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Abstract: Lipoxins (LXs) have attracted widespread attention as a class of anti-inflammatory lipid me-
diators that are produced endogenously by the organism. LXs are arachidonic acid (ARA) derivatives
that include four different structures: lipoxin A4 (LXA4), lipoxin B4 (LXB4), and the aspirin-induced
differential isomers 15-epi-LXA4 and 15-epi-LXB4. Because of their unique biological activity of
reducing inflammation in the body, LXs have great potential for neuroprotection, anti-inflammatory
treatment of COVID-19, and other related diseases. The synthesis of LXs in vivo is achieved through
the action of lipoxygenase (LO). As a kind of important enzyme, LO plays a major role in the physio-
logical processes of living organisms in mammals and functions in some bacteria and fungi. This
suggests new options for the synthesis of LXs in vitro. Meanwhile, there are other chemical and
biochemical methods to synthesize LXs. In this review, the recent progress on physiological activity
and synthetic pathways of LXs is summarized, and new insights into the synthesis of LXs in vitro
are provided.
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1. Introduction

Inflammation is a physiological response of the organism to injury, and its adequate
resolution is essential to restoring homeostasis. There is a set of precise inflammation
regulation systems in organisms that dynamically regulate the anti-inflammatory and pro-
inflammatory forces in vivo to maintain homeostasis balance. As a consequence, a range of
immune responses function during the acute phase that ultimately prevent the transition
into chronic inflammation [1,2]. This is operated by a metabolic switch that immune cells
undergo at the peak of inflammation, whereby the cells recruited to the inflamed tissue stop
producing inflammatory mediators and activate a pro-resolution program to biosynthesize
the so-called specialized pro-resolving mediators (SPMs) [3,4]. SPMs derive from both
omega-6 arachidonic acid and mostly omega-3 docosahexaenoic and eicosapentaenoic
acids and include lipoxins (LXs), resolvins, maresins, and protectins, which together reduce
the infiltration of leukocytes, induce the production of anti-inflammatory mediators, clear
pathogens and debris, and promote tissue regeneration [5-7]. One of the hallmarks of
unresolved inflammation is oxidative stress, which is defined as an imbalance between
free radical production and the antioxidant system. It is associated with the presence
of numerous oxidative products, such as reactive oxygen species (ROS) and reactive ni-
trogen species (RNS), which cause damage to human tissues through immune-mediated
injury responses. When chronic inflammation occurs under this condition, SPMs also act
as endogenous modulators of oxidative stress by reducing pro-oxidant mediators and
concomitantly activating the anti-oxidant genes by means of their specific receptors [8,9].

LXs have attracted widespread attention as a class of anti-inflammatory lipid mediators
that are produced endogenously by the organism. As bioactive trihydroxyeicosatetraenoic
acids, LXs are usually synthesized through the metabolism of arachidonic acid (ARA) in
invertebrates and mammals. The formation of LXs can be achieved by cells expressing
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lipoxygenase (LO), such as leukocytes (mainly polymorphonuclear neutrophils, PMN),
platelets, endothelium, and epithelium, via intercellular interactions. The first biosynthetic
route of LXs is the sequential oxygenation of ARA by 5-LO in PMN to produce leukotriene
LTA4, then to form 5S, 6S, 155-epoxytetraene by 15-LO in epithelium, and finally to yield
LXs. In this route, ARA can also be first transformed to 155-HPETE by 15-LO alternatively,
then to 55, 65, 155-epoxytetraene by 5-LO. The second route of LX biosynthesis involves
5-LO in PMN and 12-LO in platelets. LTA4, derived from ARA by the action of 5-LO, is
converted to a delocalized cation by 12-LO and then forms LXs. The third route of LX
biosynthesis involves the presence of aspirin, cyclooxygenase-2 (COX-2) in endothelium,
and 5-LO in PMN, and therefore the end products are termed aspirin-triggered LXs [10-12].

It is known that the inflammatory reaction produces chemical mediators, including
LXs, which in turn stimulate the resolution of inflammation. When LXs are produced in
organisms, they exert potent biological activities to promote inflammation resolution. LXs
act mainly through binding to their receptors. FPR2/ALX, a G protein-coupled receptor, is
the predominant LX receptor. When inflammation occurs, a variety of peptides triggering
pro-inflammatory signaling bind to the FPR2/ALX, and this affinity allows LXs or other
mediators to act and can be up-regulated by a variety of cytokines, resulting in enhanced
anti-inflammatory effects [13]. The expression level of the FPR2/ALX receptor influences
the outcome of the inflammatory response [14].

To date, owing to the anti-inflammatory activities of LXs, it has promoted the explo-
ration of the exogenous uptake of LX. In an attempt to examine the effects of LX dosage on
resolution, it was found that the LX treatment of 10 ng/kg/day in rats reduced Gentamicin-
induced kidney damage by inhibiting the up-regulated inflammatory mediators ICAM-1,
TGFf 1 protein levels, and TNF-« protein expression. At present, milligrams of commer-
cially available synthetic LXs have been developed and used in some preclinical disease
models. It is worth noting that studies have confirmed the anti-inflammatory effect of
oral administration or injection of such pro-resolving mediators [15]. In this review, we
summarized the recent progress on the biomedical efficacy, structure, synthetic pathway
of LXs in vivo and in vitro, and microbial sources of LO, with a focus on the biomedical
efficacy and synthesis of LXs in vitro. If the bottleneck in the synthesis of LXs in vitro can
be broken, it is expected that LXs will play an important role in human immunity instead
of antibiotics.

