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1. INTRODUCTION

The critical role of inflammatory processes in health and
disease has long been recognized, yet the detailed molecular
mechanisms and biological events that regulate the progression
and resolution of inflammation remain of interest. A number of
recent investigations have provided strong evidence that the
resolution of inflammation is not a passive process, as believed
earlier.” * Instead, resolution is a biosynthetically active process,
regulated by biochemical mediators and receptor-signaling path-
ways and driven by specialized pro-resolving mediators (SPM). In
particular, following a number of findings by Serhan and his
group, the authors and their collaborators introduced and
systematically investigated a number of SPM derived from
poly-unsaturated fatty acids (PUFA), including lipoxins, E-series
resolvins, D-series resolvins, protectins/neuroprotectins, and,
most recently, maresins. This review summarizes efforts on the
resolvins and protectins with an emphasis on the corresponding
biochemical pathways. Additional reviews covering different
aspects of these anti—inﬂammator;r and pro-resolving lipid
mediators,” including immunolo%y,s’ pathology,® biochemistry,”
pharmacology'® and chemistry,'" are also available.®*'*

1.1. Inflammatory Response and the Resolution of
Inflammation

Localized acute inflammation is part of the host’s normal
protective response to tissue injury and infection by invading
microbial pathogens." Although this inflammatory response to a
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Figure 1. From initiation of acute inflammation to resolution: Inflammatory response to microbial infection and tissue injury, and the role of selected

cell types and specialized pro-resolving lipid mediators.

range of harmful stimuli is protective to the host, if kept
uncontrolled it can result in a wide range of acute, chronic, and
systemic inflammatory disorders. Indeed, some of the most
common and difficult to treat diseases are linked to excessive,
uncontrollable, or chronic inflammation, including the following:
cardiovascular disease, rheumatoid arthritis, periodontal disease,
asthma, diabetes, and inflammatory bowel disease (IBD), as well
as neurological disorders such as Alzheimer’s disease and age-
related macular degeneration (AMD).” L1314 Although the invol-
vement of inflammatory pathways in the initiation of all of these
diseases is well-established, the specific role by which inflamma-
tion contributes to their pathogenesis is not fully understood.
The recent findings that the resolution of inflammation is an active
process” "> have provided new insights and created new
paradigms for understanding and treating these conditions.
The key role of a number of lipid mediators in the initiation of
the inflammatory response and the subsequent progression
toward resolution is illustrated in Figure 1. Among the first
signaling events following microbial infection or tissue injury is
the release of pro-inflammatory lipid mediators, such as leuko-
trienes (LTs) and prostaglandins (PGs) that launch a series of
signaling cascades with the ultimate goal of destroymg the
invading pathogens and repairing the damaged tissue.'®”'® Thus,
the biosynthesis and release of the potent chemotactic agent
leukotriene B, (LTB,) promotes the recruitment of neutrophils
(PMNSs) to the inflamed tissue, while the formation of prosta-
glandins E, and D, (PGE, and PGD,)"* further accelerates the
inflammatory process, ultimately resulting in a condition of acute
inflammation. Despite its critical host-protective function, acute
inflammation is not sustainable over a prolonged period of time,
giving rise to disruptive conditions of chronic inflammation that
may be responsible for the pathogenesis of a wide range of
diseases that can be attributed to a failure of resolution.'
Typically, the therapeutic treatment of such conditions involves
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the inhibition of pro-inflammatory mediators, but in many cases
such approaches are often not very effective.

The recognition of the proactive nature of the resolution of
inflammation has revealed alternative therapeutic paradigms
based on resolving acute 1nﬂammatlon and preventing the onset
of chronic inflammation.'® Indeed, a number of endogenous lipid
mediators identified are able to act in this manner, suggesting a
lipid mediator class switching® from the initial actions of pro-
inflammatory lipid mediators, i.e., leukotriene and prostaglan-
dins, to the anti-inflammatory and pro-resolving actions of
lipoxins, resolvins, protectins, and maresins, which are discussed
in this review. Each family of these pro-resolving mediators exert
specialized actions, including blocking neutrophil recruitment,
promoting the recruitment and activation of monocytes, and
mediating the nonphlogistic phagocytosis and lymphatic clear-
ance of apoptotic neutrophils by activated macrophages. Even-
tually, through the combined actions of these mediators, the
resolution of inflammation is completed and homeostasis is
reached. In this regard, it was important to introduce precise
definitions for resolution mechanisms and indices'®”*" that also
permitted the first information that certain agents can be resolu-
tion-toxic.”> **

1.2. Lipid Mediator Pathways in Inflammation and Resolu-
tion: Roles of Poly-unsaturated Fatty Acids

The key role of several new classes of lipid mediators for
regulating the resolution of inflammation has recently emerged
by several recent discoveries,’”>"""? including extensive colla-
borative efforts.>* ®* In particular, it was discovered that a
number of novel lipid mediators derived from poly-unsaturated
fatty acids (PUFA) that are endogenously generated during
inflammation have potent anti- inﬂammatory actions and serve
as specialized pro-resolving lipid mediators®'® and are able to
promote the resolution of inflammation.”'*'> Several families

dx.doi.org/10.1021/cr100396¢ |Chem. Rev. 2011, 111, 5922-5943
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Figure 2. Biosynthetic cascades and actions of selected lipid mediators derived from arachidonic acid (AA), eicosapentaenoic acid (EPA), and

docosahexaenoic acid (DHA).

of new lipid-derived SPM have been recently identified and
characterized. The biosynthetic and signaling pathways of these
pro-resolving molecules, as well as their relationships with
selected pro-inflammatory mediators, are outlined in Figure 2.

1.2.1. Pro-inflammatory Lipid Mediators from Arachi-
donic Acid. At the onset of the inflammatory response, phos-
pholipase enzymes (e.g, cPLA2) acting on phospholipids
mediate the release of free PUFA, including arachidonic acid
(AA) and the omega-3 fatty acids eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA). These fatty acids initiate a
series of biosynthetic pathways involving lipoxygenases (human
5-L0O,%% 12-LO, and 15-LO) and cyclooxygenases, particularly
the inflammation-induced isoform COX-2. Among the resulting
PUFA-derived hydroxylated metabolites are several series of
potent lipid mediators that exert their specialized inflamma-
tion-related actions by acting on specific G-protein coupled
receptors (GPCR). Activation of these receptors by these lipids
directly affects the expression levels of multiple enzymes, che-
mokines, cytokines, and growth factors that play dominant roles
in inflammation and resolution.

Arachidonic acid has long been known to be involved in the
initiation phase of inflammation, by forming pro-inflammatory
leukotrienes (LTB, and LTC,) and prostaglandins (PGE, and
PGD,) that govern the early events in host defense.'® Each of
these potent molecules acts via its perspective GPCRs that
are present in the membranes of the relevant cell types and
triggers the expression of inflammatory enzymes (S-LO 63,66
and COX-2 ®~7%), chemokines, and cytokines (IL-6, IL-8) that
initiate and accelerate inflammation. Thus, activation of BLT1/2
by LTB, leads to increased neutrophil recruitment, while activation
of CysLT1/2 by LTC, leads to airway smooth muscle contraction.
Similarly, activation of the EP1—4 receptors by PGE, and the
DP1/2 receptors by PGD, leads to multiple pro-inflammatory
actions. The inhibition of key pro-inflammatory enzymes (e.g.,
5-LO %% and COX-2 ¥~ 7°) and the development of antago-
nists for ke7y pro-inflammatory receptors (e.g, BLT1/2 and
CysLT1/2)"" have been extensively investigated as a means of
developing therapeutics for inflammatory disorders, some of
which are now in clinical use.

1.2.2. Anti-inflammatory and Pro-resolving Lipid Med-
iators from Arachidonic Acid. Notably, despite its central role
in the initiation and progression of inflammation, AA is also

involved in the biosynthesis of anti-inflammatory and pro-resol-
ving lipid mediators.””> Most prominent are the lipoxins™''
(LXA, and LXB,), which are formed in humans to a large extent
via transcellular biosynthesis through the sequential actions of
S-LO and 12-LOX with LTA, as an intermediate or 15-LOX-
initiated interactions with 5-LOX-bearing cells. Of interest is
blocking or reducing LTA, hydrolase given an increase in
endogenous LXA, biosynthesis and an anti-inflammato
response.”* The epimeric aspirin-triggered lipoxins,”>**** (AT-
LXA, and AT-LXB,) have similar actions as the lipoxins but are
formed from COX-2 in the presence of aspirin or via the P450
pathway. The biosynthetic pathways and biological functions of
the lipoxins (LX) and aspirin-tri%geredlipomns (ATL) have been
described in several reviews.”" "> For reviews on the lipoxins and
their analogues, design, and synthesis, see Petasis et al.™ and
Guilford and Parkinson.”® The discovery that LX undergo
inactivation catalyzed by the enzyme 15-prostaglandin dehydro-
genase (15-PGDH) led us to the first rational design and
synthesis of a series of stable lipoxin analogues'"***® that retain
all of the biological actions and sub-nanomolar potency of the
lipoxins. These LX analogues served as key molecular probes for
extensive investigations on the biological actions of the lipoxins
and provided the basis for the first LX-based lead compounds for
clinical development.“’76 Both LXA, and AT-LXA, act on
ALXR/FPR2 (for a recent review, see ref 77) and GPR32 and
exhibit potent anti-inflammatory and pro-resolving actions.”> A
prostaglandin-type pro-resolving lipid mediator is 15-deoxy-
prostaglandin J, (15dPGJ,),**”® which is formed from PGD,.
PGE, and PGD, can both switch the phenotype of human
neutrophils from leukotrienes to lipoxins and resolution.*>°
1.2.3. New Pro-resolving Lipid Mediators from Omega-
3 Fatty Acids. While enzymatic oxygenation of AA, an omega-6
fatty acid, generates both pro-inflammatory and pro-resolving
lipid mediators, analogous pathways with the corresponding
omega-3 fatty acids eicosapentaenoic acid and docosahexaenoic
acid generally lead to the formation of anti-inflammatory, pro-
resolving, and cytoprotective lipid mediators. Using an unbiased
lipidomics and systems approach, the enzymatic oxygenation of
omega-3 fatty acids, Serhan and collaborators identified, char-
acterized, and elucidated families of novel pro-resolving lipid
mediators from EPA and DHA (reviewed in refs 6—9, and 12).
These include the E-series resolvins (RvEl and RvE2)**
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Figure 3. Inflammatory response and resolution time course: Roles of pro-resolving lipid mediators.

derived EPA, as well as the D-series resolvins (RvD1, RvD2, RvD3,
RvD4, RvDS, RvD6),">>% the neuroprotectins/protectins (NPD1/
PD1),°"7?7%" and the maresins (MaR1),** which are derived
from DHA. Additional series of lipid mediators formed in the
presence of aspirin were also discovered, including the D-series
resolvins® and protectins and their aspirin-triggered forms,"”” all
of which are biosynthesized from PUFA and aspirin-acetylated
COX-2 that acts as a modified dioxygenase inserting a molecule
of oxygen with opposite stereochemistry.

