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Abstract

Practitioners of ancient societies from the time of Hippocrates and earlier recognized and treated the signs
of inflammation, heat, redness, swelling, and pain with agents that block or inhibit proinflammatory
chemical mediators. More selective drugs are available today, but this therapeutic concept has not changed.
Because the acute inflammatory response is host protective to contain foreign invaders, much of today’s
pharmacopeia can cause serious unwanted side effects, such as immune suppression. Uncontrolled
inflammation is now considered pathophysiologic and is associated with many widely occurring diseases
such as cardiovascular disease, neurodegenerative diseases, diabetes, obesity, and asthma, as well as classic
inflammatory diseases (e.g., arthritis and periodontal diseases). The inflammatory response, when self-
limited, produces a superfamily of chemical mediators that stimulate resolution of the response. Specialized
proresolving mediators (SPMs), identified in recent years, are endogenous mediators that include the n-3–
derived families resolvins, protectins, and maresins, as well as arachidonic acid–derived (n-6) lipoxins,
which promote resolution of inflammation, clearance of microbes, reduction of pain, and promotion of
tissue regeneration via novel mechanisms. Aspirin and statins have a positive impact on these resolution
pathways, producing epimeric forms of specific SPMs, whereas other drugs can disrupt timely resolution.
In this article, evidence from recent human and preclinical animal studies is reviewed, indicating that SPMs
are physiologic mediators and pharmacologic agonists that stimulate resolution of inflammation and
infection. The findings suggest that it is time to challenge current treatment practices—namely, using
inhibitors and antagonists alone—and to develop immunoresolvents as agonists to test resolution
pharmacology and their role in catabasis for their therapeutic potential.—Serhan, C. N. Treating
inflammation and infection in the 21st century: new hints from decoding resolution mediators and
mechanisms.
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The innate immune system has evolved to recognize self from nonself, where phagocytes play a central role
to protect the host from invading organisms and foreign objects. The repertoire and cell trafficking of the
acute inflammatory response is protective, and the cardinal signs of inflammation—heat, redness, swelling,
and eventual loss of function—were recognized by physicians of ancient civilizations (1). The therapeutic
approach to treating excessive inflammation and the resulting collateral tissue damage has not changed
significantly since ancient practitioners of folk medicine used willow bark as prescribed by Hippocrates (2).
Therapeutic approaches to inflammation have focused on suppressing, blocking, or inhibiting
proinflammatory mediators of inflammation. The compounds in willow bark, such as salicylate, provide the
basis for aspirin, many nonsteroidal anti-inflammatory drugs (NSAIDs), and other drugs. Although many
of these are effective, it is now clear that excessive or uncontrolled inflammation is associated with many
widely occurring diseases and that new therapeutic interventions should be developed (3, 4).

The current treatment approaches relieve gross signs and symptoms but can give rise to severe immune
suppression with opportunistic infections. The temporal events in self-limited acute inflammatory
responses are known to resolve at the histologic level (Fig. 1) with the loss of inflammatory cells from the
tissue and the return of function (5). The cellular steps and tissue histology of the stage were set as, for
example, viewed clinically in the resolution of lung inflammation (6, 7). Yet the role and function of
resolution phase mediators remained to be discovered. Focus on the fundamental mechanisms in the
resolution response, via a modern systems approach, in my laboratories, have led to the isolation and
complete structural elucidation of several novel families of proresolving mediators of inflammation that
together constitute a superfamily of structurally distinct bioactive agents. These are biosynthesized from
essential polyunsaturated fatty acid (PUFA) precursors to function as potent local-resolution agonists. We
coined the term for the first of these new mediators, the “resolvins” (Rvs; resolution phase interaction
products). They function in the repertoire of catabasis to restore the host’s tissues from their leukocyte-
defensive position in the battlefields with microbial invaders (8–10, and reviewed in refs. 11, 12).

The identified proresolving pathways and mediators that expedite resolution of inflammation have been
rapidly embraced by colleagues studying immunopharmacology and have opened the potential for
considering new therapeutic directions (13, 14). The cells, mediators, and mechanisms in the resolution of
inflammation have been the recent subject of several in-depth reviews, which I suggest for interested
readers (15–23). This overview addresses the emergence of new concepts and potential for endogenous
mediators of resolution and tissue regeneration within the resolution terrain that give rise to a new
discipline: resolution pharmacology. There has not been a conceptual change in direction of patient care for
inflammatory diseases or infections for centuries, and new approaches are needed to minimize or eliminate
unwanted side effects and immune suppression that can accompany prolonged use of traditional anti-
inflammatory therapies [e.g., steroids, NSAIDs and cyclooxygenase (COX) inhibitors], as well as newer
biologics focused on blocking cytokines, such as anti-TNF therapies. Those drugs currently available in the
pharmacopeia for treatment consist mainly of inhibitors and receptor antagonists to manage excessive and
infectious inflammation. The new terrain of natural resolution, their pathways and endogenous mediators
uncovered give us new concepts and hope. These are fertile ground for treating inflammation in the 21st
century by pharmacologic means that are in alignment with the self-limited inflammatory response and its
natural timely resolution, with tissue regeneration and return of function.