2. The Discovery of LXs

As early as 1984, Serhan identified a novel oxo derivative with a trihydroxytetra-
conjugated double bond structure from human leukocytes, which were LXs [16]. As an
important endogenous anti-inflammatory lipid mediator in the body, LX acts mainly on G
protein-coupled receptors to regulate the cellular response caused by inflammation, thus
contributing to the timely subsidence of the inflammatory response.

Following the discovery of LXs, Schwab used high-throughput lipidomics to isolate
w-3 polyunsaturated fatty acid-derived pro-resolving mediators, resolvin and protectin,
from mouse peritoneal inflammatory exudate, which formed the basis of the promoting
subsidence molecules with LXs [5]. Together with LXs, they constituted the three emerging
families of SPMs [6,17]. They achieved the effects of inflammation resolution by promoting
cell apoptosis and reducing cell migration through phosphorylation.

In recent years, many achievements have been made with respect to analogues of
LXs [18-20]. Because of the rapid loss of activity of LXs caused by PG dehydrogenase-
mediated oxidation and reduction after function in vivo, analogues of LXs were widely
explored and studied [21]. Petasis synthesized the analogues of LXs in 2005 by chemical
method and drew the conclusion that the triene core of LXs replaced by a more stable
benzene ring resulted in metabolic stability while the analogues conserved biological
activity, which provided new insight into the synthesis of analogues of LXs [18].
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3. Structure of LXs

Because of the difference in the conformation, the position of double bonds, and
the formation of hydroxyl groups in the molecule, LXs can be classified into four types
according to their biosynthetic pathways and the LOs involved in the process, i.e., LXA4,
LXB4, and their 15-epimers of 15-epi-LXA4 and 15-epi-LXB4 (Figure 1). LXs have trihy-
droxyeicosatetraenoic acid in their structure. In addition, 15-epi-LXA4 and 15-epi-LXB4
are aspirin-induced LXs (aspirin-triggered lipoxins, ATLs), which have a more stable
conformation and longer half-lives than LXA4 and LXB4 [13,22,23].

OH OH OH
Xy COOH N COOH
| = | N F
OH OH OH
LXA,
OH OH
Xy COOH
| =
OH
15-epi-LXA, 15-epi-LXB,

Figure 1. Structure of LXs.

LXs generated in vivo are prone to rapid metabolic inactivation caused by monocytes,
and research has shown that LX metabolites are biologically inactive [21]. Therefore, the
inactivation of LXs makes it unfavorable to exert their biological activity. As a result, to
reduce inactivation and extend the half-life of LXs in vivo, lots of LXs analogues have been
chemically synthesized, and some of these analogues exhibit better stability and more
potent bioactivity compared to the native LXs [20,24].

4. The Biomedical Efficacy of LXs

The function of LXs in reducing inflammation in the airway [25], cardiovascular [26],
eye and kidney [27], brain [28], obesity [29], periodontal areas [30], gastrointestinal disor-
ders, and liver has been reported. LXs play an important role in the immune regulation
process of the body by regulating the immune response through a close connection with
a variety of immune cells and immunomodulatory mediators [31]. They can inhibit the
expression of pro-inflammatory factors, stimulate the expression of anti-inflammatory
factors, inhibit the inflammatory effect of neutrophils, and promote the phagocytosis of
apoptotic neutrophils by macrophages. They have good anti-inflammatory effects on the
intestine, joints [32,33], lung [34], kidney [35], atherosclerosis [26,36], type II diabetes [37],
and epidermal sites, and they also play a positive role in the treatment of COVID-19 as well
as in neuroprotection (Figure 2).

4.1. Effects on COVID-19

When the virus of COVID-19 was exposed to cells, peroxisome proliferator-activated re-
ceptor (PPAR) could enhance the secondary antibody response of B cells, and the longevity
of non-proliferating long-lived plasma cells located in the bone marrow increased, stim-
ulated by LXB4. Additionally, it promoted the upregulation of BCL-2 family (a tripartite
apoptosis control system consisting of a group of anti-apoptotic and two groups of pro-
apoptotic proteins) factors. The above interactions could be useful for the secretion of
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intracellular antibodies, thus possibly assisting the vaccine response and preventing infec-
tion by COVID-19, which could also be used as a new idea for vaccine production [38—41].

COVID -19
Antibody production
Assist vaccine response

Renal diseases

Ischemic Acute _ Multiple sc
Renal Failure Neuropathic pain

Gastrointestinal system ¢ =3

Gastric Damage 23 M
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-~

Eye
Corneal Injury

Figure 2. Medical benefits of LXs.

4.2. Neuroprotection

In neuroinflammatory and neurodegenerative diseases such as multiple sclerosis,
Alzheimer’s disease, and Parkinson’s disease, glial cell activation and high expression of
inflammatory mediators within the central nervous system are key hallmarks, and SPMs
can act as modulators of brain homeostasis and repair [42,43].

It has been found that there are different degrees of glial cell activation and high ex-
pression of inflammatory factors among the cerebral ischemic diseases Alzheimer’s disease
and Parkinson’s disease. Some studies have suggested the mechanism by which LXA4
performs its function in neuroprotection. LXA4 alleviates neuroinflammation by regulating
T cell responses and altering the lipid groups of the spinal cord, which causes strong
anti-inflammatory and neuroprotective effects [44]. LXs exert significant anti-inflammatory
and neuroprotective effects through the following aspects: (1) As agonists of peroxisome
proliferator-activated receptor gamma (PPARY), LXs can promote the synthesis of 5-LO and
inhibit the synthesis of LTA4 by binding to PPARYy in cerebral ischemic diseases, and thus
LXA4 synthesis is increased, exerting anti-inflammatory and neuroprotective effects [45];
(2) In rats with permanent middle cerebral artery occlusion (pMCAO), treatment of LX
injection through the lateral ventricle significantly improves the symptoms of neurological
deficits and reduces the percentage of cerebral infarct volume and neuronal cell death in
rats [46—48]; and (3) The neuroprotective effect of LXs is closely related to the endogenous
cannabinoid system [49-51].