1.3. Beneficial Roles of Omega-3 Fatty Acids in Inflammation
and Resolution

The discovery of resolvins, protectins, and maresins is of particular
significance, since these potent lipid mediators provided the first
molecular basis for the many health benefits attributed to the omega-
3 fatty acids EPA and DHA, which are abundant in fish and are
widely used as dietary supplements. These essential fatty acids have
long been associated with beneficial effects in human health and in
the prevention of various diseases,® including inflammation,®* im-
munomodulation,®® autoimmune diseases,®* rheumatoid arthritis,*
cardiovascular diseases,*”®® Alzheimer’s disease, and other neurode-
generative diseases, type-2 diabetes,* and cancer.”®

Although the specific molecular mechanisms for these health
benefits have remained unclear, the recent collaborative efforts
by our team have provided the first detailed mechanistic insights
for the likely pathways involved. The distinct properties of EPA
and DHA to form primarily pro-resolving lipid mediators may
explain their well-known beneficial health effects. These novel
pathways may also explain some of the beneficial effects of
aspirin, since they generate epimeric lipid mediators that are
more metabolically stable and longer lasting.

1.4. Time-Course of the Pro-inflammatory and Pro-resolving
Lipid Mediator Pathways

During the inflammatory response, the biosynthesis of PUFA-
derived lipid mediators increases with time (Figure 3). The initial
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mediators (prostaglandins and leukotrienes) are produced with-
in seconds and minutes and regulate the edema and postcapillary
events at the site following the recruitment of neutrophils. With
time (hours up to days), increasing leukocyte recruitment with
the nonphlogistic appearance of monocytes and macrophages
leads to a growing amount of mediators involving these cells
(Figure 3). The net result of this timeline is that initially mostly
pro-inflammatory mediators (LTs, and PGs) are produced, while
at a later time, a lipid mediator class switching results in the
production of pro-resolving mediators (LXs, Rvs, and PDs) that
promote resolution. For recent reviews on the cellular mechan-
isms, see refs 73, 91, and 92. The release of AA and mobilization
of EPA and DHA from circulation,”” and the formation of the
pro-resolving mediators by these substrates, also follows a time
course that favors initial inflammatory response and host defense,
followed by resolution and return to homeostasis. In the event
that the pro-resolving lipid mediators are not produced or are
defective, the acute inflammatory process remains unresolved
and escalates into a state of chronic inflammation that promotes
fibrosis and is associated with the pathogenesis of multiple
diseases. Table 1 lists the many in vivo systems where a key
enzyme is genetically manipulated in the biosynthesis of pro-
resolving mediators including AA-derived LX and DHA-derived
PD1 (see below).

1.5. Specialized Pro-resolving Lipid Mediators: Potential
Therapeutics for Inflammation

Given the biological profiles of the new pro-resolving media-
tors, the pathways that drive the formation and actions of these
molecules provide a new paradigm for treating inflammatory
diseases. Indeed, our recent efforts on the identification, struc-
tural characterization, total synthesis, and biological investigation
of selected members and structural analogues of these PUFA-
derived lipid mediators have revealed their potent actions
(nanomolar and picomolar range) in a variety of cell types in

dx.doi.org/10.1021/cr100396¢ |Chem. Rev. 2011, 111, 5922-5943
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Table 1. Genetic Manipulation and Regulation of Human 15-Lipoxygenase and Mouse 12/15-Lipoxygenase Mediator Profiles
and Disease Outcomes in Animal Models

animal models/cellular systems Alox1$ gene modification references

phenotypes

decrease PMN-mediated tissue degradation and bone loss ~ Serhan et al®?
Ariel et al.'>®

periodontitis
isolated Th2 cells

Alox1$ transgenic rabbit
Alox1S type 1 siRNA knockdown  decrease PD1 production
cornea injury Alox 12/15-deficient mice increase inflammation Gronert et al,” Biteman et al.”

decrease wound healing

decrease corneal reepithelialization

decrease endogenous LXA, production

decrease heme-oxygenase 1

LXA, rescues exacerbated inflammation and impaired

wound healing in Alox1S-deficient mice

atherosclerosis Alox 12/15 transgenic mice delayed atherosclerosis Merched et al.‘
decrease IL-17, CCLS, PGE,
increase PD1
accelerated atherosclerosis Merched et al.?
increase IL-12p40, CCLS

decrease LXA,4 production in macrophages

Alox 12/15-deficient mice”

Alox15 siRNA knockdown increase sensitivity to oxidate stress-induced apoptosis Calandria et al.%

NPDI rescues Alox1S-silenced cells from oxidative

retinal pigment epithelial cells

stress-induced apoptosis

arthritis Alox 12/15-deficient mice increase inflammatory gene expression Kronke et al.”

decrease LXA, in inflamed synovia and macrophages

human colon cancer silencing of 15-LOX type I may lead to cancer cell proliferation Shureigi et al/

“ Gronert, K. Prostaglandins Leukot. Essent. Fatty Acids 2008, 73,221. b Biteman, B.; Hassan, I. R.; Walker, E.; Leedom, A. J.; Dunn, M,; Seta, F.; Laniado-
Schwartzman, M.; Gronert, K. FASEB J. 2007, 21, 2257. “ Merched, A.; Ko, K; Gotlinger, K. H,; Serhan, C. N.; Chan, L. FASEB J. 2008, 22, 3595.
dMerched, A.]; Serhan, C. N.; Chan, L. J. Nutrigenet. Nutrigenomics 2011, 4, 12. “ Kronke, G.; Katzenbeisser, J.; Uderhardt, S.; Zaiss, M. M.; Scholtysek,
C.; Schabbauer, G.; Zarbock, A.; Koenders, M. I; Axmann, R.; Zwerina, ].; Baenckler, H. W.; van den Berg, W.; Voll, R. E.; Kuhn, H.; Joosten, L. A,;
Schett, G. J. Immunol. 2009, 183, 3383.7 Shureigj, I; Zuo, X.; Broaddus, R.; Wu, Y.; Guan, B.; Morris, J. S.; Lippman, S. M. FASEB J. 2007, 21, 743.
¢ Assimes, T. L.; Knowles, J. W.; Priest, J. R.; Basu, A; Borchert, A.; Volcik, K. A.; Grove, M. L.; Tabor, H. K; Southwick, A.; Tabibiazar, R.; Sidney, S.;
Boerwinkle, E; Go, A. S.; Iribarren, C.; Hlatky, M. A.; Fortmann, S. P.; Myers, R. M.; Kuhn, H.; Risch, N.; Quertermous, T. Atherosclerosis 2008, 198, 136.
" Poeckel, D.; Zemski Berry, K. A;; Murphy, R. C.; Funk, C. D. J. Biol. Chem. 2009, 284, 21077. "It should be noted that 12/15-ALO-deficient mice have
given controversial findings in atherosclerosis models.*¢" These differences likely reflect the diet of the mice (see footnote d), where changes in diet even in
genetically defined mice overexpressing 12/15-ALOX can give or lead to loss of vascular protections. Also, the cell types expressing the mouse 12/15-LOX
might be different in deficient mouse models, as the human 12-LOX and 15-LOX type I are distinct enzymes and may also yield separate functions in
humans vs mouse models. Nonetheless, resolvins, lipoxins, and other SPM are protective and anti-inflammatory pro-resolving in these systems.

vitro, as well as in many in vivo models of inflammatory diseases.”
These include the following: dermal inflammation,*”>° dorsal air
h, >33 peritonitis,zL44 periodontitis,36’42’50 colitis and intestinal
3145 asthma and airway inflammation,”>** cystic

.59 . . 27
acute lung injury, ? ischemia-reperfusion injury,
9

inflammation,
fibrosis,”>%°
kidney injury,”’ §Iomerulonephritis,38’98 ischemic stroke,” retinal
degeneration,”>** and Alzheimer’s disease.”” Resolvins of the
D series and PD1 have been found to be important in protecting the
host from obesity-induced insulin resistance and hepatic steatosis
in murine models in vivo."” Also, RvD1 improves insulin
sensitivity by resolving the chronic inflammation that is associated
with obesity. In this murine system, Hellmann et al. found that
RvD1 increased adiponectin production and decreased IL-6 as
well as reduced the presence of crownlike structures within
adipose tissue.'”! Together, these results point to an important
action of resolvins and protectins in the regulation of inflamma-
tion in fat tissues, which is an emerging area of global public
health and concern.'®”'*" RvE1 also reduces inflammation in
ocular tissues, reducing the number of macrophages in dry
eye murine models and in the symptoms of dry eye.'” As a
result of these studies, several synthetic SPM derived from our
work are currently in clinical trials, including lipoxin analogues,
as well as resolvin E1 and RvE analogues for ocular'® '

and systemic indications including lung, kidney, skin, and bowel

diseases.**'°* 71 RvE1 and RvD1 each regulate and reduce
. 110,111 L 112 .

pain, as do the lipoxins, "~ which opens new means to

control pain signals.'"> Taken together, these findings demon-

strate the profound importance and great therapeutic potential of

these novel lipid mediator molecules, listed in Table 2.

2. RESOLVINS FROM EICOSAPENTAENOIC ACID

Eicosapentaenoic acid, a major component of fish oil and
related nutritional supplements, has long been considered to
have multiple beneficial effects, but the molecular basis for these
properties remained unknown.**''* The first molecular-level
evidence for the health-promoting contributions of EPA was
provided by the discovery that EPA generates E-series
resolvins™* that have stereochemically defined structures acting
via specific GPCRs**''>1% and show potent anti-inflammatory
and pro-resolving actions.”"*>%1!