ALPHA SIGNALS OMEGA IN THE CASCADE

Inflammation is certainly close to all of us. We are all affected daily by the acute inflammatory response
protecting us from microbial invasions and tissue injury. My colleagues and I started to think about the
molecular decision paths that can lead from acute inflammation to either chronicity or the ideal outcome of
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complete resolution (Fig. 1). Textbooks show that the resolution of acute inflammation has been thought to
be a passive process, meaning that inflammatory mediators from the initiation of the acute response [e.g.,
chemoattractants, complement components, C5a, C3b, prostaglandins (PGs), chemokines, and cytokines]
would simply dilute and dissipate (5, 24, 25) to stop the infiltration of leukocytes into the tissues. By
studying self-limited acute inflammatory responses with inflammatory exudates formed in vivo in mice, an
adaptation of the well-known rat air pouch model (26), we learned that, during self-limited responses in
animal models devised with a systems approach, this process gives rise to active resolution where Rvs and
other specialized proresolving mediators (SPMs)—a superfamily of proresolving mediators that include
Rvs, protectins (PDs), maresins (MaRs) and lipoxins (LXs) (12)—take part to bring about a state of
resolution and tissue function (8–10, 27). We first focused our efforts on periodontal disease (28) because it
is a chronic inflammation and infection that has certainly been a public health concern in the United States
and around the world (29, 30). Periodontal disease is a very good example of leukocyte-mediated tissue
destruction, primarily by neutrophils that can amplify inflammation via debris produced around the
ligaments of the tooth, and we therefore thought that this clinical scenario would be an ideal one for testing
the principles of stimulating resolution to control the unwanted side effects of this form of infectious
inflammation.

The main questions that interest me and my research team are as follows: What are the endogenous
controllers of excessive inflammation and infection? How are these linked and what are the signaling
molecules involved? The specialized proresolving mediators–each a separate family of bioactive mediators,
the Rvs, PDs, and MaRs, with separate biosynthesis pathways and receptors (Fig. 2)—play a role in these
processes (12). Recent findings introduced 3 novel pathways that stimulate within-tissue regeneration (31).
The complete stereochemical assignment via total organic synthesis of each of these mediators has
confirmed their original structural assignments, as well as the basis for resolution pharmacology.

The illustration in Fig. 1, composed according to results of our studies, emphasizes the resolution of
inflammation as an active process with novel mediators and checkpoint endogenous controlled
mechanisms. Samuelsson and colleagues of the Karolinska Institute (Stockholm, Sweden) contributed
seminal discoveries of the biosynthetic pathways for the PGs and leukotrienes (LTs) (32), which are major
mediators that evoke the classic cardinal signs of inflammation (5). PGs and LTB  play critical roles at the
beginning of the acute inflammatory response and, in a controlled laboratory setting (with a fixed time 0 of
the initiation of the acute inflammatory response) we induced this temporal sequence of key cellular and
molecular events, to study the signs of resolution (12, 33) that are regulated by the proresolving mediators (
Table 1). A temporal lipid mediator class switch leads to the production of the LXs (34) and also involves
phospholipases (35) and the Rvs, which give signals to macrophages and the nonphlogistic recruitment of
monocytes (36, 37), as they eat and take up the apoptotic neutrophils via phagocytosis (38). When added
back pharmacologically, Rvs and other SPMs, such as the PDs regulate inflammatory mediators by
counterregulation [TNFα, platelet activating factor (PAF), PGs, LTs, chemokines, and cytokines] to head
off inflammation in animal models (see Table 2 for recent preclinical models) as well as organ fibrosis
(39–42). The MaRs and RvE1 were first recognized (43, 44) to stimulate resolution, tissue regeneration,
and subsequent wound healing (21, 45). PG biosynthesis is critical to resolution, because PGE  and PGD
stimulate the induction of 15 type I lipoxygenases (LOXs) that are necessary for producing LXs and the
specific SPMs, Rvs and PDs. Hence, inhibitors of prostanoid biosynthesis, such as the classic NSAIDs,
disrupt timely resolution (20, 46–48).

The new concept from these results is that, at experimental time 0, the resolution process begins and is an
active process (27, 49): alpha signals omega; the beginning signals the end or termination of the acute
inflammatory response. The main physiologic responses that we used to structurally elucidate the stop
signals of inflammation that proved to be proresolving mediators (Table 1), evoking cessation of
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neutrophilic infiltration (the reduction of diapedesis) to limit further neutrophilic infiltration to a site of
inflammation, are the physiologic responses at the postcapillary venule that stimulate macrophage
phagocytosis, as well. When added back pharmacologically, the effect is perceived in experimental animals
as anti-inflammatory and is different from the proresolving action, which is actually composed of both of
these, where the proresolving mediators increase the clearance and killing, efferocytosis, and phagocytosis
of apoptotic polymorphonuclear neutrophils (PMNs), and therefore it took some time to discover that
proresolution was not identical to anti-inflammation (Table 1). To be able to do this systematically and gain
the evidence, we introduced resolution indices to be quantitative in experimental animal models (27) and
this extended, to our surprise, to the uptake and killing of microbes (50, 51). Keep this in mind when
thinking about the immune suppression of classic anti-inflammatory therapies—NSAIDs and steroids that
are widely used (3) as in, for example, the treatment of arthritis or other widely occurring inflammatory
conditions and diseases (e.g., neurodegenerative diseases, obesity, and metabolic syndrome).

During the resolution phase, we were able to systematically assign stereochemistries and biosynthesis of
the E-series Rvs (Fig. 2). There are 3 of them: RvE1 (5S, 12R, 18R-trihydroxy-eicosa-6Z, 8E, 10E, 14Z,
16E-pentaenoic acid) (8, 52, 53); RvE2 (54); and the newest and third family member, RvE3 (55).
Docosahexaenoic acid (DHA) is enriched in several human organs, including the brain, eye, breast milk,
and testes (56, 57), and we found that it is also used by inflammatory exudates, or pus cells (Figs. 4 and 5).
DHA is transformed into 6 separate and structurally distinct D-series Rvs, and we have carried out the
complete stereochemical assignment of each (58) (Fig. 2). During this process, a hydroperoxide-containing
intermediate is converted into an epoxide that is precursor to the PD family (22) and neuroprotectin D1
(NPD1; 10R, 17S-dihydroxy-docosa-4Z, 7Z, 11E, 13E, 15Z, 19Z-hexaenoic acid); we collaborated with
Nicolas Bazan and his colleagues to introduce NPD1 (59). Later, within this inflammatory response,
macrophages arrive in resolving exudates, and they convert DHA to the MaR family members (43)
illustrated in Fig. 2.