4.3. Anti-Inflammatory

LXs can regulate the regression of inflammation by activating tissue regeneration in
apoptotic neutrophil PMN [52]. In skin inflammation, LXA4 blocks the release of histamine
during the interaction of mast cells with epithelial cells [53]. LXB4 inhibits T cell activation,
the release of pro-inflammatory cytokines, and neutrophil chemotaxis, in addition to
directly regulating mast cells and eosinophils [54,55]. The indirect mechanism for quickly
eliminating allergic pulmonary inflammation by LXs may be due to inhibiting the activity
of inflammatory mediators [56]. Moreover, LXA4 exists in dysregulation and disorders of
lipid mediators in bronchitis and asthma lung ischaemia reperfusion injury (LIRI) in lung
transplant patients. It was found that LXA4 treatment had anti-inflammatory, antioxidant,
and endothelial protective effects on LIRI after lung transplantation in rats [57]. This
finding provides therapeutic potential because of the efficacy of LXA4 in bronchiectasis. In
conclusion, the experimental data adequately demonstrate several cellular mechanisms by
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which LXs regulate allergic airway inflammation and have a positive effect on the treatment
of asthma disease.

The research on LXs’ effects on disease shows that LXA4 plays a major role in promot-
ing the stability of atheromatous plaques, including reducing oxidative stress and necrosis
of lesions and improving the cytosis of lesions, which is a clinical molecular signal for the
formation of plaque [58]. Evidence for the efficacy of LXs as anti-arthritic therapeutics
showed that LXs had the functions of dampening inflammation, promoting cartilage and
bone repair, and having potent analgesic effects [59,60]. LXA4 also contributes to the induc-
tion of fibroblast MEF differentiation into brown adipocytes, which can reverse adipose
tissue inflammation and improve insulin resistance and is considered a new drug target for
obesity management [61]. Moreover, high levels of LXA4 are highly associated with low
levels of type II diabetes incidence. By studying inflammatory changes in human beings
and mice during parturition, Han and his colleagues found that epinephrine upregulates
LOs expression and produces more LXA4, which acts as an anti-inflammatory agent in
parturition [62].

LXs analogues have been used for the clinical treatment of diseases in recent years.
A study focusing on molecular mechanisms showed that LXs analogues could enhance
reprogramming and crosstalk between classical and non-classical innate immune cells, thus
inducing the termination of the pro-inflammatory state and promoting the subsequent
regression stage, which provided a possible treatment for inflammatory heart metabolic
diseases [20]. In addition, research was performed for the asymmetric synthesis of four
bicyclo-pentanes, including synthetic aromatic LXA4 mimetics, and the biological eval-
uation of analogues demonstrated the therapeutic potential of BCP-sLXms as a novel
inflammatory regulator [63]. Moreover, it was found that the LXA4 analog BML-111
could reduce oxidative stress and glomerular podocyte injury by regulating the Nrf2
pathway [64]. These results indicated that LX analogues also had anti-inflammatory and
therapeutic biological functions.

5. Biosynthetic Pathways of LXs In Vivo

In mammals, the generation of LXs derived from ARA is regulated by LOs [65,66].
During the biosynthesis pathways of LXs in vivo, the polyunsaturated fatty acid ARA is
catalyzed for successive oxidation by LOs such as 5-LO, 15-LO, 12-LO, and COX-2. A total
of three biosynthetic routes for LXs in vivo have been reported. In the 15-LO/5-LO route,
ARA is oxygenated to 155-HPETE by 15-LO and then transformed to the intermediate
55,65,155-epoxytetraene by 5-LO, which is hydrolyzed to LXA4 and LXB4 by hydrolase.
Alternatively, ARA can be first converted to LTA4 catalyzed by 5-LO, then to form 55,65,155-
epoxytetraene by 15-LO, and finally to yield LXA4 and LXB4 by hydrolase (Figure 3). In the
5-LO/12-LO route, 5-LO catalyzes the conversion of ARA to LTA4, and then 12-LO drives
LTAA4 to produce a delocalized cation, and finally this cation is attacked by water molecules
either at C-6 to yield LXA4 or at C-14 to yield LXB4 (Figure 4). In the synthetic route of
15-epi-LXA4 and 15-epi-LXB4, COX-2 induced by Aspirin catalyzes the conversion of ARA
to 15R-HPETE, which is then transformed by 5-LO to yield 5S,6S,15R-epoxytetraene, and
finally is converted into 15-epi-LXA4 and 15-epi-LXB4 (Figure 5) [12,13,67,68].

OH OH
15-LO 5-LO NP COOH
= A <
: ~ \Qu, OH
SOH I COOH LxA,
15S-HPETE = _ on
.0 OH x COOH
U | NN COOH \J |
& 58,6S,15S-epoxyletraene NG —
SLo 15-LO OH OH

LTA,
LXB,

Figure 3. Synthesis of LXA4 and LXB4 in vivo by 15-LO/5-LO [12].
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Figure 4. Synthesis of LXA4 and LXB4 in vivo by 5-LO/12-LO [12].
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Figure 5. Synthesis of 15-epi-LXA4 and 15-epi-LXB4 in vivo by COX-2/5-LO induced by Aspirin [12].