2.1. Biosynthesis of E-Series Resolvins

The biosynthetic pathways involved in the conversion of EPA
to resolvin E1 (RvE1) and resolvin E2 (RvE2) are shown in
Figure 4. Oxygenation of EPA catalyzed by acetylated COX-2
(formed in the presence of aspirin) or via a cytochrome P450

5926 dx.doi.org/10.1021/cr100396¢ |Chem. Rev. 2011, 111, 5922-5943
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Table 2. Specialized Pro-resolving Lipid Mediators in Disease Models

disease reference

cardioprotective Spite and Serhan,” Keyes et alt

. 108
reno-protection Hassan and Gronert

atherosclerosis Merched et al.”

corneal wound Gronert et al.?
healing
ocular indications Connor et al,'® Li et al,'? Zhang et al.!os

stroke Marcheselli et al,*® Ye et al.¢

disease reference

ischemia-reperfusion
(kidney and lung)
asthma, ALI

Duffield et al,”” Kasuga et al%’

Haworth et al,,'% Fukunaga et al/
Aoki et al.f Hisada et al."

obesity-induced insulin resistance Claria et al.
and hepatic steatosis
inflammatory pain Xu et al.'"!

parturition Maldonado-Périz et al/

“ Spite, M.; Serhan, C. N. Circ. Res. 2010, 107, 1170. b Keyes, K. T.; Ye, Y.; Lin, Y.; Zhang, C.; Perez-Polo, J. R;; Gjorstrup, P.; Birnbaum, Y. Am. J. Physiol.
Heart Circ. Physiol. 2010, 299, H153. “ Merched, A.; Ko, K; Gotlinger, K. H.; Serhan, C.N.; Chan, L. FASEB J. 2008, 22, 3595. d Gronert, K.; Maheshwari,
N.; Khan, N.; Hassan, L. R.;; Dunn, M.; Schwartzman, M. L. . Biol. Chem. 20085, 280, 15267. “ Ye, X.-H.; Wu, Y.; Guo, P.-P.; Wang, J.; Yuan, S.-Y.; Shang,
Y.; Yao, S.-L. Brain Res. 2010, 1323, 174.7 Fukunaga, K.; Kohli, P.; Bonnans, C.; Fredenburgh, L. E.; Levy, B. D. J. Immunol. 2008, 174, 5033. € Aoki, H.;
Hisada, T; Ishizuka, T.; Utsugi, M.; Kawata, T.; Shimizu, Y.; Okajima, F.; Dobashi, K.; Mori, M. Biochem. Biophys. Res. Commun. 2008, 367, 509. " Hisada,
T.; Ishizuka, T.; Aoki, H.; Mori, M. Expert Opin. Ther. Targets 2009, 13, S13. "Claria, J.; Titos, E.; Lopez-Vicario, C.; Gonzalez-Périz, A. Drug Discovery
Today: Dis. Mech. 2010, 7, €219.” Maldonado-Périz, D.; Golightly, E.; Denison, F. C.; Jabbour, H. N.; Norman, J. E. FASEB J. 2011, 25, 569.
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Figure 4. E-series resolvin biosynthesis and metabolic inactivation.

pathway generates 18R-(hydroperoxy)eicosapentaenoic acid (18R-
HpEPE, 1) which is reduced via a peroxidase to 18R-HEPE (2). A
second lipoxygenation catalyzed by S-LO forms hydroperoxide 3,
which is transformed to epoxide 4 that undergoes enzymatic
hydrolysis via a hydrolase enzyme to produce RvE1 (). Alterna-
tively, reduction of 3 via a peroxidase leads to RvE2 (6).

RvE1 was monitored in healthy human volunteers given EPA
and aspirin via liquid chrornato§raphy—tandem mass spectro-
metry (LC-MS/MS)>* using MS” data acquisition mode and LC-
MS/MS with m/z 291 transition > m/z 229. The plasma values
ranged from 0.1 to 0.4 ng/mL in six donors. The biosynthesis of
RvE1 is consistent with the proposed scheme that endothelial
cells (Figures 1, 2, and 4) expressing COX-2 treated with aspirin
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transform vascular EPA to produce and release 18R-HEPE as
reported earlier.” When human leukocytes and endothelial cells
interact within the vasculature, 18R-HEPE is rapidly converted to
RvEl via transcellular biosynthesis that in turn evokes potent
actions.** It is important to note that the precursor 18R-HEPE is
not bioactive, nor is EPA, in the dose and concentration range of
RvEL. In recent studies using chiral LC-MS/MS, it was shown
that the isomeric 18S-RvEl (8) is also produced in vivo in
healthy human subjects.'"”

2.2. Resolvin E1 (RVE1)
2.2.1. Total Synthesis and Assignment of the Complete
Stereochemistry of RVE1. With the isolation, basic structure,
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and actions of RvEL reported,2 its complete stereochemical
assignment remained to be established. To assign the complete
stereochemistry of RvE1 and establish its biological activities,
RvE1 was prepared enzymatically” and its structure was matched
by its chromatographic, physical, and biological properties** with
stereochemically pure synthetic material (SS,12R,18R-trihy-
droxy-6Z,8E,IOE,14Z,16E-eicose;pentaenoic acid) that we pre-
pared by total organic synthesis*"''® (Figure $). Our synthetic
approach''® relied on iterative cross-coupling of isomerically
pure building blocks (8, 10, and 12) to form the bis-acetylenic
precursor of RvE1 (13), which was reduced to RvEl (§) via
stereocontrolled hydrogenation. Several geometrical and stere-
ochemical isomers (e.g., 14) were also prepared by organic
synthesis from stereochemically defined precursors. An alterna-
tive synthetic approach was also recently reported.'* Since RvE1
is produced in sub-nanogram amounts in vivo, to assign its
complete stereochemistry, it was necessary to prepare both
synthetic and biogenic materials for matching of their physical
properties using UV spectroscopy, LC-MS/MS, GC-MS, and,
most importantly, their direct comparisons to biologically iso-
lated RvE1 and its defined biological activities. Of the isomers
prepared, the matching synthetic compound eluted beneath a
single peak in HPLC with UV absorbance maxima 271 and
234 nm, indicative of conjugated triene and diene in the
molecule. MS/MS fragmentation ions were essentially identical
with biologic RvE1 showing the parention atm/z=349 [M — H]
and diagnostic productions at m/z =291 and 195. On the basis of
matching of physical and biological properties, the 18R series
RvEl, a potent anti-inflammatory mediator, was assigned the
complete structure 5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-
eicosapentaenoic acid.**

2.2.2. Biological Actions of RVE1. With the availability of
larger quantities of synthetic RvE1 it became possible to identify
a number of potent biological actions exhibited by RvEI.
Administration of as little as 100 ng/mouse of synthetic RvE1
stopped PMN infiltration into inflammatory loci by S0—70% in
TNEF-a-induced dorsal air pouch. By comparison, local admin-
istration of dexamethasone (10 mg/mouse) gives 60% inhibition
and aspirin (1.0 mg/mouse) gives 70% inhibition of leukocyte
recruitment.>® These results indicated that RvE1 at a nanomolar
level is as potent as higher doses of dexamethasone or aspirin in
stopping leukocyte infiltration. In addition, another widely used
anti-inflammatory, indomethacin (100 ng/mouse), gave 25%
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inhibition and RvE1 (100 ng/mouse) gave SO0—60% inhibition of
leukocyte recruitment in zymosan-induced peritonitis.** The18S
isomer gave essentially equivalent activity as RvEl containing
18R, whereas the 6-trans,14-trans isomer showed reduced po-
tency (~70%) for reducing leukocyte infiltration in zymosan-
induced peritonitis. This is of interest because, in recent studies
with chiral LC-MS/MS, 18S-RvEl is produced in vivo in healthy
human subjects.''” Additional reported anti-inflammatory and
pro-resolving bioactions of RvE1 include the following: reduc-
tion of pro-inflammatory gene expression and protection against
colitis,*® promotion of macrophage ingestion of apoptotic
PMNSs,*" protection against osteoclast-mediated bone destruc-
tion and prevention of periodontitis,*® selective counterregula-
tion of platelets and leukocytes,'** and reduction of inflamm-
atory pain.111

RvE1 was also monitored using LC-MS/MS in healthy human
volunteers given EPA and aspirin using MS®> data acquisition
mode and LC-MS/MS with m/z 291 transition > m/z 229. The
plasma values ranged from 0.1 to 0.4 ng/mL in six donors. The
biosynthesis of RvE1 is consistent with the proposed scheme that
endothelial cells (Figure 4) expressing COX-2 treated with
aspirin transform vascular EPA to produce and release 18R-
HEPE as reported earlier.” When human leukocytes and en-
dothelial cell interact within the vasculature, 18R-HEPE is rapidly
converted to RvEl via transcellular biosynthesis that in turn
evokes potent actions.** It is important to note that the 18R-
HEPE precursor is not bioactive, nor is EPA, in the dose and
concentration range of RvEL.

Similarly to other potent lipid mediators (LTs, PGs, and LXs),
the biological actions of resolvins are also mediated via GPCRs.
For RvE], in particular, two such receptors have been identified,
ChemR23* and BLT1.!"® To determine RvEl binding to
candidate receptors identified using an NF«B screening system,
tritium-labeled RvE1 was prepared by catalytic hydrogenation
from synthetic bis-acetylenic RvE1 (Figure S, compound 13).
The integrity of the synthetic *H-RvE1 was confirmed by HPLC;
radioactive compound coeluted with synthetic RvE1 beneath a
single peak in HPLC. Its characteristic UV absorbance maxima at
271 and 234 nm were indicative of the conjugated triene and
diene in the RvE1 structure. Analysis of *H-labeled RvE1 specific
binding and Scatchard transformation showed that [*H]|RvE1
bound to an apparent single site on ChemR23 transfectants with
high affinity (K4 = 11.3 £ 5.4 nM, B,,,,, = 4200 = 1050 binding
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sites per cell). The RvE1 biosynthesis precursors, EPA and 18R-
HEPE, did not compete for specific [’H]RvE1 binding.** The
ChemR23 RvE1 receptor is expressed in several human tissues at
the mRNA level including leukocytes, gastrointestinal, testis,
prostate, heart, aorta, brain, kidney, liver, and lung. The role of
RvEl in many of these tissues remains to be established.
[*H]RvELI also binds to the LTB, receptor denoted BLT1 and
gives a K; ~ 70 nM.""> RvE1 blocks the actions of LTB, at the
BLT1 receptor and reduces LTB,-stimulated responses with
human PMN. For a recent International Union of Basic and
Clinical Pharmacology Committee review on leukotriene and
related receptors, see Bick et al.'*'

2.2.3. RvE1Metabolome: Metabolic Inactivation and
RVE1 Analogues. Using an LC-MS/MS approach, we found
at least four separate pathways for further metabolism of RvE1
(5) are present in mammalian tissues (Figure 6).122 These
pathways appear to be species-, organ-, and cell type-specific
and generate the RvEl metabolites 16—21. Although 10,
11-dihydro-12-oxo-RvE1 (20) could not be directly isolated and
identified in mammalian tissues studied to date, it is likely to be
an intermediate in a 12-oxo-dehydrogenation-initiated route of
RvE1 further metabolism. Given that the product 10,11-dihydro-
RvE1 (21) is essentially biologically inactive, it is possible that
this metabolite of RvE1 may serve as an inactive biomarker of
RvE1 transient formation in vivo. It is of interest to point out that
the 20-hydroxy-RvE1 product of RvE1 made via omega carbon
20 oxidation (Figure 6) retains some of the activity of RvEl,
namely, in vivo anti-inflammatory actions and pro-resolving
actions, namely, accelerating the phagocytic uptake of zymosan
by macrophages. This point demonstrates that not all further
metabolites of RvEl or potentially other resolvins can be
assumed to be biologically inactive. It is possible that further
metabolites can retain activity and/or possibly possess new
actions, whereas others are clearly pathways of RvE1 inactivation.
The omega-1 hydroxylation of RvE1 to 19-hydroxy RvE1 (17)
and reduction of a conjugated double bond to 10,11-dihydro-

RvE1 are novel metabolic pathways identified that inactivate
RvE1.'*

By modifying the omega portion of RvE1 via the introduction
of a p-fluorophenoxy moiety (Figure S, compound 15), we have
shown that it is possible to block the three metabolic inactivation
pathways that convert RvE1 to 16—18.* This modification of
the RvE1 structure without attenuating its anti-inflammatory and
pro-resolving activities could be one means to develop RvEl-
based therapeutics that can serve as agonists of resolution.
Moreover, identification of the RvE1 metabolome may be useful
in qualifying suitable biomarkers relevant in omega-3 fatty acid
supplementation studies in humans as well as monitoring their
relation to endogenous biosynthesis and actions of the E-series
resolvins in human tissues.