The Rvs, LXs, PDs, and MaRs have been studied as SPMs by many independent laboratories (>2000
PubMed citations), and their potent actions in reducing inflammation have been documented, along with
the development of a wide range of preclinical disease models using validated commercially available Rvs
and other synthetic SPMs. In nanogram to microgram amounts, they are stereoselective and active, and
they have a novel mechanism of action in the airway; in cardiovascular, ocular, and renal functions; and in
the brain, periodontal arena, gastrointestinal disease (60), and the liver (61). Table 2 lists only a few of
these potent and more recently discovered actions in, for example, animal disease models of
atherosclerosis, diabetes, and obesity that illustrate the agonist actions of SPMs and their potential to
control and treat excessive inflammation in human disease.

HOW DO SPMS WORK?

In the postcapillary venule (Fig. 1), results indicate that SPMs limit the further recruitment of PMNs, yet
stimulate the nonphlogistic recruitment of mononuclear cells (Table 1). When macrophages encounter
SPMs, they increase phagocytosis, resulting in the removal of apoptotic PMNs and microbes, and they
clear PMNs from the sites. SPMs have proved not to be immunosuppressive in multiple in vivo
experimental animal models (those cited in Table 2, for example). Biosynthesized SPMs counterregulate
the early initiators of acute inflammation, the PGs; they regulate COX-2 expression, LTs, and PAF
formation (Fig. 3); counterregulate the proinflammatory cytokines; and increase IL-10 (14).They regulate
NF-κB gene products and ultimately lead to the regulation of edema (52).

SPMs activate 5 separate GPCR receptors (62, 63). Prof. Mauro Perretti studied the LXA  receptor, which
can form heterodimers to evoke differential intracellular signaling (64, 65). This receptor is also shared by
RvD1 (66) and has been confirmed in receptor-knockout mice (67). SPM receptors are expressed on
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different cell types, giving rise to tissue selectivity. This finding has been confirmed in knockout and
transgenic mice (68), as has most recently the RvD2 receptor (63). Interested readers are directed to
reviews, on which I have collaborated with Derek Gilroy and Christopher Buckley (20) and Chiang and
Dalli (23, 62), for further detail. These SPM receptors counterregulate NFκB, and they increase heme-1-
oxygenase in many target organs, to give organ protection (69–71).

PRORESOLVING LIPID MEDIATORS IN HUMAN TISSUES ENABLE
PERSONALIZED, PRECISION MEDICINE IN THE RESOLUTION METABOLOME:
FUNCTIONAL METABOLOMICS

To emphasize our operationalization of lipid mediator metabolomics (72), we routinely identify 6
diagnostic ions in each mediator, a key point for accurate and rigorous identification. We usually perform
computational and cluster analyses of these pathway mediators. These are critical in organ and tissue
profiles, such as those of blood and plasma (72, 73), which can also be useful in personalized and precision
medicine in the near future. From this approach, we and others have now shown by mass spectrometry that
many human tissues produce proresolving mediators (Table 3). SPMs are produced in human whole blood
where they function to increase both phagocytosis and bacterial killing (72). Of interest are the recent
results in a study of human breast milk (74) that have high levels of SPMs that are functional and stimulate
resolution. This finding suggests that there are organs and tissues that produce SPMs in addition to the
inflammatory exudate and innate immune system. Recently, synovial fluids were profiled by Norling et al.
(75) and Barden et al. (76), who showed that increases in SPMs upon supplementation with RvE2
correlated with reduced pain scores. Some of the highest levels of the proresolving mediators are found in
the human placenta (77), which is intriguing, and in the human and murine lymph nodes as well (72). SPMs
and eicosanoids are present in patients who have sepsis and are admitted to intensive care units and who
reflect the disease time course and dynamics (73).

RvD1 (7S, 8R, 17S-trihydroxy-docosa-4Z, 9E, 11E, 13Z, 15E, 19Z-hexaenoic acid), 17-epi-RvD1, and
RvD2 (7S, 16R, 17S-trihydroxy-docosa-4Z, 8E, 10Z, 12E, 14E, 19Z-hexaenoic acid), as well as PD1, were
each identified in 51 samples of human placentas. Supplementation with n-3 PUFAs increased the placental
SPM precursors 17-hydroxydocosahexaenoic acid (HDHA) and 18-hydroxyeicosapentaenoic acid, whereas
increases in placental Rvs and PD1 were not significantly increased by oral supplementation (77). The
effect is different in rat placentas, where increased consumption of n-3 PUFAs increases pathway
precursors (Fig. 2) and RvD1 and 17-epi-RvD1. PDs [e.g., PD1 and PDx (10S,17S-diHDHA)], also
increase in late-gestation rat placenta, along with increased expression of ALOX15 mRNA (78). Hence,
these placental studies demonstrate that the local organ control of Rvs and PDs is apparently tightly
regulated in placentas from humans and rats, illustrating species differences in the relationship between oral
consumption of n-3 PUFAs and local biosynthesis of SPMs in mammalian organs. In obese individuals
supplemented with n-3 fatty acids, increases in peripheral blood RvD1 and RvD2 were essentially doubled
within months to functional levels in these subjects (79).

These relationships and the governing principles between oral supplementation of n-3 fatty acids and local
SPM production and organ levels require further detailed studies that are randomized and controlled to
establish these relationships rigorously. These are under way by, for example, Trevor Mori, Anne Barden
and colleagues (80, 81), and have already given compelling evidence for the relationship of n-3 PUFA
supplementation to tissue Rvs and other SPMs. The further optimization of SPM profiling approaches via
liquid chromatography tandem mass spectrometry (LC-MS-MS), along with available deuterium-labeled
internal and synthetic SPM standards for calculating recoveries and amounts of specific SPM family
members (33, 72, 82), will continue to permit rigorous interrogation of these relationships (73, 83). Such
investigations have only recently commenced in human tissues to determine age, gender, and organ-
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dependent levels of healthy individuals vs. specific pathologic scenarios (Table 2).