6. Synthesis of LXs In Vitro
6.1. Chemical Synthesis of LXA4 and LXB4 by lodination Method

Back in 1985, Corey and his colleagues at Harvard University discovered a chemical
synthesis method to obtain LXA4 and LXB4, and this method belonged to the category
of iodization in essence [69-71]. In this method, LXA4 or LXB4 is chemically synthesized
through hydroxyl protection of the staring compounds, changing the position of the double
bonds, and introducing hydroxyl groups. The results indicated that LXA4 and LXB4 could
be obtained in relatively high yields, but this method is very complicated to operate and
more costly, which is not suitable for commercial production of LXs.

As shown in Figure 6, the chemical synthesis of LXA4 by the iodization method starts
with 155-HETE methyl ester, which first reacts with tert-butyl dimethylsilyl triflate and
lutidine in methylene chloride at 0 °C to form tert-butyldimethylsilyl ether. The resulting
tert-butyldimethylsilyl ether was then converted into 5-hydroxy-6E-silyl ether-methyl
ester by the standard iodolactonization method consisting of sequential reactions, and
finally the compound LXA4 was formed, which was determined by reversed-phase HPLC
analysis [70].

As shown in Figure 7, the chemical synthesis of LXB4 by the iodization method
starts with 155-HPETE methyl ester, which first reacts with titanium tetraisopropoxide in
methylene chloride to form threo epoxy alcohol and the erythro isomer in a ratio of 3:1.
Sanonification of threo epoxy alcohol with lithium hydroxide in THF-methanol-water and
acidification afford hydroxy epoxide, which undergoes sequential reactions and finally
gives LXB4 and its isomer [69].
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Figure 6. Chemical synthesis of LXA4 by iodization method (DBU: diazabicyclo-undecene; THF:
Tetrahydrofuran; TBAF: Tetrabutylammonium fluoride hydrate; DHF: Dihydrofolic acid).
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Figure 7. Chemical synthesis of LXB4 by iodization method (THF: Tetrahydrofuran; TMSOTEF:
Trimethylsilyl trifluoromethanesulfonate; DBU: diazabicyclo-undecene).

6.2. Enzymatic Synthesis of LXA4 and LXB4 Catalyzed by LO from Soybean

Sok and colleagues used LO derived from soybean to convert ARA into LXA4 and
LXB4. ARA dissolved in ammonium hydroxide was suspended in 0.1 mol/L sodium
borate buffer (pH 8.7) and cooled to 4 °C. The reaction was initiated by the addition of
LO from soybeans and incubated at 4 °C for 2 h and then at 20 °C for 1 h. Separately,
5,15-dihydroperoxyeicosatetraenoic acid was incubated with soybean LO in 0.1 mol/L
sodium borate buffer (pH 8.7) at 20 °C. The reaction was stopped by adjusting the pH to
4.0, and the reaction mixture was extracted with ethyl ester. The extract was subjected to
a purification procedure. Based on the chromatographic and spectrometric analysis, the
products were identified as LXA4 and LXB4. The results indicated that LO from soybean
could catalyze the formation of LXA4 and LXB4 from ARA. Meanwhile, the exposure of
5,15-dihydroperoxyeicosatrienoic acid to soybean LO also produced identical products
of LXA4 and LXB4, indicating that 5,15-dihydroperoxyeicosatetraenoic acid served as an
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intermediate during the conversion process of ARA into LXA4 and LXB4 by soybean LO.
However, the total yield of LXA4 and LXB4 was very low, only ranging between 1% and
2% [72].

6.3. Chemical-Enzymatic Synthesis of LXA4 and LXB4

Adams et al. reported the enantiospecific and stereospecific synthesis of LXA4 and
LXB4 [73]. In this method, both chemical and enzymatic steps were used to convert
leukotriene LTA4 and its unnatural epoxy isomers into four diastereomeric 5(S),6(S),15(S)-
trihydroxy-7,9,13-trans-11-cis-eicosatetraenoic acids. As shown in Figure 8, the sequential
enzymatic oxidation of ARA at C-15 and C-5 catalyzed by LO results in the formation
of 55,155-diHPETE. Subsequently, through stereospecific enzymatic dehydration, 55,65-
epoxide along with 7,9,13-trans-11-cis geometry is generated. The resulting epoxide under-
goes enzymatic hydrolysis in biological reactions or non-enzymatic nucleophilic addition
with water in chemical reactions, yielding LXA4 and LXB4, respectively.

Enzymatic oxidations

H
OOH
= x
| COOH | NF COOH
X =
OOH

ARA

5S,15S-diHPETE

fOH OHw OH
| AN 6\‘, COOH | A COOH
(0]
= . NG
: *.non-enzymatic .*
%) 6u
OH OH
enzymatic ‘ J
s A
OH all-trans LXA4/LXB4 OH
NN COOH N COOH
| OH I OH
7N NF
OH OH
LXA, LXB,

Figure 8. Chemical-enzymatic synthesis of LXA4 and LXB4 from ARA [73].