3. RESOLVINS FROM DOCOSAHEXAENOIC ACID

Docosahexaenoic acid, is another major component of fish
oil and omega-3 nutritional supplements, and its multiple
beneficial effects have been long recognized,83’114 although the
molecular basis for these properties have remained unknown.
The recent discoveries of the endogenous conversion of DHA to
D-series resolvins,*” protectins/neuroprotectins,”” > and more
recently to the maresins®> have provided a new basis for the
health benefits of DHA.

3.1. Biosynthesis of D-Series and Aspirin-Triggered D-Series
Resolvins

The biosynthetic conversion of DHA to D-series resolvins
(RvD1—RvD6) involves two iterative lipoxygenation steps
(Figure7).4 Initial conversion of DHA to 17S-HpDHA (22)
catalyzed by 1S-lipoxygenase (15-LO) followed a second lipox-
ygenation via 15-LO at the C-7 position gives a peroxide
intermediate (24) that is transformed to the 7S,8S-epoxide
(25). Enzymatic hydrolysis of 25 generates the trihydroxylated
products RvD1 (26) and RvD2 (27), while reduction of 24 forms
RvDS. Alternatively, 5S-LO lipoxygenation at the C-4 position
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forms 28 that is similarly converted to RvD3, RvD4, and
RvD6.

Aspirin—triggered 17R D-series resolvins were also identified
(Figure 8).*” Initial oxygenation at C-17 to form 17R-HpDHA
(30) takes place in the presence of aspirin via acetylated
COX-2 or via a P450 pathway. Subsequent enzymatic

transformations lead to AT-RvD1 (33), AT-RvD2 (34), and
other AT-resolvins.

3.2. Resolvin D1
Resolvin D1 (RvD1) is biosynthesized in situ from DHA by
two sequential oxygenations at the carbon 7 and 17 positions
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incorporating molecular oxygen predominately in the S con-
figuration in both positions,” while the third alcohol group at
position 8 is proposed to be generated via enzymatic opening of
an epoxide-containing intermediate (Figure7). Given the con-
jugated double bond system produced when C7 and C17 are
oxygenated, RvD1 could theoretically be generated by either a
1,10 addition into the conjugated system involving a possible
16,17 epoxide-containing intermediate from DHA or via an
enzyme-directed hydrolysis of a 7,8 epoxide intermediate
(25).3 In addltlon to the soybean LOX-mediated generation
of RvD1 utilized,”> RvD1 is also produced by incubating 17-
H(p)DHA (22), generated via 15-LO lipoxygenation of DHA,
with activated human PMNs.”® Since this two-step biosynthesis
is thought to occur in vivo via cell—cell interactions within
resolving inflammatory exudates,* evidence was sought to
establish the role of an epoxide intermediate in RvD1 biosynth-
esis and determine which routes predominate in the biosynth-
esis. To this end, 17S-hydrox(peroxy) intermediate from DHA
(22 and 23) was incubated with human PMNs, followed by
incubation with acidic methanol to trap epoxide intermediates.
LC-MS/MS analysis of the trapping products obtained from
these incubations revealed two major components when mon-
itored at m/z = 389, the M—H for methoxy-trapping products.
MS/MS analysis was consistent with methoxy RvD1 trapping
products by the presence of the following prominent daughter
ions: m/z 374 [a-CH;], 371 [a-H,0], 357 [a-MeOH], 345
[389-CO,], 339 [a-MeOH—H,0], 302 [320-H,0], 275 [290-
CH;], 257 [275-H,0], and 231 [275-CO,]. The presence of
these ions is consistent with the formation of a methoxy-
containing trapping product formed from an epoxide-contain-
ing intermediate derived from the 17S-H(p)DHA precursor in
human PMN. The material gave two trapping products with
essentially the same prominent ions; see ref 5S. The identification
of these ions in MS/MS from both trapping products established
the role of an epoxide intermediate. In these, both were consistent
with a 7S-hydroxy-8-methoxy-containing trapping product as
well as a 7S-hydroxy-16-methoxy-containing trapping product.

Specific ions in both products identified that distinguished a
preference in the formation of 8-methoxy- versus a 16-methoxy-
containing trapping product generated from a 7§,8S-epoxy-17S-
containing intermediate were not evident. Thus, it is likely that a
carbonium cation is produced in the H', MeOH-trapping
conditions, giving both 16-methoxy- and 8-methoxy-trapping
products. In this regard, 17S-HDHA gave similar trapping
products with activated human PMN but in lower amounts than
with 17S-H(p)DHA as substrate, and the isolated 15-LOX also
gave the methoxy-trapping products.>> The identification of
these methoxy-trapping products (both 8-methoxy- and 16-
methoxy-containing) provides direct evidence for the formation
of an epoxide intermediate shown in the biosynthesis of RvD1
and RvD2 in Figure7.

3.2.1. Total Synthesis and Stereochemical Assignment
of RvD1. To assign the complete stereochemistry of natural
RvD1 and determine whether RvD1 as well as its aspirin-
triggered form AT-RvD1 (Figures 7 and 8) share biological
propertles, as well as match their reported properties and
actions,”” it was essential to first establish the sg)ectroscoplc
and physical properties of the synthetic materials.” The struc-
ture and stereochemistry of synthetic RvD1 and AT-RvD1 was
unambiguous on the basis of their total synthesis from chiral
starting materials of known stereochemistry (Figure 9). The R/S
configurations of C7, C8, and C17 were directly derived from
starting materials of the same chirality. We consider, for example,
the C17 S alcohol chirality was retained from a protected
(S)-(—)-glycidol derivative (40), while and the C17 R chirality
was produced via the enantiomeric glycidol starting material.
The 75,8R-diol moiety was introduced by utilizing a carbohydrate
starting material with the same stereochemistry (36). Iterative
coupling and stereoselective alkyne hydrogenation of these isomeri-
cally pure building blocks produced isomerically pure RvD1 (26).
The Z/E conﬁguratlon of the double bonds was determined and
confirmed using "H NMR (COSY). RvD1 and AT-RvD1 each
give similar spectra, yet display different chromatographic beha-
viors with RP-HPLC.>®
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Liquid chromatography analysis gave UV chromatograms
when monitored at 301 nm with a major peak AT-RvD1 at
13.9 min separating and eluting before RvD1 at 15.1 min. The
column and mobile-phase parameters used here permitted
separation of these two diastereomers by ~1.2 min. The
carboxy—methyl esters of RvD1 and AT-RvD1 also resolved
using essentially identical conditions. Further analysis of both
RvD1 and AT-RvD1 demonstrated the major anion for both
MS spectra was at m/z 375, which represents [M — H] for
both RvD1 and AT-RvD1. These were consistent with the
original mass spectra and structural elucidation of these
resolvins produced in vivo in mouse exudates and with
isolated human leukocytes.* As expected, analysis of the
MS/MS spectrum obtained for both RvD1 and AT-RvDl1
gave essentially the same fragmentation patterns and matched
the ions reported earlier for endogenous RvD1 and AT-RvD1
isolated from murine inflammatory exudates and human
PMN.*

Having established the physical properties of synthetic RvD1,
we next determined whether it was identical to the biologically
active enzymatically generated material as well as assigned
the geometry of its conjugated double bonds and chirality of
the alcohol group at the carbon 8 position that remained to be
established.””” Tt was essential to take this approach because the
nanogram amounts obtained from human cells and inflammatory
exudates permitted assigning the basic structure and bioactions
of RvD1 but precluded direct determination of the complete
stereochemistry of the biologically derived RvD1.* To this end,
RvD1 was prepared by incubation of DHA with isolated 15-LOX
type I (i.e.,, soybean LOX type IV) using the one-pot incubation
procedure that employed micellar substrate presentation.””">'>*
Liquid chromatographic analysis of this material resulted in one
major component at 7.5 min monitored at 301 nm and two
minor ones at 6.1 and 6.5 min. Each of these three components
exhibited a triplet UV spectrum with A, at 301 nm with
shoulders at 289 and 315 nm, characteristic of a conjugated
tetraene system. Similar analysis with the synthetic material
resulted in a major component at 7.6 min and a minor at 6.6
min when monitored at 301 nm. Both of these demonstrated a
UV spectrum identical to that of the biogenic/enzymatic ma-
terial: A,,,, at 301 nm with shoulders at 289 and 315 nm. Human
leukocyte-derived RvD1 coeluted with the major product, ob-
tained with isolated LOX, and further analysis of the biogenic and
synthetic mixtures resulted in coelution at 7.5 min. These results
demonstrate that the predominant component of the RvDI1
mixture generated by the isolated LOX incubations also matched
synthetic RvD1.%°

LC-MS/MS analysis of the enzymatically generated RvD1
matched that of the RvD1 prepared by total organic synthesis.>
To obtain more evidence for matching, GC-MS analysis was
carried out as in the original identification and basic structural
elucidation.* RvD1 was treated with diazomethane and con-
verted to its corresponding trimethylsilyl derivative and subject
to GC-MS. On the basis of retention time, the C-value was
determined to be 25.9 & 0.2. This fragmentation pattern, UV
spectrum, and C-value are consistent with those obtained for
GC-MS analysis of biogenic RvD1 and those prepared by total
organic synthesis, thereby firmly establishing the overall
stereochemistry.

