced in PMNs from AA by the conversion
of 5-LO is transferred to platelets interacting with
these PMNGs. In platelets, LTA4 is converted to LTCs4
by LTCs synthase. The murine I/R injury model
showed a 2-fold increase in the number of PMN-
platelet aggregates, indicating the transcellular biosyn-
thesis of LTC4. Treatment with low-dose inhaled CO
and RvD1 significantly decreased the formation of
PMN-platelet aggregates and levels of proinflamma-
tory cysteinyl LTs.

Taken together, these results suggested that the

therapeutic potential of low-dose inhaled CO and
SPMs in regulating various disease processes involving
proinflammatory LMs and PMN-platelet interaction,
such as PMN-mediated tissue injury®”. These findings
may be used for treating single-tissue I/R injury.
Recently, Kain ez al. reported that RvD1 activated an
inflammation resolution response at splenic and ven-
tricular sites in a murine model of myocardial infarc-
tion (MI)*¥. In these studies, RvD1 improved frac-
tional shortening after MI and an early exit of neutro-
phils from the left ventricle and spleen, with an
increased expression of LXA4 receptor (ALX). In addi-
tion, RvD1 promoted the resolution of acute inflam-
mation induced by MI and delayed the onset of heart
failure.
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Metabololipidomics Approach with Human
Samples

Potential involvement of SPMs in human tissue
has been highlighted by the identification of SPMs in
clinical samples. Levels of LXs were elevated in the
mucosa during remission in ulcerative colitis individu-
als®”. Decreased levels of LXA4 were detected in the
blood of patients with localized aggressive periodonti-
tis compared with those in healthy donors*”. Levels of
aspirin-triggered LXs were increased in the plasma of
patients with type 2 diabetes who were treated with
pioglitazone®”, but were decreased in patients with
symptomatic peripheral artery disease compared with
those in healthy volunteers*?. For example, RvE1 and
RvE2 were identified in the peripheral blood of
healthy volunteers'”'®. RvD1 and RvD2 were identi-
fied in human blood after supplementation with n-3
fatty acids*® and in the human adipose tissue*”. PD1
was identified in exhaled breath condensates of people
with asthma®. Decreased PD1 level in eosinophils
was observed in patients with severe asthma compared
with that in healthy individuals*®. PD1 is also pro-
duced by embryonic stem cells*”. By performing mass
spectral identification, MaR1 was identified in the
synovial fluid of patients with rheumatoid arthritis*®.

To investigate LM—SPM in the human periph-
eral blood, wide-targeted LC-MS/MS-based LM
metabololipidomics was performed using human
plasma (Fig.5A)*. In addition, total/free fatty acid
profiling was performed using GC-MS procedure
(Fig.5B). The metabololipidomics approach showed
that the plasma of baboons with Streprococcus pneumo-
nia-induced pneumonia had significantly reduced lev-
els of LM and SPMs, including RvE2 and LXs*”.
Inhalation of low-dose CO increased the levels of
RvEs and LXs in the plasma and significantly
decreased the levels of proinflammatory Txs relative to
pre-exposure levels, indicating a systemic impact of
low-dose CO inhalation on infection-initiated inflam-
mation>.

This LC-MS/MS- and GC-MS-based compre-
hensive targeted metabololipidomics approach®
allows further investigation of “when” and “where”
cach bioactive LM is biosynthesized at an optimal
concentration to serve as a proresolving mediator for
improving human health and for controlling various
diseases.

Conclusion

SPMs and CO exert proresolving actions in
inflammation and protect organ functions. In addi-

tion, SPMs and CO each enhance PMN apoptosis
and macrophage-induced phagocytosis and efferocyto-
sis. SPMs increase HO-1 expression, which in turn
contributes to endogenous CO production. CO
increases 15-lipoxygenase expression and decreases
enzymatic activity of 15-PGDH that inactivates many
of the local SPM, thus enhancing SPM accumulation
locally. Together, SPMs and CO form a beneficial
feed-forward loop for resolving inflammation. Com-
bined treatment with SPMs and CO exerts several
effects on disease processes involving uncontrolled
inflammation to resolve the inflammation and to
maintain homeostasis.

In a recent phase 2 clinical trial involving
patients with dry eye syndrome, an RvE1 analog sig-
nificantly improved signs and symptoms of corneal
inflammation (http://www.resolvyx.com, U.S. Patent
7582785). This is the first trial to show the clinical
efficacy of the novel class of Rv therapeutics that stim-
ulate resolution rather than inhibit inflammatory
mediators. A phase 3 clinical trial is in progress (Safety
and Efficacy Study of RX-10045 on the Signs and
Symptoms of Dry Eye; ClinicalTrials.gov. identifier:
NCT00799552). Specific impact of low-dose inhaled
CO is also under investigation in clinical trials in the
field of respiratory medicine. Intubated ICU patients
with sepsis-induced ARDS have been enrolled in a
clinical trial designed to assess the safety and efficacy
of treatment with low-dose (100-200 ppm) inhaled
CO (ClinicalTrials.gov. Identifier: NCT02425579).
Results of these clinical trials may provide new strate-
gies to control inflammation by using proresolving
SPMs and gaseous mediators in treating human dis-
eases.
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