7. Bottleneck in the Synthesis of LXs In Vitro

The synthesis of LXs in vitro through the three above-mentioned routes still faces
challenges. For the chemical synthesis of LXA4 and LXB4 by the iodination method, the eco-
nomic viability and the process complexity of the route should be taken into account [69,70].
For the chemical-enzymatic synthesis of LXs from ARA, the purity of trans LXs needs to be
increased, and in the meantime, they may differ from natural LXs in terms of biological
activity [72]. The bottlenecks in the synthesis of LXs in vitro need to be broken. Compared
with chemical synthesis, biological synthesis of LXs has great potential for development,
where the catalyst LO is indispensable.
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Studies have found that LO exists widely in organisms such as plants, animals, algae,
fungi, yeast, and bacteria [74-79]. In plants, LO primarily reacts with linoleic acid and
linolenic acid. In animals, LO mainly reacts on ARA [70,80], converting it into biologically
active lipid mediators, including LTA4 or LXs, which play a crucial role in inflammatory
responses [81,82]. To realize effective enzymatic synthesis of LXs in vitro, it is crucial to
obtain suitable LO by means of gene engineering or protein engineering.

7.1. Microbial Sources of LO
7.1.1. Bacterial Sources

Bacterial sources of LO have been extensively investigated. The genome of the di-
azotrophic cyanobacterium Cyanothece sp. ATCC 51142 contains two genes homologous
to LOs. One of them, the Csplox2 gene, is cloned in E. coli, and the protein is expressed
and purified. The purified enzyme has a molecular weight of 65 kDa and belongs to a
prokaryotic mini-LO, which mainly catalyzes the conversion of linoleic acid, or ARA, into
LX precursors such as 11-HETE, 13-HETE, and 15-HETE [81].

DNA isolated from the injured strain of Nostoc punctiforme strain PCC-73102 has at
least two different LO sequences [82]. They have been cloned as cDNAs named NpLOX1
and NpLOX2. Both proteins were identified as linoleic acid 13-LO by expressing in E. coli.
NpLOX1 was characterized by a maximum pH value of 8.0 and a preferred substrate of
a-linolenic acid. Injured bacterial extracts contained more 13-LO-derived hydroperoxides
compared to uninjured cells, and the non-esterified lipids were 30-fold higher than the es-
terified lipoproteins. The results suggest that 13-LO acting on free fatty acids predominates
in N. punctiforme strain PCC-73102 when injured.

Pseudomonas aeruginosa is an opportunistic pathogen that can cause hospital and chronic
infections in immunocompromised patients [83]. Analysis of the whole genome sequence
of the pathogen P. aeruginosa revealed an ORF (PA1169) with high homology to LOs. Using
liquid chromatography-mass spectrometry (LC-UV-MS-MS), PA1169 was shown to encode
a bacterial lipoxygenase (LoxA), which converts ARA into 15-hydroxyeicosatetraenoic acid
(15-HETE), a precursor for the synthesis of LXs. Through tree graph analysis, LoxA is not
significantly orthologous to a specific plant or animal Los. Compared to other Los, the
LoxA protein does not seem to contain transmembrane fragments. Moreover, the signal
peptide composed of the first 19 amino acids of the protein was predicted, and it was found
that the protein might be secreted. Los secreted by P. aeruginosa can regulate mechanisms
of host defense and inflammation by altering the biosynthesis of local chemical mediators.
Due to the highly conservative nature of the LoxA gene, it seems not to be easily reproduced
in vitro. The LoxA gene is well conserved; it seems likely to be expressed in situ in specific
scenarios, but it seems not to be easily recapitulated in vitro.

It is worth mentioning that bacterial LOs have been reported to be active against a
broad range of polyunsaturated fatty acids, such as linoleic acid, x-linolenic acid, y-linolenic
acid, ARA, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) [84-87]. And the
substrate preference of bacterial LOs was different. The enzymes from B. thailandensis E264,
Rivularia sp. PCC-7116, Calothrix sp. HK-06, Tolypothrix bouteillei, Sphingopyxis macrogoltabida,
and Pseudomonas sp. 42A2 were reported to have the highest activity towards linoleic
acid [84,87,88]. Los from Archangium violaceum and Endozoicomonas numazuensis displayed
the highest activity towards ARA [85,89]. LO from P. aeruginosa PAO1 showed the highest
activity towards y-linolenic acid, followed by DHA [90]. LOs from M. fulvus were reported
to be most active with EPA [91]. Among all the characterized bacterial LOs, those from
Rivularia sp. PCC-7116 and Calothrix sp. HK-06 have the highest activities reported so
far [87]. The wide diversity in substrate preference of bacterial LOs raises the opportunity
to act on different substrates. As a result, LOs of bacterial origin have a better and wider
range of applications.



Int. . Mol. Sci. 2023, 24, 13282 10 of 14

7.1.2. Fungal Sources

There are very few reports on LO from fungal sources. Interestingly, fatty acid-derived
aldehydes, ketones, and alcohols were found to be released in moss, Physcomitrella patens,
after being injured. The researchers isolated a related enzyme, LO, that was similar to
the structure of the plant type-2 LO domain through sequence analysis. The gene was
introduced into E. coli for cloning and expression, and the enzyme activity was analyzed by
liquid chromatography. It was found that ARA and EPA were the preferred substrates, and
they might be involved in the formation of signaling or defense molecules in an efficient
manner, thus contributing to the broad resistance of mosses to pathogens [92]. However,
the work did not describe the activity and stability of LO with quantitative means.

8. Conclusions

Since the discovery of LXs and other SPM mediators, many studies have shown their
relevant biomedical functions, such as potent anti-inflammatory effects. Therefore, LXs
have become candidates to fight against some diseases with great development prospects.
However, currently, LXs are limited to biosynthesis in physiological environments and
at disease levels, and there seem to be challenges in the synthesis of LXs in vitro using
chemical or biochemical methods. Is it possible to use gene engineering to express LO in
model microorganism hosts and achieve the synthesis of LXs? Considering the bacterial
sources of LOs at present, we believe that this method is feasible and could potentially
solve the problem of using lipoxins as a substitute for current anti-inflammatory drugs.