3.2.2. RvD1Metabolome: Metabolic Inactivation of
RvD1 and AT-RvD1. D series resolvins are generated and act
locally at sites of inflammation,””*® much like their arachidonic

8-Oxo0-RvD1

RvD1

o 17-Oxo0-RvD1

Figure 10. Metabolites of RvD1.

acid-derived cousins, LX. LX are ragidly inactivated by eicosa-
noid oxidoreductases (EORs).">>"*® Along these lines, further
enzymatic conversion of the D series resolvins remained of
interest. Therefore, we sought to determine whether RvD1 and
AT-RvD1 were substrates for the EOR-initiated further meta-
bolism. To this end, RvD1, AT-RvD], or, for purposes of direct
comparison, LXA, (~20 uM) was incubated with EOR (0.05
ug) and the reactions were monitored by the formation of
NADH, an essential cofactor for the enzyme.”> While LXA,
was converted most readily, RvD1 was converted to a similar
extent within 25 min in these incubations. The kinetics for
conversion, however, were slower for RvD1 than LXA, as can
be seen by the statistically significant difference in NADH
formation at S min (~10 uM NADH formation versus ~6 4M
NADH formation with LXA, and RvD1 as substrates, respec-
tively, p < 0.0S, two-tailed Student’s ¢ test). Interestingly, AT-
RvD1, which differs from RvD1 only in the configuration of the
17-hydroxyl group, namely, 17R for AT-RvD1, was essentially
resistant to rapid conversion.

Since RvD1 was converted by the EOR, we determined the
structure and bioactions of the metabolite(s). Using reverse-
phase (RP)-HPLC analysis, the UV absorbance spectra of RvD1-
ME and the metabolites were measured. The presence of a
conjugated tetraene within RvD1 is responsible for its character-
istic triplet chromophore with a 4,,,, = 301 nm. LC analysis of the
metabolites yielded two distinct products that eluted at 15.9 and
17.6 min, both containing a single broad UV absorbance at 4,4, =
351 nm. Since the EOR utilized, i.e., 15-prostaglandin dehydro-
genase, oxidizes alcohols to their respective ketones as in the
inactivation of PGE, reviewed in ref 127 and LXA,,'?® the
potential single oxo-containing products generated might be
7-0x0-RvD1, 8-oxo-RvD1, or 17-oxo-RvD1. Formation of a
7-ox0 product from RvD1 would retain the same conjugated
tetraene structure; the absence of this chromophore indicated
that 7-oxo-RvD1 is not likely to be generated by this EOR. Both
8-oxo- and 17-ox0-RvD1 would extend the conjugation of the
tetraene system to the corresponding carbonyl group, thereby
lowering the difference in energy (AE) between the ground and
excited electronic states. Lowering of the AE results in a red shift
of the absorption maximum analogous to the shift in 15-oxo-
LXA,."*® Therefore, the presence of this red-shifted UV absor-
bance for compounds I and II suggests that the two main
metabolites were 8-oxo-RvD1 and 17-oxo-RvD1 (Figure 10).
The 17-ox0-RvD1 was also produced from RvD1 in murine lung
and identified using the same criteria and prominent ions in its
MS/MS spectrum. S
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Having identified these further metabolic products of RvD1,
we next determined whether 8-oxo-RvD1 and 17-oxo-RvD1 also
displayed the in vivo anti-inflammatory actions characteristic of
their precursor RvD1. The 8-oxo-RvD1 at 10 ng/mouse limited
PMN infiltration in murine peritonitis by a statistically significant
41% (p < 0.05, two-tailed unpaired Student’s t test) that was
comparable to RvD1 (44%, p < 0.05). In sharp contrast, 17-oxo-
RvD1 did not decrease PMN infiltration in vivo in a statistically
significant manner. When compared to the actions of RvD],
8-ox0-RvD1 was as effective (~93% the activity of RvD1) while
17-oxo-RvD1 was significantly less bioactive (~10%, p < 0.0S,
two-tailed unpaired Student’s ¢ test). These results indicated that
17-ox0-RvD1 is the inactivation product of RvD1.>®

3.2.3. Biological Actions of RvD1 and AT-RvD1. The
actions of RvD1 and AT-RvD1 on human PMN transendothelial
migration, the first event in acute inflammation, *'**'*° were
compared by exposing PMN to either RvD1 or AT-RvDl
(0—1000 nM) to assess their impact with fMLP-stimulated
(100 nM) transendothelial migration. RvD1 and AT-RvD1 each
stopped PMN transmigration in a concentration-dependent
fashion (p < 0.01 for both AT-RvD1 and RvD1). While both
molecules potently reduced PMN transmigration by as much as
65 = 8% at 1 uM concentrations of AT-RvD1 (ECso ~ 30 nM),
no statistically significant differences were noted between RvD1
or its aspirin-triggered form ATRvD1 at the concentrations
tested (p is not significant by ANOVA). An approximately
50% reduction in PMN transmigration was obtained with con-
centrations as low as 10 nM.

Earlier results demonstrated that both 17S and 17R D series
resolvins (RvD and AT-RvD, respectively) significantly reduce
PMN infiltration in vivo as effectively as equivalent doses of
indomethacin.”” Because of the presence of additional resolvins
within the preparations of isolated RvD and AT-RvD series,"”?
the relative potencies of RvD1 remained to be established in vivo.
Using purified synthetic RvD1 and AT-RvD1, we determined
their potency in vivo. Both RvD1 and AT-RvD1 limited total
leukocytic infiltration at each dose tested with the maximal
decrease in total leukocytes with as little as a 100 ng dose/
mouse. At the 10 ng dose, AT-RvD1 reduced leukocytic infiltra-
tion to a greater extent than RvD1 (~23% and ~8—10%,
respectively, p < 0.0S, two-tailed Student’s t test). Both RvD1
and AT-RvD1 exhibited a dose-dependent reduction in PMN
infiltration with similar potency and efficacy (maximal inhibition
of ~35% at dose of 100 ng/mouse). Both RvD1 and its AT form
were bioactive at the lowest dose administered (1 ng/mouse),
which indicates the very potent actions of these DHA-derived
mediators.

Recently, we demonstrated that RvD1 activates the lipoxin
receptor (ALX/FPR2) as well as the GPR32 receptor, an orphan
GPCR. The actions of RvD1 on human PMN are pertussis toxin
sensitive, decrease actin polymerization, and block LTB, regu-
lated adhesion molecules (b2 integrins). Synthetic [*H]-RvD1
was prepared, which revealed specific RvD1 recognition sites on
human leukocytes. Screening systems to identify receptors for
RvD1 gave two candidates—ALX, a lipoxin A4 receptor, and
GPR32, an orphan—that were confirmed using a [ arrestin
based ligand receptor system. Nuclear receptors including RXRa
and PPAR-Q, -0, and -y were not activated by either RvE1 or
RvD1 at bioactive nanomolar concentrations, important in the
resolution mechanism. RvD1 enhanced macrophage phagocyto-
sis of zymosan and apoptotic PMN that was increased with
overexpression of human ALX and GPR32 and reduced with

selective knockdown of these GPCRs. The surface expression of
both receptors ALX and GPR32 in human monocytes was
upregulated by zymosan and GM-CSF. Thus, RvD1 sgpeciﬁcally
interacts with both ALX and GPR32 on phagocytes.®

3.3. Resolvin D2

Resolvin D2 (RvD2, 27) was originally identified during
resolution,” and it is biosynthesized from DHA via sequential
lipoxygenation and epoxide hydrolysis (Figure 7). Recently,*>'*
we established the complete stereochemistry and actions of
RvD2 and also investigated whether it preserves host immune
function to facilitate resolution of inflammatory sepsis.

3.3.1. Total Synthesis and Stereochemical Assignment
of RvD2. The complete stereochemistry of endogenous RvD2
was determined by physical matching with compounds prepared
by total organic synthesis (Figure 9) from isomerically pure
starting materials (36 and 40), and in accordance with the basic
structure determined in resolving exudates.” This approach was
needed, as pointed out above, because the nanogram amounts of
endogenous RvD?2 isolated precluded direct NMR analysis. The
double bond geometry of synthetic material was validated by "H
NMR.% The biosynthesis of RvD2 (Figure 7) proceeds via 17-
lipoxygenation of DHA to 17S-hydroperoxy-4Z,7Z,10Z,13Z,-
15E,19Z-docosahexaenoic acid (17S-HpDHA, 22), which is
enzymatically transformed to a 7S,8S-epoxide-containing inter-
mediate (25)*”” by human leukocytes. This enzymatic transfor-
mation and activity involves S-lipoxygenase (LO) and its epoxide
generating activity.">" These steps can occur within a single cell
type or via transcellular biosynthesis. Human eosinophils are rich
in 15-LO and can convert DHA to 17-HpDHA, for example,
which poly-morphonuclear neutrophils can convert to RvD2.
Actively phagocytosing PMN converted resolvin precursor 17-
HpDHA to RvD2 as determined by LC-MS/MS-based lipido-
mics. A total ion chromatogram (m/z 375 [M — H]) of human
leukocyte-derived RvD2 showed that a conjugated tetraene UV-
chromophore was present. Synthetic material showed an exclu-
sive and prominent peak with retention time (RT) and UV-
spectrum essentially identical to leukocyte-derived RvD2. Co-
injection of synthetic and leukocyte-derived RvD2 led to an
increase in intensity and coelution.®

To establish the physical properties, their tandem mass spectra
were analyzed, with essentially identical MS fragmentation and
diagnostic ions in agreement with original assignments for
endogenous RvD2.* To validate the biosynthetic pathway,
activated human PMN were incubated with deuterium-labeled
17S-HpDHA-ds or DHA-ds; RvD2 containing the dS label was
biosynthesized. In these experiments, the parent ion increased to
m/z 380 [M — HJ, and neutral loss ions were reflective of dS-
containing fragments. To further provide evidence for the
structural assignment,*® derivatized RvD2 was subjected to
GC-MS. Derivatized RvD2 C-value was 252 £ 0.1 and its
spectrum (ref 60, Supporting Information) showed diagnostic
ions at m/z 479, 435, 229, and 171.* Collectively, matching of
synthetic and leukocyte-derived RvD2 (by RT, diagnostic MS
ions, and derivatization) established that the complete stereo-
chemistry and double bond geometry of endogenous RvD2 is
75,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-
docosahexaenoic acid.

3.3.2. Biological Actions of RvD2. RvD2 displayed potent
actions in microbial peritonitis, with a drastic ~70% reduction in
zymosan-stimulated PMN infiltration at doses as low as 10 pg.
Importantly, A10-trans-RvD2 isomer was essentially inactive,
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indicating that specific geometry of endogenous RvD2 is re-
quired for bioactivity. To determine whether RvD2 decreases
leukocyte—endothelial interactions, cremasteric microcirculation
was analyzed. Platelet activating factor (PAF; 100 nM) 3132
superfusion caused increased leukocyte adherence and emigra-
tion that was markedly reduced by 1 nM RvD2. Representative
microcirculation before and after RvD2 superfusion are in
supplementary movies. These potent RvD2 actions were recapi-
tulated with human cells to identify potential cellular directed
actions (i.e., endothelial cells and PMN). RvD2 potently reduced
PAF-stimulated capture and adhesion of PMN by HUVECs
under flow (see ref 60 and its Supporting Information)."** Con-
sistent with the impact of RvD2 on leukocyte—endothelial inter-
actions, RvD2 diminished PAF-stimulated CD62L shedding on
isolated human PMN and CD18 surface expression. RvD2 alone
did not alter PMN adhesion molecule expression.