SPMS IN HUMAN CLINICAL TRIALS: CAPITAL STARVATION

Our approach to human translation from the other direction—that is, without substrate supplementation (
Figs. 4 and 5)—because there are SPM-specific GPCR receptors, was to prepare a series of SPM analogs
that resisted local inactivation (58, 84, 85), hence using the body’s own stop signals of inflammation as
agonists of resolution as templates (86) to make new proresolving therapeutics. We pursued this approach,
for example, with RvD1, by devising receptor mimetics in animal models and elsewhere to advance the
development of agonists for the proresolving actions (85). This approach was used with RvE1 and other
SPMs because they are inactivated within tissues near the site of formation (58). In a demonstration of the
resolution of inflammation with the use of a proresolving agonist in human translation with Thomas Van
Dyke (Forsyth Institute, Cambridge, MA, USA), we are currently conducting an ongoing periodontal
disease proof of concept with an oral month rinse containing an SPM analog to reduce inflammation by
stimulating resolution. This trial is supported by the U.S. National Institutes of Health, National Institute of
Dental and Craniofacial Research at the Forsyth Institute, should report their findings in 2017. Also, the
World Health Organization awarded the name navamepent for RvE1 analog containing eye drops. The
results of a phase 1 and 2 multicenter double-blind placebo trial have been reported. More than 232 patients
were treated. The results of this trial, designed by Per Gjorstrup, the former chief medical officer of
Resolvyx Pharmaceuticals (Cambridge, MA, USA), of which the author was the original scientific founder,
gave the first demonstration of clinical efficacy of a proresolving therapeutic approach in humans with dry
eye–associated inflammation (87, 88).

The phase 2 trial controlling inflammation in the eye with topical drops (87) was based on the physiologic
roles (89–91) of SPMs, such as Rvs and LXs in the eye (92–95), and apparent gender differences, where
females displayed delayed healing of wounded corneal tissue and lower levels of 15-LOX-derived SPMs,
such as LXA  (96, 97). Because 15-R/S-methyl LXA , an analog of the aspirin-triggered form of LXA ,
one of the first stop signals and proresolving mediators, was effective in infantile eczema in a double-blind,
placebo-controlled study randomized at 2 centers (98) and RvD1, RvD2, and MaR1 act on T-cell responses
(99), it is likely that SPMs have physiologic roles in human skin and barrier functions that remain to be
studied and that their functions extend from the resolution phase into the adaptive immune response (100).
It is hoped that results of these studies will open up new directions for treatment of a wide range of human
diseases by controlling the resolution and catabasis mechanisms of the inflammatory response via
resolution and regeneration agonists (Fig. 5). The availability of capital funds is the limiting step in testing
this approach in which SPMs and their analogs would be used in human clinical trials to treat disease.

TISSUE REGENERATION FROM SIGNALING RESOLUTION IN RESPONSE TO
MICROBIAL INVASION AND SURGICAL INTERVENTIONS

What about the relationship between the demands of the tissue on injury, resolution, and bacterial invasion?
Are there signals from resolving infectious exudate that act in tissue regeneration? SPMs control the
severity of infections in animal preclinical models, enhancing both phagocytosis and killing and reducing
collateral tissue damage and proinflammatory mediators (ref. 50, and reviewed in ref. 101). To investigate,
we used the mouse model of peritonitis, where very rapid neutrophilic infiltration occurs, followed by the
resolution phase of self-limited infections (102), using fluorescence-activated cell-sorting and lipid
mediators-metabolipidomics to interrogate the infectious pus that is produced. With Escherichia coli
infections, we moved to another model, the planaria, a primordial organism (44, 45, 102), for surgical
injury experiments. RvE1 and MaR1 each stimulated tissue regeneration in this system after surgical
intervention where we introduce a quantitative index for tissue regeneration rates (45). In these, we can
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surgically remove their heads or tails that grow back in a very short period of time on the order of days. In
these experiments, we systematically took extracts (Fig. 5) of the resolving exudates from E. coli infection
to address this question [in Dalli et al. (102)]: Can mediators/signal molecules that are produced in the
resolution phase of infections accelerate tissue regeneration?

In short, the answer was affirmative. In these two model systems, primordial chemical signals were
produced that activate this evolutionally conserved tissue regeneration isolated from infectious
inflammatory exudates. The first structures that were identified (102) through structural elucidation (Fig. 6)
carried carbon 14 position alcohols, and we knew that this placed them into the family of MaRs, which
have a conjugated double-bond system. The first was a glutathione adduct, a 13-glutathionyl-14-hydroxy,
13R-glutathionyl, 14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic acid, and we coined the
term MaR conjugates in tissue regeneration (MCTR)1. The second is MCTR2 (13R-cysteinylglycinyl, 14S-
hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-docosahexaenoic acid). These are both bioactive, and structural
elucidation and biosynthesis studies permitted assembly of the pathway (102). We found novel bioactive
structures in human milk, mouse exudate, and human macrophages that stimulated the regeneration of
tissue in planaria, substantially shortening the time interval necessary for complete regeneration. This
finding was exciting, as were the results of add-back experiments. In mice with E. coli-induced peritonitis,
the infection takes about 20 h to resolve. When given at just 50 ng of MCTR per mouse, the resolution
interval was reduced from ∼20 to 10 h, shortening by ∼50% the time before resolution (27). Whereas this
might be considered to lead to some reduction of neutrophilic responses or immunosuppression, instead
there was a statistically significant increase in E. coli phagocytosis and the killing of the bacteria by the
neutrophils that were at the site of infection (102).