Author Contributions: ].C. (Junxi Chi): collecting literature, writing—review and editing; ].C. (Jiahao
Cheng): supervision and revision; S.W.: validation; C.L.: data curation and supervision; M.C.: project
administration and supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the Scientific Research Fund Project of Education
Department of Liaoning Province (LJKZZ20220060, LJKZ0514).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Nathan, C. Points of Control in Inflammation. Nature 2002, 420, 846-852. [CrossRef] [PubMed]

2. Nathan, C.; Ding, A. Nonresolving Inflammation. Cell 2010, 140, 871-882. [CrossRef] [PubMed]

3. Serhan, C.N.; Gupta, S.K,; Perretti, M.; Godson, C.; Brennan, E.; Li, Y.; Soehnlein, O.; Shimizu, T.; Werz, O.; Chiurchit, V.; et al.
The Atlas of Inflammation Resolution (AIR). Mol. Aspects Med. 2020, 74, 100894. [CrossRef] [PubMed]

4. Chiurchit, V,; Leuti, A.; Maccarrone, M. Bioactive Lipids and Chronic Inflammation: Managing the Fire Within. Front. Immunol.
2018, 9, 38. [CrossRef] [PubMed]

5. Schwab, ].M.; Chiang, N.; Arita, M.; Serhan, C.N. Resolvin E1 and Protectin D1 Activate Inflammation-Resolution Programmes.
Nature 2007, 447, 869-874. [CrossRef]

6.  Serhan, C.N. Pro-Resolving Lipid Mediators Are Leads for Resolution Physiology. Nature 2014, 510, 92-101. [CrossRef]

7. Buckley, C.D.; Gilroy, D.W.; Serhan, C.N.; Stockinger, B.; Tak, P.P. The Resolution of Inflammation. Nat. Rev. Immunol. 2013,
13, 59-66. [CrossRef]

8.  Leuti, A.; Maccarrone, M.; Chiurchit, V. Proresolving Lipid Mediators: Endogenous Modulators of Oxidative Stress. Oxid. Med.
Cell. Longev. 2019, 2019, 8107265. [CrossRef]

9. Zhou, Y.; You, C.-G. Lipoxin Alleviates Oxidative Stress: A State-of-the-Art Review. Inflamm. Res. 2022, 71, 1169-1179. [CrossRef]

10. Serhan, C.N. Lipoxins and Aspirin-Triggered 15-Epi-Lipoxins Are the First Lipid Mediators of Endogenous Anti-Inflammation
and Resolution. Prostaglandins Leukot. Essent. Fatty Acids 2005, 73, 141-162. [CrossRef]

11.  Serhan, C.N. Lipoxins and Aspirin-Triggered 15-Epi-Lipoxin Biosynthesis: An Update and Role in Anti-Inflammation and
pro-Resolution. Prostaglandins Other Lipid Mediat. 2002, 68-69, 433-455. [CrossRef]

12. Romano, M. Lipid Mediators: Lipoxin and Aspirin-Triggered 15-Epi-Lipoxins. Inflamm. Allergy Drug Targets 2006, 5, 81-90.

[CrossRef] [PubMed]


https://doi.org/10.1038/nature01320
https://www.ncbi.nlm.nih.gov/pubmed/12490957
https://doi.org/10.1016/j.cell.2010.02.029
https://www.ncbi.nlm.nih.gov/pubmed/20303877
https://doi.org/10.1016/j.mam.2020.100894
https://www.ncbi.nlm.nih.gov/pubmed/32893032
https://doi.org/10.3389/fimmu.2018.00038
https://www.ncbi.nlm.nih.gov/pubmed/29434586
https://doi.org/10.1038/nature05877
https://doi.org/10.1038/nature13479
https://doi.org/10.1038/nri3362
https://doi.org/10.1155/2019/8107265
https://doi.org/10.1007/s00011-022-01621-y
https://doi.org/10.1016/j.plefa.2005.05.002
https://doi.org/10.1016/S0090-6980(02)00047-3
https://doi.org/10.2174/187152806776383152
https://www.ncbi.nlm.nih.gov/pubmed/16613567

Int. . Mol. Sci. 2023, 24, 13282 11 0f 14

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Romano, M.; Cianci, E.; Simiele, F.; Recchiuti, A. Lipoxins and Aspirin-Triggered Lipoxins in Resolution of Inflammation. Eur. J.
Pharmacol. 2015, 760, 49-63. [CrossRef] [PubMed]

Dufton, N.; Hannon, R.; Brancaleone, V.; Dalli, J.; Patel, H.B.; Gray, M.; D’ Acquisto, F; Buckingham, J.C.; Perretti, M.; Flower,
R.J. Anti-Inflammatory Role of the Murine Formyl-Peptide Receptor 2: Ligand -Specific Effects on Leukocyte Responses and
Experimental Inflammation. J. Immunol. Baltim. Md 1950 2010, 184, 2611-2619. [CrossRef] [PubMed]

Bannenberg, G.; Moussignac, R.-L.; Gronert, K.; Devchand, PR.; Schmidt, B.A.; Guilford, W.J.; Bauman, J.G.; Subramanyam, B.;
Daniel Perez, H.; Parkinson, J.F; et al. Lipoxins and Novel 15-Epi-Lipoxin Analogs Display Potent Anti-Inflammatory Actions
after Oral Administration: Potent Oral Anti-Inflammatory Actions of Lipoxins. Br. . Pharmacol. 2004, 143, 43-52. [CrossRef]
Serhan, C.N.; Hamberg, M.; Samuelsson, B. Lipoxins: Novel Series of Biologically Active Compounds Formed from Arachidonic
Acid in Human Leukocytes. Proc. Natl. Acad. Sci. USA 1984, 81, 5335-5339. [CrossRef]