To obtain further evidence for direct actions of RvD2 on
human leukocytes, we monitored reactive oxygen species (ROS).
Importantly, RvD2 did not stimulate extracellular superoxide,
while it potently reduced CSa-stimulated extracellular superoxide
generation. We also assessed the contribution of nitric oxide
(NO), an established antiadhesive mediator'>*'*> in RvD2-
reduced leukocyte adherence in postcapillary venules. The non-
selective nitric oxide synthase inhibitor, L-NAME, before addi-
tion of RvD2, partially reversed the decreased leukocyte
adherence and emigration. To obtain additional evidence for
NO generation by RvD2 in vivo, vascular fluorescence was
monitored.®” Topical administration of RvD2 (100 pg/ear)
increased fluorescence intensity, whereas lower doses (1 and
10 pg) were ineffective. L-NAME given before topical RvD2
application abolished this response, indicating that RvD2-stimu-
lated vascular responses at this dose were NO-dependent. Of
note, intravenous injection of RvD2 at doses that inhibited PMN
infiltration in peritonitis (10 pg) did not increase fluorescence
intensity, indicating that only local elevated doses of RvD2
stimulated vascular responses. Additionally, RvD2 superfusion
(1 nM) does not cause an increase in vascular permeability.
Topical RvD2 (10 or 100 pg) did not induce leukocyte infiltra-
tion into ear skin compared to chemoattractant leukotriene B,.
Hence, high-dose/focal delivery of RvD2 stimulates rapid NO
release consistent with its antiadhesive effects but not produced
at levels that could be pro-inflammatory.

Corroboratory results were obtained with HUVECs whereby
RvD2 dose-dependently stimulated NO generation, suggesting
topical actions were likely mediated via endothelial nitric oxide
synthase (eNOS). RvD2 also stimulated vasoprotective prosta-
cyclin, as monitored by the stable metabolite 6-keto-PGF1, (a
hydration product of prostacyclin); this dose—response proved
bell-shaped such as with other lipid mediators.”**'3¢ RvD2-
stimulated prostacyclin and NO were pertussis toxin sensitive,
implicating a role for G-protein coupled receptor(s). Thus, RvD2
regulates leukocyte adherence via both direct actions on PMN
(vide supra) and endothelial vasoactive substances.

The anti-inflammatory and pro-resolving actions of RvD2
were next evaluated in cecal ligation and puncture (CLP), an
established murine microbial sepsis that closely resembles hu-
man pathology.'*”'** Omega-3 fatty acids are beneficial in some
inflammatory conditions, including sepsis,"**~'*" although the
mechanistic basis underlying protection is still emerging. To this
end, RvD2 significantly reduced the amount of live aerobic
bacteria in both blood and peritoneum at 12 h post-CLP, while
A10-trans-RvD2 was essentially not active. This was associated

with a significant reduction in total leukocytes and specifically,
PMN infiltration into the peritoneum.® Intraperitoneal delivery
of RvD2 at 1 h post-CLP also reduced both blood and peritoneal
bacteria. Given the role of macrophages in clearance of bacteria,
cellular debris, and apoptotic PMNs to facilitate inflammation
resolution,”** RvD2 treatment promoted phagocyte-dependent
bacterial clearance observed in inguinal lymph nodes.”® Evidence
for direct macrophage actions were obtained in vitro, where
RvD2 potently enhanced macrophage phagocytosis of opsonized
zymosan.*® Cytokines were monitored during CLP both locally
(peritoneum) and systemically (plasma). RvD2 drastically re-
duced levels of pro-inflammatory cytokines associated with poor
outcomes in sepsis,138 namely, IL-6, IL-1/3, IL-23, and TNEF-a.®°
RvD2 reduced cytokine levels while enhancing bacterial
clearance, a response also observed for macrophage scavenger
receptor A.'** Thus, it is plausible that RvD2 prevents
persistent amplification signals downstream of pattern-recog-
nition receptors, dampening responses of classically activated
macrophages.'*'**

RvD2 also decreased IL-17, as well as IL-10, which is of
interest in light of its detrimental impact on survival in sepsis.*’
Thus, RvD2 differs in action from lipoxin A, Lipoxin Ay
stimulates IL-10."* High levels of both pro- and anti-inflamma-
tory cytokines, including IL-10, the “cytokine storm”, are pre-
dictive of early mortality in sepsis, and diminishing cytokine
levels as well as those of IL-10 appear to be beneficial in human
sepsis.'*”'*® Pro-inflammatory mediators, including prostaglan-
din E, (PGE,) and LTB,, were also decreased in peritoneum by
RvD2.%° Of interest, RvD2 directly enhanced PMN Escherichia
coli (E. coli) phagocytosis that was accompanied by an increase in
intracellular ROS. However, RvD2 does not possess direct
antibacterial activity. Accordingly, RvD2 dramatically increased
survival rates among CLP-operated mice and activity levels12 h
post-CLP were resumed.

RvD2 proved to be a potent D-series resolvin that protects
from excessive leukocyte infiltration and overzealous cytokine
production, as well as enhanced clearance of microbes, prevent-
ing sepsis-induced lethality. Sepsis remains a clinical challenge,
with high mortality rates and increasing prevalence.'*"** Given
its uncontrolled inflammatory pathogenesis, anti-inflammatory
therapies are used for sepsis management but have ultimately
failed due primarily to sustained immunosuppression.'*’ These
results indicate that RvD2 is a potent endogenous mediator that
actively promotes resolution. Also, they suggest new approaches
to treat sepsis that do not compromise host defense via immune
suppression, because the resolvins are not immunosuppressive.

4. PROTECTINS FROM DOCOSAHEXAENOIC ACID

The results reviewed above provide a critical biological frame-
work for the fundamental biologically important actions of DHA-
derived mediators. In this section, we consider results obtained
from several independent lines of investigation required to
address the structure of the natural potent bioactive protectin
D1/neuroprotectin D1 (NPD1/PD1). For readers interested in
the neuroscience aspects and role of DHA and NPDI, see the
recent review from Bazan et al.''

4.1. Biosynthesis of Protectin D1/Neuroprotectin D1

The biosynthetic scheme for NPD1/PD1 is shown in Fig-
ure 11 from results reported in ref S1. Following 17S-HpDHA
(48) formation from 15-LO action on DHA, an epoxide inter-
mediate (49) is formed that requires enzymatic transformation
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Figure 11. Pathways and enzymes involved in the biosynthesis of protectin (PD1/NPD1) and 10S,17S-diHDHA.

to obtain the correct double bond geometry, namely, cis, trans,
trans present in NPD1/PD1 (50). This double bond geometry
and chirality of the carbon 10 position and the R configuration
were established from the matching of synthetic compounds of
defined chirality. Of interest, the double dioxygenation products
75,175-diHDHA (resolvin DS) and 10S,17S-diHDHA (52)
appear to be less active than endogenous or synthetic NPD1/
PD1. Without endogenous biosynthesis studies or assessment of
biological actions, it is surprising that a claim'** could be made
for assessment of the complete stereochemistry of NPD1 based
only on NMR results obtained for 10S,17S-diHDHA from plant
lipoxygenase-prepared material with DHA.

4.2. Total Synthesis and Stereochemical Assignments of
PD1/NPD1

As with other potent lipid mediators, such as the prostaglan-
dins and leukotrienes, the arachidonate-derived eicosanoids,* it
is important to establish the stereochemistry of the mediator of
biological functions because many structurally related isomers
can be less active or inactive or even in some cases display
opposing biologic actions as a result of subtle changes in
stereochemistry that are recognized by cellular receptors in
biologic systems. Subtle changes in, for example, the stereo-
chemistry of lipoxin A4 can dramatically reduce potency of this
molecule (i.e., from R to S and cis to trans double bonds)."** To
confirm the proposed basic structure and establish the complete
stereochemistry, these studies on the 10,17S-docosatriene
termed NPD1/PD1 included results obtained from (i) biosynth-
esis studies, (ii) matching of materials prepared by total organic
synthesis with defined stereochemistry, and (iii) the actions
of these and related compounds in other biological
systems.¥>16H79154155 We also consider here the chronology
in which these appeared with the goal of providing a rigorous
account of the evidence that supports the structure of the
bioactive NPD1/PDI. Investigations along these lines were
essential in order to establish the complete structure of the
potent NPD1/PD1 and related endogenous products biosynthe-
sized from DHA in vivo/in situ because of the small amounts of
NPD1/PD1 (nanograms—micrograms) attainable from biologi-
cal systems that precluded at the time direct stereochemical
analyses of the products by NMR. Thus, in this section, we focus
on the evidence for NPD1/PD1 structural elucidation using the
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approach for structural elucidation of the resolvins and their
complete stereochemical assignments as outlined above; for
additional details see other recent reviews.”'>'>"

The first evidence for the conversion of labeled DHA to
metabolites obtained from REP cells was reported, and, with use
of available inhibitors of the time, Bazan et al. suggested a role for
lipoxygenase in the biosynthesis of these structurally previously
unknown DHA-derived products.'>® The structure of 10,17-
docosatriene was first disclosed while reporting on the character-
ization of the novel bioactive resolvins identified using an
unbiased systems approach with resolving inflammatory exu-
dates and LC-MS/MS-based lipid mediator metabolomics.*
These new bioactive molecules (resolvins and docosatrienes)
were biosynthesized from omega-3 essential fatty acids during
the resolution phase of acute inflammatory reactions in vivo that
promote resolution of inflammation in vivo (see Figure 8 in ref 4
and related text). Since the DHA-derived compounds were
identified in self-limited or resolving inflammatory exudates,
additional evidence was obtained for their biosynthesis from
both murine brain and human vascular endothelial cells and
human leukocytes.*

These investigations focused initially on aspirin and its
impact in the biosynthesis of 17R-hydroxy-containing resol-
vins and related structures.>* The results indicated that new
DHA-derived molecules reduced cytokine IL-1/ production
by human glioma cells stimulated with the cytokine TNFa
and importantly that DHA stored in the brain is converted to
the new molecules. It is noteworthy that exudates obtained
from mice given DHA, following extraction, and transferred to
other mice with peritonitis, reduced neutrophil infiltration
in vivo in the recipient mouse, indicating the presence of
potent bioactive products from DHA within the original
inflammatory exudates.” In parallel, experiments with isolated
primary human cells were carried out to examine potential
biosynthetic routes involved in the biosynthesis of these
mediators. In this context, hypoxic endothelial cells exposed
to growth factors and inflammatory stimuli in vitro converted
omega-3 essential fatty acids to intermediates taken up by
human leukocytes. The intermediate was further converted to
bioactive products that showed potent activities relevant in
the control of inflammation in a process known as transcellular
biosynthesis.>***
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Figure 12. Synthetic scheme for PD1/NPD1 synthesis and related isomers.