Continued investigations along these lines permitted the elucidation of 3 of the pathways (31) depicted in
Fig. 6A. Central to each pathway are epoxide intermediates that have been confirmed and prepared by total
organic synthesis by Nicos Petasis (44) and Trond Hansen (103) and colleagues. The epoxide eMaR is the
intermediate of MaR1, as well as the precursor of MCTR1 and MCTR2, each of which possess potent
biologic actions. We also used a hind-limb ischemia model because it is an example of reflow injury to the
lung and secondary injury to other organs that can be experienced in the operating room during an
operation on the limbs. The resulting reflow injury is an example of acute leukocyte-mediated tissue
damage of the delicate lung tissues. When treated with just 50 ng per mouse, which is a low dose compared
with current anti-inflammatories (3, 5), each MCTR protects the organ from secondary injury (104).

In assigning the complete stereochemistry recently for MCTR1 and MCTR2, we identified a third member
of this pathway, denoted MCTR3 (13R-cysteinyl, 14S-hydroxy-4Z,7Z,9E,11E,13R,14S,16Z,19Z-
docosahexaenoic acid) in collaboration with Bernd Spur and his group (105). From the original isolation,
we were able to match the stereochemistry with NMR-identified material from the entire MCTR pathway
(104, 105). LC-MS-MS chromatograms proved the match with synthetic compounds, an approach that we
have taken for each of the SPMs. Synthetic MCTR1, MCTR2, and MCTR3 also helped to improve the
isolation and LC-MS-MS chromatography and quantitation of the endogenous MCTRs. Levels produced in
mouse exudates; in blood from patients with sepsis, where both MCTR2 and MCTR3 are present; and in
isolated human macrophages were within those of their respective bioactions (31). We used synthetic
materials to assign the double-bond geometries and the chirality of the alcohols of the bioactive products in
these pathways (Fig. 6A). Investigations in planaria demonstrated that MCTR1, MCTR2, and MCTR3 are
each bioactive, enhancing regeneration (105). MCTR3 possesses potent biologic actions. This rank order is
reversed from that observed for the cysteinyl LT pathway, where with slow-reacting substance of
anaphylaxis (SRS-A), there is a decrease in most of the biologic actions of cysteinyl LTs, with LTE
showing the least activity in this LT series (32, 106).

What about expediting or shortening the resolution interval? MCTR1 added back at the peak of PMN
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infiltration in peritonitis changes the resolution interval from 12 to 10 h, MCTR2 from 12 to 8 h, and the
synthetic MCTR3 from 12 to 9 h, so there is a substantial reduction in the resolution interval. With human
macrophage and real-time imaging at 1 nM, MCTR3 was potent above E. coli alone or MCTR1 and
MCTR2 (105). We used this system on infected mice and isolated their lymphoid tissue (e.g., spleen), and
exudates from the peritonitis were isolated, and the PD conjugates (Fig. 6A), PCTR1, PCTR2, and PCTR3,
were identified as bioactive (104, 105). These novel molecules enhanced tissue regeneration in planaria and
stimulated macrophage phagocytosis of bacteria (105). Because the alcohol group is at the 17 position with
a triene, we knew it was related to the PD family (31). These are the conjugates that are produced from the
epoxide intermediate related to the PD biosynthetic family that also is involved in PD biosynthesis (Fig. 6A
). This is the contributory pathway that accelerates both resolution and tissue regeneration—namely, the PD
pathway. These molecules possess conjugated trienes, and the Rv pathway, which are conjugated tetraenes
and are both formed from the carbon position 17-hydroperoxide intermediate. Rv conjugate in tissue
regeneration (RCTR)1, RCTR2, and RCTR3 and PCTR1, PCTR2, and PCTR3 are each bioactive. Each
stimulates bacterial killing via enhanced phagocytosis, stimulates efferocytosis and clearance, and promotes
tissue regeneration (44, 104, 107, 108).

For an example of the biologic effect on human macrophages, PCTRs each dose dependently stimulate
phagocytosis and regeneration (PCTR1, PCTR2, and PCTR3) in subnanomolar concentrations, compared
with PD1. RCTR1, RCTR2, and RCTR3, in the biosynthetic pathways were the intermediates of this
epoxide (Fig. 6). We proposed this intermediate from oxygen-18 incorporation studies and found that it is a
precursor of PD1. The total organic synthesis confirmed that this 16,17-epoxide intermediate, 16,17-epoxy-
PD, was successfully performed by Trond Hansen and his group (103). This epoxide is converted to
PCTR1 by macrophages of the M2 phenotype (108).

The assigned stereochemistry of the PD pathway epoxide intermediate (Fig. 6A) is 16S,17S-epoxide and is
in the trans-trans-cis double-bond geometry (22) that is converted to PCTR1 (108). The biologic actions of
PCTR1 are very intriguing, in that it also stimulates E. coli clearance during infection in mouse exudates
and in the spleen, enhancing macrophage biologic action in both organs, as well as the killing and clearance
of E. coli. The resolution intervals with E. coli resolve with PCTR1 in this system, shortening from 21 to 9
h (>50% shortening), to accelerate resolution. This shortening of the interval is also the case for accelerated
surgical wound healing—for example, in planaria with PCTR1. We tested agonist-induced activation of
cytokine arrays for many cytokines and growth factors. With serum-treated zymosan as the stimulus of
macrophages, PCTR (1 nM) substantially reduces TNF-α, IL-8, and IL-12 and stimulation by PCTR1 of
other key regulators: leptin and RANTES, for example. The lion’s share of the M1 macrophages compared
to SRS-A and LTC , LTD , and LTE  and the summation of the 3 pathways just illustrated, the MCTR1,
MCTR2, and MCTR3, and the conjugates from the PD and the Rv families. The M2 macrophage shows a
dramatic shift where there is less LT production and a substantial increase up to ∼70% of the new
proresolving conjugates (108). Three epoxide intermediates have been identified that are pivotal in
producing proresolving mediators (i.e., MaR1, RvD1, PD1, and the other members of the SPM pathways;
reviewed in ref. 22), as well as the new conjugates: MCTRs, RCTRs, and PCTRs (Fig. 6).