Serhan, C.N. Treating Inflammation and Infection in the 21st Century: New Hints from Decoding Resolution Mediators and
Mechanisms. FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol. 2017, 31, 1273-1288. [CrossRef]

Petasis, N.A.; Keledjian, R.; Sun, Y.-P.; Nagulapalli, K.C.; Tjonahen, E.; Yang, R.; Serhan, C.N. Design and Synthesis of Benzo-
Lipoxin A4 Analogs with Enhanced Stability and Potent Anti-Inflammatory Properties. Bioorg. Med. Chem. Lett. 2008,
18, 1382-1387. [CrossRef]

Owen, B.; De Gaetano, M.; Gaffney, A.; Godson, C.; Guiry, PJ. Synthesis and Biological Evaluation of Bicyclo[1.1.1]Pentane-
Containing Aromatic Lipoxin A 4 Analogues. Org. Lett. 2022, 24, 6049-6053. [CrossRef]

De Gaetano, M. Development of Synthetic Lipoxin-A4 Mimetics (SLXms): New Avenues in the Treatment of Cardio-Metabolic
Diseases. Semin. Immunol. 2023, 65, 101699. [CrossRef]

O’Sullivan, T.P; Vallin, K.S.A; Ali Shah, S.T.; Fakhry, ].; Maderna, P.; Scannell, M.; Sampaio, A.L.E,; Perretti, M.; Godson, C.; Guiry,
PJ. Aromatic Lipoxin A 4 and Lipoxin B4 Analogues Display Potent Biological Activities. J. Med. Chem. 2007, 50, 5894-5902.
[CrossRef] [PubMed]

Sharma, N.P;; Dong, L.; Yuan, C.; Noon, K.R.; Smith, W.L. Asymmetric Acetylation of the Cyclooxygenase-2 Homodimer by
Aspirin and Its Effects on the Oxygenation of Arachidonic, Eicosapentaenoic, and Docosahexaenoic Acids. Mol. Pharmacol. 2010,
77,979-986. [CrossRef] [PubMed]

Identification and Absolute Configuration of Dihydroxy-Arachidonic Acids Formed by Oxygenation of 5S-HETE by Native and
Aspirin-Acetylated COX-2. Available online: https://pubmed.ncbi.nlm.nih.gov /19752399 / (accessed on 16 April 2022).

Dong, T.; Dave, P; Yoo, E.; Ebright, B.; Ahluwalia, K.; Zhou, E.; Asante, I.; Salimova, M.; Pei, H.; Lin, T.; et al. NAP1051, a Lipoxin
A4 Biomimetic Analogue, Demonstrates Antitumor Activity Against the Tumor Microenvironment. Mol. Cancer Ther. 2021,
20, 2384-2397. [CrossRef] [PubMed]

Haworth, O.; Levy, B.D. Endogenous Lipid Mediators in the Resolution of Airway Inflammation. Eur. Respir. J. 2007, 30, 980-992.
[CrossRef]

Zhou, Y.; Khan, H.; Xiao, J.; Cheang, W.S. Effects of Arachidonic Acid Metabolites on Cardiovascular Health and Disease. Int. ].
Mol. Sci. 2021, 22, 12029. [CrossRef]

Brennan, E.P; Mohan, M.; McClelland, A.; Tikellis, C.; Ziemann, M.; Kaspi, A.; Gray, S.P.; Pickering, R.; Tan, S.M,;
Ali-Shah, S.T.; et al. Lipoxins Regulate the Early Growth Response-1 Network and Reverse Diabetic Kidney Disease. J. Am. Soc.
Nephrol. 2018, 29, 1437-1448. [CrossRef]

Jung, J.-S.; Kho, A.R; Lee, S.H.; Choi, B.Y; Kang, S.-H.; Koh, J.-Y.; Suh, S.W.; Song, D.-K. Changes in Plasma Lipoxin A4, Resolvins
and CD59 Levels after Ischemic and Traumatic Brain Injuries in Rats. Korean J. Physiol. Pharmacol. 2020, 24, 165. [CrossRef]
Sotak, M.; Rajan, M.R,; Clark, M.; Harms, M.; Rani, A.; Kraft, ].D.; Tandio, D.; Shen, T.; Borkowski, K.; Fiehn, O.; et al. Lipoxins
Reduce Obesity-Induced Adipose Tissue Inflammation in 3D-Cultured Human Adipocytes and Explant Cultures. iScience 2022,
25,104602. [CrossRef]

Hasturk, H.; Schulte, F; Martins, M.; Sherzai, H.; Floros, C.; Cugini, M.; Chiu, C.-J.; Hardt, M.; Van Dyke, T. Safety and Preliminary
Efficacy of a Novel Host-Modulatory Therapy for Reducing Gingival Inflammation. Front. Immunol. 2021, 12, 704163. [CrossRef]
Bannenberg, G.L.; Chiang, N.; Ariel, A.; Arita, M.; Tjonahen, E.; Gotlinger, K.H.; Hong, S.; Serhan, C.N. Molecular Circuits of
Resolution: Formation and Actions of Resolvins and Protectins. . Immunol. Baltim. Md 1950 2005, 174, 4345-4355. [CrossRef]
Mustonen, A.-M.; Nieminen, P. Fatty Acids and Oxylipins in Osteoarthritis and Rheumatoid Arthritis-a Complex Field with
Significant Potential for Future Treatments. Curr. Rheumatol. Rep. 2021, 23, 41. [CrossRef] [PubMed]