In these experiments with incubations or inflammatory exu-
dates taken without aspirin treatment, 17S-HDHA and the
corresponding 17S-hydroxy-containing dihydroxy and trihy-
droxy products were uncovered in both murine exudates and
isolated human cells.* The formation of some of these was
modeled in vitro and formed by sequential lipoxygenation
reactions. These products were investigated with 15-lipoxygen-
ase and included the double dioxygenation products, namely,
78,17S-diHDHA and 10,17S-diHDHA, and were isolated and
identified as well as trihydroxy-containing products formed via
epoxide-containing intermediates.* The well-established lipoxy-
genase reaction mechanism implicated that new products were
75,17S-diHDHA (coined resolvin DS5) and 10,17S-diHDHA,
which could easily be produced in microgram amounts in vitro.
Both products contained two diene-conjugated double bond
systems, each in a trans, cis geometry. Along these lines consider,
for example, the earlier studies with 5S,12S-diHETE formed
from arachidonate via double dioxygenation, which is an isomer
of the potent chemoattractant LTB,.'® This isomer 58,128
diHETE separates in SP-HPLC from LTB, yet has very similar
mass spectra to each other. However, 5S,12S-diHETE displays
little if any of the potent actions or chemotactic activity for its
isomer LTB, (see ref 157 and references cited within). Given the
size of the report in ref 4 and new composition of matter,'**'**
these pathways, biosynthesis, and actions of these new com-
pounds were submitted for publication in another paper which
appeared later.”” Thus, in addition to the 17S series resolvins,
DHA is also precursor to a novel family of endogenous molecules
that possess a conjugated triene system, hence, the term doc-
osatrienes, which are biosynthesized in blood, leukocytes, brain,
and glial cells.”

The main bioactive member of the docosatrienes from the
17S-hydroxy-containing intermediates 7proved to be 10,17S-
docosatriene in addition to the resolvins.”” Human PMN convert
10,17S-docosatriene to its omega-22 hydroxy product from DHA
that is likely an inactivation route for this pathway. As with the
other new bioactive products from omega-3 precursors the basic
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structures and proposed stereochemical assignments reported
were based on results of biosynthesis studies and given as
tentative stereochemical assignments (see below). At the
time, some of the newly identified compounds were matched
to reference compounds prepared with plant lipoxygenases.
These included, for example, 17S-HDHA and resolvin DS (7S,
17S-diHDHA), which matched those profiled by LC-MS/MS in
exudates and with isolated human cells. It was clear that the
10,17S-docosatriene from exudates did not coelute with the
major 10,17S-docosatriene produced in vitro with plant enzymes,
suggesting it was an isomer but that this system could be used to
prepare related docosatrienes via the LTA, synthase activity of
lipoxygenases to further probe the bioactions of 10,17S-
docosatriene'>*'** while complete matching and total sznthesis
were in progress. These U.S. patent applications'*>"**'>* filed in
2000—2003, in addition to the novel structures disclosed for
clinical development, also described novel micellar suspensions
of substrates used with plant lipoxygenases and procedures to
prepare and HPLC isolate the small quantities of novel com-
pounds needed given their potent and selective activity to assess
their bioactions.

The microglial cells biosynthesized both 17S series resolvins
and the 10,17S-docosatriene. Importantly, evidence for a novel
omega-22-hydroxy-16,17S-trihydroxydocosatriene was obtained
from these cells and human PMN that suggested that the 10,
17S-docosatriene was biosynthesized via a 16(175)-epoxide-contain-
ing intermediate because the identified vicinal diol could be a
product of this epoxide intermediate. Thus, a series of acid—
alcohol-trapping experiments were undertaken to address the
potential role of epoxide-containing intermediates in the bio-
synthesis of the bioactive compounds, in particular the 10,
17S-docosatriene. Indeed evidence for epoxide-containing intermedi-
ates in the biosynthesis of docosatrienes and 178 series resolvins
was obtained from human PMN.” In these incubations with
isolated human cells, two 16-OCH3 and two 10-OCH3 meth-
oxy-trapping products likely all-trans in their triene conjugations
were obtained. Their mass spectral identification implicated a
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16(17S)-epoxide intermediate was produced and was thus
proposed in the biosynthetic pathway for the bioactive 10,
17S-docosatriene.” Also, this 10,17S-docosatriene proved to display
potent actions at 1—50 nM with human glial cells and produced
10,17S-docosatriene that reduced IL-1B production and evoked
ligand-operated extracellular acidification with glial cells in a
microphysiometer.”” These results indicated that DHA is a
precursor to novel potent protective mediators and that 10,
17-docosatriene carried potent anti-inflammatory activity in mice
in vivo and with isolated human cell types in vitro as well as
activated surface receptors present on human glial cells to
regulate their function. Thus, the novel 10,17S-docosatriene
later coined NPD1/PD1% (Figure 9), given its potent bioactions
in vivo, was identified first in refs 4 and 79 and found to display
potent anti-inflammatory actions, i.e., reducing PMN numbers
in vivo and reducing the production of inflammatory cytokines
by glial cells in these initial structural elucidation studies.”””
Moreover, during the resolution phase of peritonitis, unesterified
DHA levels increase in resolving exudates, where it appears
to promote catabasis or the return to homeostasis following
tissue insult, via conversion to D-series resolvins and 10,
17S-docosatrienes” by shortening the resolution interval of an
inflammation-resolution time course in vivo.”'

Next, collaborations were initiated for this pathway, which
demonstrated that 10,17S-docosatriene was produced during
strokes in the ipsilateral hemisphere of murine brain following
focal ischemia. In these collaborations we also demonstrated
potent bioactions in this system, where the 10,17S-docosatriene
limits the entry of leukocytes and sharply reduced the size of the
brain injury.80 Also, the 10,17S-docosatriene is formed in retinal
pigmented epithelium (RPE) with ARE-19 cells where it is also
organ protective. Hence, we introduced with Bazan et al. the term
neuroprotectin D1 given its potent protective actions.”" These
findings in the ARPE cells,® in inflammatory murine exudates,
human PMN, and glial cells,*”® underscored the need to establish
the complete stereochemistry of endogenous biologically gener-
ated active 10,17S-docosatriene, namely, the chirality of its carbon
10 position alcohol and its triene double geometry (see Figures 12
and 13). In recognition of its wide scope of formation and
bioactions, protectin D1 (PD1) was introduced and used to
denote the structure of this chemical mediator in the immune
system. The prefix neuro before protectin D1 (NPD1) was
proposed to denote the location of the biosynthesis and potent
neuroprotective actions.'> It was also apparent that NPD1/PD1
was a member of a larger family of 17-hydroxy-containing
docosatrienes termed protectins (Figure 11).

Biosynthesis and function studies were undertaken with hu-
man Tyy2-skewed peripheral blood mononuclear cells (PBMC)
that specifically express 15-LO type 1 and converts DHA to the
10,17S-docosatrienes by serving as a 17-lipoxygenase with DHA
as substrate. When produced by these cells, PD1 promotes T cell
apoptosis via the formation of lipid raft-encoded signaling
complexes and reduced T-cell traflic in vivo. These results were
consistent with the physical properties of NPD1.

Stereochemically pure PD1/NPD1 (50) and selected stereo-
isomers (52, 63—66) were prepared by total organic synthesis
(Figure 12). The 10R- and 17S-hydroxyl groups were introduced
from enantiomerically pure glycidol derivatives (53, 60), and the
Z/E geometry of the various double bonds were secured via
stereocontrolled processes, leading to the acetylenic precursor
62, which was converted to PD1/NPD1 (50) via selective
reduction and hydrolysis. The isomerically pure synthetic
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Figure 13. Potent stereoselective actions of PD1/NPD1 stereoisomers
in murine peritonitis.

materials were used to determine the complete stereochemistry
of the PBMC DHA-derived product (Figures 11 and 12). NPDI/
PDl generated by human PBMC carried the complete
stereochemistry of (10R,17S)-dihydroxydocosa-4Z,7Z,11E,13E,
15Z,19Z-hexaenoic acid (50) and was matched to the most
potent bioactive product using several dihydroxytriene-contain-
ing DHA-derived products isolated from human PBMC, human
PMN, and murine exudates.>"'>*

During these investigations, it was reported that, as a novel
anti-inflammatory compound, NPD1 had the complete structure
of 10S,17S-diHDHA (52)."** This assumption was based on
results from isolated lipoxygenase with DHA without any
mammalian cell/tissue biosynthetic analgrses and/or authentic
neuroprotectin D1, as defined earlier.”””"' Importantly, neither
bioactivity of the product nor appropriate comparisons with
authentic NPD1 were presented to support the conclusions
regarding the complete structure of NPD1.'>> The reader might
note that compound 52 is an isomer of NPD1/PDI1 (see
Figure 11, compound 50) and is biosynthesized via sequential
lipoxygenation reactions in vivo and thus has a different double
bond geometry and chirality at the carbon 10 position, namely,
10S.