The SPMs function to actively keep the inflammatory response within physiologic boundaries to accelerate
the return to tissue function. They do not block inflammation; there is no immune suppression. They
facilitate the clearance of debris, and the conjugates directly promote tissue regeneration. What we have
learned through these studies is that there is a conserved chemical structural unit that appears to be central
as an epoxide intermediate (see Fig. 6B), derives from essential fatty acids, and is key in the biosynthesis of
potent mediators across species. In the case of arachidonic acid, the proinflammatory mediators and smooth
muscle contractors, the LTs, are produced from the LTA  epoxide intermediate (32, 106). In biosynthesis
from the n-3 essential fatty acids [eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and DHA],
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the proresolving mediators are produced (33), where each family (Rvs, PDs, and MaRs) is produced from
its respective pivotal epoxide intermediates that possess this conserved chemical unit (Fig. 6B). In these
recent studies, we identified the MaR conjugates, PD conjugates, and the Rv conjugates in tissue
regeneration (see Figs. 4 and 5) and their main biologic functions. The stereochemistry of MCTR1,
MCTR2, MCTR3, and PCTR1 (105, 108) have been established, and they are produced in mouse lymphoid
tissues, in infectious inflammatory exudates, and in specific human tissues.

FAILED RESOLUTION IN HUMAN DISEASE

From the initial studies of the actions of Rvs and SPMs (8–10) and early results in LXs in humans (109), it
is clear that reduced amounts of SPMs could contribute to disease pathologies. Failed mechanisms in
resolution could arise from multiple factors. For example, reduced dietary intake of n-3 essential fatty acids
(EPA, DHA), genetic polymorphisms in the enzymes involved in SPM biosynthesis or SPM receptors,
dysfunctional SPM receptors or diminished expression, and abnormal intracellular post-SPM receptor
signaling are a few components that can contribute to failed resolution, as well as drugs that are resolution
toxic in animal disease models (14). In humans, new evidence is now available indicating that pathologic
conditions associated with reduced SPMs can contribute to chronicity and magnitude of persistent
inflammation. Impaired resolution can contribute to acute cardiovascular diseases such as atherosclerosis
(110, 111). RvD1 and the ratio of SPM to LTB  are reduced in vulnerable plaque in human carotid
atherosclerotic plaques that may lead to plaque instability (112). In females, reduced ocular lymph node
LXA  correlates with an increase in the number of T-effector cells (T helpers 1 and 17), a decrease in
regulatory T cells, and an increase in dry eye pathogenesis (96). Sex differences in resolution mechanism in
inflammation have also been observed in humans, where healthy females, on skin challenge, produced
higher levels of D-Rvs, which are associated with accelerated resolution than did males (113). These results
suggest that specific SPMs may prevent autoimmunity (96, 113) and link resolution to T-cell responses
(99). In obese women, supplementation with n-3 PUFAs increases systemic Rvs and upregulation of Rv
receptors (79), suggesting that failed resolution can be rescued in humans. It appears that sex differences in
SPMs are age, gender, and organ site dependent. Hence, further human studies are needed to appreciate the
organ specificity of SPM function.

NEW MEDIATORS AND PHARMACOLOGIC AGENTS TARGETING RESOLUTION

As there are hundreds of endogenous mediators that are involved in the initiation of acute inflammation,
there are probably hundreds of molecules that orchestrate the resolution response. Along with lipid
mediators, peptides, proteins, and gases, stimulate resolution. For example, PGE  and PGD , in addition to
their roles in initiation, have precise roles in activating the production of proresolving mediators and
resolution of leukocyte traffic by stimulating expression of human 15-LOX type I (20, 34). Glucocorticoids
stimulate efferocytosis by macrophages (13) and regulate expression and function of annexin A1. Annexin
A1 increases neutrophil apoptosis, blocks endothelial adhesion and transmigration of the cells, and
stimulates the macrophage phagocytosis of neutrophils (114, 115)—all activities in resolution that are
stimulated by binding and signaling via the LXA  receptor ALX. Specific miRNAs mediate the actions of
SPMs in resolution (116). In human macrophages, miRNA-181b regulates ALX/formyl-peptide receptor
(FPR)-2 receptor-evoked resolution responses (117). Erythropoietin promotes resolution, shortening the
resolution interval in vivo in mice (118), and several candidate proresolver proteins are identified (27).
Endogenous gases, such as H S and CO, have a role in resolution. H S promotes resolution of
inflammation (119) via actions on microbiota and mucosal barriers (120). Inhaled low-dose CO protects
against acute lung injury, reduces proinflammatory mediator production (121), and shifts to SPM
production in baboons (122), shortening the resolution of pneumonia.

4

4

2 2

4

2 2

Treating inflammation and infection in the 21st century: new hin... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5349794/?repo...

9 of 33 2/17/19, 11:30 AM



Novel hybrid compounds of cyclin-dependent kinase inhibitors and NO that enhance apoptosis of
neutrophils and are proresolving, such as NO-releasing R-roscovitine hybrid derivatives, possess
proresolution properties (123), giving promise for new therapeutics as proresolving agents. Also, inhibitors
of LT hydrolase (LTA ) block LTB  production and stimulate LXA  biosynthesis via LTA  conversion to
LXA  (Fig. 1) and show superior therapeutic action over inhibitors of 5-LOX and 5-LOX-activating
protein (FLAP) to promote an LX-mediated resolution (124). Identification of novel members of the
resolution mediators can provide unique opportunities to address inflammation and infection in many
diseases, particularly lung (125–127), diabetes, renal (128), and neurodegenerative diseases; brain injuries
(129–131; and vascular diseases (110, 112, 132, 133) that may be caused by failed resolution mechanisms.

CONCLUSIONS

It is clear that dietary supplements containing the n-3 fatty acids, precursors to the Rvs, PDs and MaRs, are
not substitutes for prescription drugs (134). There is considerable variation in the quantities and quality of
many of the over-the-counter products, some containing other lipids and auto-oxidation products that may
cancel the benefits of increasing the availability of resolution pathway substrates. Nonetheless, increasing
n-3 fatty acid supplementation can increase Rvs in peripheral blood (79, 81) and in arthritic joints (76),
where they can exert beneficial actions, whereas other organs do not appear to be compartments readily
able to increase substrate availability, such as human placenta (77). Hence, the dose relationships between
oral n-3 fatty acid supplementation and target organ uptake and conversion to specific Rv and other SPM
pathways remain to be rigorously investigated.

We have learned much from surgical injury-initiated tissue regeneration in the primordial planaria. In E.
coli infectious exudates there are chemical signals, such as Rvs and SPMs, that are mediators of resolution
responses in vivo in preclinical models (Table 2), as well as in human milk (74) or in human macrophages
that help to regulate the inflammatory response and directly impact tissue regeneration and resolution in
primitive model organisms (31, 135). Given that SPMs are agonists of resolution, it appears that they do
not evoke unwanted side effects, such as immunosuppression. Hence, the concept of using agonists to
stimulate natural resolution circuits and programs is worthy of rigorous testing in human indications, either
standing alone or in combination with other traditional therapies for a given outcome. For example, specific
SPMs, together with antibiotics lower the amounts of antibiotics needed to clear infections (50) and
possibly reduce the potential for increasing bacterial antibiotic resistance by lowering the amounts of
antibiotic exposure, which may also reduce viral burden (136). SPMs may also help to increase the
effectiveness of adjuvants and antibody production (100) and may normalize differentially expressed
proresolution pathways in humans (137). The available evidence from extensive preclinical animal models,
human SPM production in vivo, and the limited results of randomized clinical trials in humans suggest that
it is indeed time to consider stimulating resolution in the 21st century as a new therapeutic direction for
managing unwanted excessive inflammation and infection. Proresolution pharmacology can enhance the
host innate response to expedite microbial clearance, limit collateral tissue damage, and stimulate tissue
regeneration by enhancing endogenous resolution mechanisms that are programmed into the resolving
exudates of the acute inflammatory response.
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Glossary

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

HDHA hydroxy-docosahexaenoic acid

LC-MS-MS liquid chromatography–tandem mass spectrometry

LOX lipoxygenase

LT leukotriene

LX lipoxin

MaR maresin

MCTR maresin conjugate in tissue regeneration

NPD1 neuroprotectin D1

NSAID nonsteroidal anti-inflammatory drug

PAF platelet activating factor

PCTR protectin conjugate in tissue regeneration

PD protectin

PD1 protectin D1

PG prostaglandin

PMN polymorphonuclear neutrophil

PUFA polyunsaturated fatty acid

RCTR resolvin conjugate in tissue regeneration

Rv resolvin

SPM specialized proresolving mediator

SRS-A slow-reacting substance of anaphylaxis
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Figure 1.

Eicosanoids and proresolving mediators in the inflammatory response. Time-course illustration of the key roles of lipid
mediators in the initiation and resolution of acute inflammation. Eicosanoids function and contribute to cardinal signs of
inflammation. Prostaglandin E  (PGE ) and PGI  permit neutrophils to transmigrate from postcapillary venules across
endothelial cells to migrate and chemotax along a gradient of leukotriene B  (LTB ), a potent chemoattractant. Lipid
mediator class switching occurs as neutrophils congregate in pus or purulent exudates (see text and ref. 34 for details).
Lipoxins (LXs) stimulate nonphlogistic monocyte recruitment. LXs, resolvins (Rvs), and other specialized proresolving
mediators (SPMs) are produced in pus to limit or stop further neutrophil tissue infiltration. SPMs, Rvs, maresins (MaRs),
and protectins, each stimulate efferocytosis of apoptotic neutrophils and cellular debris by macrophages. Resolving
macrophages and apoptotic neutrophils also produce SPMs (see ref. 135). Edema also brings circulating n-3
polyunsaturated fatty acids (PUFAs) [eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)] into exudates for
temporal conversion to SPMs by exudate cells (85). SPMs stimulate the signs of resolution and resolve exudates (33). Rvs
and SPMs block chronic inflammation and reduce fibrosis. MaRs and specific Rvs enhance wound healing and tissue
regeneration.
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Figure 2.

Human SPM biosynthetic routes. Biosynthesis of E-series Rvs is initiated with molecular oxygen insertion at carbon-18
position of EPA, which is converted to bioactive E-series members RvE1–E3. The resolution metabolome also activates
17-lipoxygenation of DHA; 17S-HpDHA is converted to Rv-epoxide intermediates by the leukocyte 5-LOX. The
intermediates are transformed to RvD1–D6, each of which carries potent actions. 17-HpDHA is also the precursor to the
16,17-epoxide-PD intermediate, which is converted to NPD1/PD1 and related PDs (see Fig. 6A). MaRs are produced by
macrophages via initial lipoxygenation at the carbon-14 position by lipoxygenation and insertion of molecular oxygen,
producing a 13S,14S-epoxide-MaR intermediate that is enzymatically converted to the MaR family members MaR1,
MaR2, and MCTRs. The stereochemistry of each bioactive SPM has been established, and SPM biosynthesis in murine
exudates and human tissues confirmed. (See refs. 58, 103, 163, 164 for original reports, total organic synthesis, and
stereochemical assignments and the text for further details. For complete stereochemistry of individual SPMs, see refs. 72,
104, 107.) Low-dose aspirin triggers the 17R and 18R/S epimers of the Rvs (9, 53) and 17R-epimer PDs (165, 166).
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TABLE 1.