With the preparation of six stereochemically defined 10,
17-dihydroxy-containing geometric isomers by total organic synthesis,
it was possible to match the stereochemistry and biological
actions of the endogenous-produced materials.”' In addition to
PD1 formed from human leukocytes, additional isomers were
identified in inflammatory exudates including A15-trans-PD1
(isomer III), 10S,17S-dihydroxydocosa-4Z,7Z,11E,13Z,15Z,19Z-
hexaenoic acid (65), and the expected double dioxygenation pro-
duct 108,17S-dihydroxy-docosa-4Z,7Z,11E,13Z,15E,19Z-hexae-
noic acid (52), which are present in inflammatory exudates
obtained from mice. '*O-labeling results provide evidence that
this isomer was a double dioxygenation product and that the 10
position of NPD1/PD1 originated from enzymatic conversion.
Also, the rank order of activities was established between these
isomers, and NPD1/PD1 proved to be most potent (see
Figure 13), with doses as low as 1—10 ng reducing murine
peritonitis, followed by A1S5-trans-PD1 > 108,17S-diHDHA.
Hence, although the double dioxygenation product 108,
17S-diHDHA was generated in murine exudates, it was far less active
than PD1/NPD1 both in vitro and in vivo (Figure 13).
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4.3. Biological Actions of PD1/NPD1

With the stereochemistry of NPD1/PD1 established,”" its
identification in human material was sought and found to be
present in breath condensates from human asthmatics.”* In
addition, PD1 was found to be a major product in the bone
marrow of female rats fed EPA and DHA," and PD1 was
generated in vivo during ischemia-reperfusion of renal tissues,
where it has profound actions, reversing the deleterious con-
sequences of ischemia-reperfusion in renal tissues.”” Moreover,
with the complete stereochemistry and quantities of the synthetic
NPD1/PD], it was possible to demonstrate that PD1 activates
resolution programs and shortens the resolution time of experi-
mental inflammation in vivo.*'

From the total organic synthesis route of NPD1/PD1 outlined
in Figure 12, it was possible to radiolabel and purify *H-NPD1/
PD1 made from the synthetic intermediate. With this radiolabel,
it was possible to define for the specific binding sites present with
ARPE-19 cells (K4 ~ 31 pM/(mg of cell protein)) for *H-
NPD1/PD1 as well as specific binding to human neutrophils that
gave a Ky ~ 25 nM. Most importantly, critical information on
NPD1 biosynthesis with ARPE-19 cells was obtained, namely,
identification of alcohol trapping products, indicating the forma-
tion of a 16S,17S-epoxide-containing intermediate (49) from
DHA in the biosynthesis of neuroprotectin D1.°* These results as
well as rank order of potency established for NPD1/PD1 of
defined stereochemical analysis indicated that the most potent of
the isomers prepared was indeed NPD1/PD1. Also, in the ARPE
cells, NPD1/PD1 was more potent than either RvD1 or RvEL. In
other systems, the resolvins proved more potent than PD1.%®

Along with the complete stereochemical identification of
NPD1/PD1, recent studies using an unbiased LC-MS/MS
profiling approach demonstrated that PD1 is made during the
resolution of Lyme disease infections in mice'®" and in stem cells
under oxidative stress.'®’ NPD1 prevents retinal ganglion cell
death,'®* is renal-protective,'®® and regulates adiponectin in ob/
ob obese mice.'” The double dioxygenation 108,17S-diHDHA
isomer of NPD1/PD1 was also recently shown to have actions on
platelets, reducing platelet aggregation at 0.3 uM, 1 uM and
higher concentrations.'® In peritonitis, this isomer also showed
biological activity but was less potent than NPD1/PD1.°"'%?

NPD1/PD1 and the resolvins are produced in fish tissues
where omega-3 fatty acids are enriched including trout brain and
the head kidney gland, which is the hematopoietic compartment
of the trout. These results suggest that the resolvin and protectin
structures are highly conserved from fish to humans,'** and were
recently found to stimulate stem cells at low nanomolar
concentrations."

5. FUTURE DIRECTIONS AND CONCLUSIONS

The resolvins and protectins are uniquely positioned to have a
role in many human diseases associated with inflammation
because of their primary actions on effector cells in the innate
immune system including both neutrophils and macrophages.
These two main cell types play an important role in host defense
as well as in clearing tissues and expediting resolution from
infection and tissue injury." Given that the resolvins and pro-
tectins are temporally generated in the pivot from initiation to
the resolution phase,””*° they are strategically positioned to
impact cell trafficking of neutrophils, stopping their excessive
accumulation and activating specific receptors on both neutro-
phils and macrophages to enhance clearance of cellular debris,

apoptotic neutrophils, and microbes (reviewed in ref 12). These
are fundamental responses to host defense and the return to
tissue homeostasis.” The unexpected finding that resolvins and
protectins are produced from the omega-3 essential fatty acids
also links the large body of literature that suggests that omega-3
fatty acids are beneficial to health®*®'®* “and have separate
therapeutic potential in supplementation of diets deficient in
these natural omega-3 building blocks. The structural elucidation
and stereochemical analyses reviewed herein provide ligands and
receptors in a novel terrain of resolution of acute inflammation
that can offer targeted therapeutics with wide-ranging potential
for new treatments in many diseases in humans associated with
uncontrolled inflammation (Tables 1 and 2). A key recent
observation that circulating levels of EPA and DHA are trans-
ported via edema-carried proteins such as albumin and A109
proteins identified by two-dimensional TLC and proteomics***
demonstrates for the first time an important role of edema in
providing nutrients such as EPA and DHA to the inflammatory
site that are rapidly converted by inflammatory exudate cells to
produce the resolvins and protectins, which can in turn expedite
the resolution response and protect the surrounding tissues from
collateral damage of the war with invading microbes'* by
dampening PMN responses and enhancing phagocytosis and
clearance. ' Hence, circulating levels of EPA and DHA and
potentially other omega-3 essential fatty acids'®® in humans play
an important role in regulating the time course of resolution and
production of resolvins and protectins. These mechanisms of
exudate resolution and utilization of edema-supplied EPA and
DHA imply a rapid utilization of dietary EPA and DHA once
these substrates have reached circulation. This can put vascular
insults rapidly in check if circulating substances are available to
permit resolution.

This is a different scenario from arachidonic acid, where
arachidonic acid is esterified into membrane phospholipids,
and, upon cell activation, cPLA, cleaves phospholipids to release
arachidonic acid for its transformation to prostaglandins, leuko-
trienes, and lipoxins. This level of control by receptor—ligand
interactions appears to be different from the inflammatory
exudate direct utilization of EPA and DHA, which do not appear
to require tight regulation at the level of membrane esterification
and release in the inflammatory exudate to produce resolvins and
protectins. In the case of DHA, this is quite different. DHA is
well-appreciated to be enriched in neural systems,">" where it is
esterified into membrane phospholipids and then, on activation,
is released for production of neuroprotectin D1 (Figure 11).
Again, in these studies, it should be emphasized that the
precursor fatty acids EPA and DHA do not carry the potent
stereoselective actions of the resolvins and protectins within the
same concentration dose range. For example, see Kasuga et al.>’
and direct functional comparison between native DHA and
RvD1 with single human leukocytes and Marcheselli et al.** for
direct evidence of the specific binding area of PD1 to human
leukocytes and retinal epithelial cells. This physiological utiliza-
tion of edema-derived EPA and DHA by inflammatory exudates
to produce resolvins and protectins opens a number of possibi-
lities for investigating the mechanisms and potential physiologic
role of resolvins and protectins, for example the impact of diet,
gender, and age in this system. Hence, our findings suggest that
resolvins and their regulation by diet and infection can directl
modulate multiple systems in the human exposomes.'
The structures of resolvins and protectins themselves are pri-
mordial and highly conserved, because they are identified in fish
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Table 3. What Impacts the Resolution Interval in Vivo?

delay Ri shorten Ri resolution friendly
NSAIDs transgenic mice overexpressors aspirin Schwab et al.>!
COX-2 inhibitors Gilroy et al.!é® human ALX/FPR2, Devchand et al.’ Morris et al/
Vong et al.” GPR-32 Recchiuti et al.‘ statins Birnbaum et al."
Schwab et al.*! Planaguma et al’
LOX inhibitors Schwab et al.*! fat-1 (DHA, EPA) Xia et al.? glucocorticoids Rossi and Sawatzky’

(resolution-toxic) Chiang et al?

Hudert et al.* Maderna et al

“Vong, L.; Ferraz, ]. G.; Panaccione, R; Beck, P. L.; Wallace, J. L. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 12023. b Devchand, P. R,; Arita, M.; Hong, S.;
Bannenberg, G.; Moussignac, R.-L.; Gronert, K; Serhan, C. N. FASEB J. 2003, 17, 652. “ Recchiuti, A.; Krishnamoorthy, S.; Fredman, G.; Chiang, N;
Serhan, C.N. FASEB]. 2011, 25, 544. dXia, S.;;Lu, Y.; Wang, J.; He, C.; Hong, S.; Serhan, C. N.; Kang, J. X. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 12499.
‘Hudert, C. A.; Weylandt, K. H.; Wang, J.; Lu, Y.; Hong, S.; Dignass, A.; Serhan, C. N. Kang, J. X. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 11276.f Morris,
T.; Stables, M.; Colville-Nash, P.; Newson, J.; Bellingan, G.; de Souza, P. M.; Gilroy, D. W. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 8842. ¢ Morris, T.;
Stables, M.; Hobbs, A.; de Souza, P.; Colville-Nash, P.; Warner, T.; Newson, J.; Bellingan, G.; Gilroy, D. W. J. Immunol. 2009, 183, 2089. h Birnbaum, Y.;
Ye, Y,; Lin, Y.; Freeberg, S. Y.; Huang, M.-H.; Perez-Polo, J. R.; Uretsky, B. F. Prostaglandins Other Lipid Mediators 2007, 83, 89. iPlanagumé, A.; Pfeffer,
M. A,; Rubin, G.; Croze, R.; Uddin, M; Serhan, C. N; Levy, B. D. Mucosal Immunol. 2010, 3, 270.” The Resolution of Inflammation; Rossi, A. G., Sawatzky,
D. A, Eds.; Birkhauser Verlag AG: Basel, Switzerland, 2008. ¥Maderna, P.; Yona, S.; Perretti, M.; Godson, C. J. Immunol. 2005, 174, 3727.

. . s 16
(rainbow trout), neural tissues, and hematopoietic tissues.'**

Thus, it is highly likely that, in addition to the roles of the
resolvins and protectins in regulating the acute inflammatory
response, additional roles in mammalian and human physiology
will be uncovered in the years ahead. In this regard, the
production of novel omega-3-derived mediators such as the
maresins by specific cell types involved in resolution of inflam-
mation and homeostasis®* opens many exciting new chemical
signaling pathways that should pave an understanding of molec-
ular nutrition and the precise structure—activity relationships
that the body uses to achieve homeostasis. Importantly, introdu-
cing resolution indices™® has pinpointed the actions of SPM in
shortening resolution times for inflammation and identified
current drugs that are resolution-toxic and those that are resolu-
tion-friendly, enhancing the resolution pathways and mechan-
isms (Table 3).

Aspirin jump-starts resolution because it triggers the biosynth-
esis of SPM, in particular RvE1 and AT-lipoxins and AT-D series
resolvins. Indomethacin reduces 18R-HEPE production but still
permits its formation.”'® COX-2 inhibitors both block resolvin
biosynthesis and delay resolution while reducing the magnitude
of inflammation, as do many other nonsteroidal anti-inflamma-
tory drugs.”>'®® The direct impact of NSAID on resolvin and
SPM biosynthesis remains to be established, yet lipoxygenase
inhibitors block SPM biosynthesis and are resolution-toxic.>!

With the structures, biosynthetic pathways, receptors, and
their receptor signaling studies underway, it is possible that
therapeutics targeted around the resolvins, protectins, and
related endogenous pathways will emerge as a unique means to
stimulate return to homeostasis in inflammatory diseases rather
than the traditional approach of blocking enzyme pathways and
receptors using antagonists and enzyme inhibitors."®” This new
approach may add to the pharmacopeia for treating human
diseases where uncontrolled inflammation and potentially de-
fects in resolution pathways may become apparent.
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