Structural elucidation and biosynthesis of novel bioactive mediators

Chemical and biochemical procedures used to deduce structures of bioactive SPMs

Precursor analysis, C label incorporation

MS-MS spectra and after deuterium incorporation

GC-MS of several derivatives, trapping intermediates

MS spectra of several derivatives

UV chromophore

Confirmation total organic synthesis, physical properties, and biologic function

Bioactions and function of proresolving mediators

Limit PMN tissue infiltration, cessation

Reduce collateral tissue damage by phagocytes

Shorten R  resolution interval

Enhance macrophage phagocytosis, and efferocytosis

Counterregulate proinflammatory chemical mediators (PAF, LTs, PGs)

Increase anti-inflammatory mediators (IL-10 and others)

Increase microbial killing and clearance by innate immune cells

Enhance tissue regeneration

14

i
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TABLE 2.

SPMs in atherosclerosis, diabetes, and obesity (recent preclinical animal disease systems)

SPM Action Reference

Diabetes

 RvE1 RvE1 regulates murine neutrophil phagocytosis in type 2 diabetes 138

 RvD1 Resolution of inflammation by RvD1 is essential for peroxisome proliferator-activated
receptor-γ-mediated analgesia during postincisional pain in type 2 diabetes

139

Effect of enriching the diet with menhaden oil or daily treatment with RvD1 on
neuropathy in type 2 diabetes

140

Proresolution therapy for the treatment of delayed healing of diabetic wounds 141

RvD1 decreases adipose tissue macrophage accumulation and improves insulin
sensitivity in obese-diabetic mice

142

 PD1 NPD1/PD1: endogenous biosynthesis and actions on diabetic macrophages in promoting
wound healing and innervation impaired by diabetes

143

 PDx PDx alleviates insulin resistance by activating a glucoregulatory axis 144

Atherosclerosis

 RvE1 RvE1 attenuates atherosclerosis on top of atorvastatin 145

RvE1 attenuates atherosclerotic plaque formation in diet and inflammation-induced
atherogenesis

132

Aspirin-triggered LX and RvE1 modulate vascular smooth muscle phenotype and
correlate with peripheral atherosclerosis

110

Atherosclerosis: evidence for impairment of resolution of vascular inflammation 146

 RvD2 and
MaR1

Prevent atheroprogression in mice 147

 RvD1 Reduced RvD1 in human carotid atherosclerotic plaques increases plaque instability 112

Decreases human pulmonary artery hyperreactivity 148

Obesity and steatosis

 RvDs RvD1 primes resolution initiated by calorie restriction in obesity-induced steatohepatitis 61

RvD1 and RvD2 govern local inflammatory tone in obese fat 149

RvD1 and its precursor promote resolution of adipose tissue inflammation by eliciting
macrophage polarization

150

 PD1 Obesity-induced insulin resistance and hepatic steatosis: a role for Rvs and PDs 151

Impaired local production of proresolving lipid mediators in obesity 152
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Figure 3.

Rvs and SPMs in the cellular resolution pathway. SPMs stimulate efferocytosis and the uptake of debris for successful
clearance from tissues and resolution. SPMs block NF-κB; inhibition of containment of apoptotic cells leads to secondary
necrosis and chronic inflammation (see text and ref. 167 for further details). SPMs counterregulate proinflammatory
mediators and growth factors, cytokines, LTs, and PGs.
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TABLE 3.

Human tissue SPM identification and profiling via LC-MS-MS

Study Reference

Identification and signature profiles for proresolving and inflammatory lipid mediators in human tissue 72

n-6 and -3 PUFA mediators in human urine 153

RvD1, RvD2, and other mediators of self-limited resolution of inflammation in human blood 154

The human urine metabolome 155

Human inflammatory and resolving lipid mediator responses to resistance exercise 156

High levels of anti-inflammatory and proresolving lipid mediators LXs and Rvs in human milk 157

Human milk SPMs stimulate resolution of inflammation 74

Metabolomic profiling of lipid mediators in sputum from adult cystic fibrosis patients 158

Resolution of inflammation is altered in Alzheimer’s disease; brain and CSF reduced SPMs and their
receptors

159

Plasma metabolomics in human pulmonary tuberculosis disease 160

Human arthritis, supplementation of n-3 fatty acids increases SPMs; RvE2 correlates with reduced pain 76

Human arthritis synovial exudates; RvD1 and RvD3 75

Human arthritis synovial exudates 161

Intensive care unit sepsis patients: eicosanoids and SPMs 73

Randomized controlled trial in chronic kidney disease: increase in SPMs on n-3 fatty acid
supplementation

80

D-series Rv precursor 17-HDHA in maternal and cord blood in pregnancy 162

Human carotid atherosclerotic plaques 112
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Figure 4.

Steps to human translation of SPMs. Timeline illustration of the key steps from identification in self-limited resolving
exudates and function, structural elucidation, and biosynthesis, to single-cell actions and preclinical disease models with
birth of resolution indices and resolution pharmacology for these endogenous autacoid mediators.
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Figure 5.

Open in a separate window

Resolving exudates produce chemical signals to link system needs. Chemical signals produced by resolving exudate
leukocytes act in host defense to reduce pain, enhance wound healing and tissue regeneration, and act on cells of the
adaptive immune system.
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Figure 6.

A) Biosynthesis and structural elucidation of SPM conjugates in tissue regeneration. DHA is the substrate to production of
epoxide intermediates in 3 separate pathways that are conjugated via glutathione-S-transferase to give novel mediators that
are proresolving and potent mediators in tissue regeneration (see text for details). B) Conserved chemical structure of the
epoxide intermediate. Results of the studies of tissue regeneration and resolution, when viewed together with those of
earlier studies of LTs, indicate that the allylic epoxide depicted is produced via LOX reactions and abstraction of hydrogen
from a hydroperoxide precursor made from 1,4-cis-penta-diene-containing essential fatty acids and a pivotal functional
unit in cell signaling to produce proinflammatory LTs and the bronchoconstrictor SRS-A and SPMs that are temporally
dissociated as well as cell-type specific in their function and actions.
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