Boff, D.; Oliveira, V.L.S.; Queiroz Junior, C.M.; Galvao, I.; Batista, N.V.; Gouwy, M.; Menezes, G.B.; Cunha, T.M.; Verri Junior,
W.A.; Proost, P; et al. Lipoxin A4 Impairs Effective Bacterial Control and Potentiates Joint Inflammation and Damage Caused by
Staphylococcus Aureus Infection. FASEB . Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 11498-11510. [CrossRef]

Hong, S.; Lu, Y. Omega-3 Fatty Acid-Derived Resolvins and Protectins in Inflammation Resolution and Leukocyte Functions:
Targeting Novel Lipid Mediator Pathways in Mitigation of Acute Kidney Injury. Front. Immunol. 2013, 4, 13. [CrossRef] [PubMed]
Ibrahim, Y.F.; Hammady, S.H.; Rifaai, R.A.; Waz, S.; Ibrahim, M.A.; Hafez, H.M. Dose-Dependent Ameliorating Effect of Lipoxin
A4 on Gentamicin-Induced Nephrotoxicity in Rats: The Role of TNF«, TGF-3, ICAM-1, and JNK Signaling. Chem. Biol. Interact.
2022, 366, 110139. [CrossRef] [PubMed]

Kim, A.S.; Conte, M.S. Specialized Pro-Resolving Lipid Mediators in Cardiovascular Disease, Diagnosis, and Therapy. Adv. Drug
Deliv. Rev. 2020, 159, 170-179. [CrossRef]


https://doi.org/10.1016/j.ejphar.2015.03.083
https://www.ncbi.nlm.nih.gov/pubmed/25895638
https://doi.org/10.4049/jimmunol.0903526
https://www.ncbi.nlm.nih.gov/pubmed/20107188
https://doi.org/10.1038/sj.bjp.0705912
https://doi.org/10.1073/pnas.81.17.5335
https://doi.org/10.1096/fj.201601222R
https://doi.org/10.1016/j.bmcl.2008.01.013
https://doi.org/10.1021/acs.orglett.2c02345
https://doi.org/10.1016/j.smim.2022.101699
https://doi.org/10.1021/jm060270d
https://www.ncbi.nlm.nih.gov/pubmed/17960922
https://doi.org/10.1124/mol.109.063115
https://www.ncbi.nlm.nih.gov/pubmed/20194532
https://pubmed.ncbi.nlm.nih.gov/19752399/
https://doi.org/10.1158/1535-7163.MCT-21-0414
https://www.ncbi.nlm.nih.gov/pubmed/34607931
https://doi.org/10.1183/09031936.00005807
https://doi.org/10.3390/ijms222112029
https://doi.org/10.1681/ASN.2017101112
https://doi.org/10.4196/kjpp.2020.24.2.165
https://doi.org/10.1016/j.isci.2022.104602
https://doi.org/10.3389/fimmu.2021.704163
https://doi.org/10.4049/jimmunol.174.7.4345
https://doi.org/10.1007/s11926-021-01007-9
https://www.ncbi.nlm.nih.gov/pubmed/33913032
https://doi.org/10.1096/fj.201802830RR
https://doi.org/10.3389/fimmu.2013.00013
https://www.ncbi.nlm.nih.gov/pubmed/23386851
https://doi.org/10.1016/j.cbi.2022.110139
https://www.ncbi.nlm.nih.gov/pubmed/36057361
https://doi.org/10.1016/j.addr.2020.07.011

Int. . Mol. Sci. 2023, 24, 13282 12 of 14

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.
61.

62.

63.

Wang, S.; Qian, X.; Shen, C.; Sun, Q.; Jing, Y,; Liu, B.; Zhang, K.; Li, M.; Wang, J.; Zhou, H.; et al. The Protective Effects of Lipoxin
A4 on Type 2 Diabetes Mellitus: A Chinese Prospective Cohort Study. Front. Endocrinol. 2023, 14, 1109747. [CrossRef]

Das, U.N. Can Bioactive Lipids Inactivate Coronavirus (COVID-19)? Arch. Med. Res. 2020, 51, 282-286. [CrossRef]

Baral, PK.; Amin, M.T.; Rashid, M.M.O.; Hossain, M.S. Assessment of Polyunsaturated Fatty Acids on COVID-19-Associated
Risk Reduction. Rev. Bras. Farmacogn. 2022, 32, 50-64. [CrossRef]

AbdelMassih, A.F,; Menshawey, R.; Ismail, ].H.; Husseiny, R.J.; Husseiny, Y.M.; Yacoub, S.; Kamel, A.; Hozaien, R.; Yacoub, E.;
Menshawey, E.; et al. PPAR Agonists as Effective Adjuvants for COVID-19 Vaccines, by Modifying Immunogenetics: A Review of
Literature. ]. Genet. Eng. Biotechnol. 2021, 19, 82. [CrossRef]

Batiha, G.E.-S.; Al-Gareeb, A.I; Elekhnawy, E.; Al-kuraishy, H.M. Potential Role of Lipoxin in the Management of COVID-19: A
Narrative Review. Inflammopharmacology 2022, 30, 1993-2001. [CrossRef]

Tiberi, M.; Chiurchit, V. Specialized Pro-Resolving Lipid Mediators and Glial Cells: Emerging Candidates for Brain Homeostasis
and Repair. Front. Cell. Neurosci. 2021, 15, 673549. [CrossRef] [PubMed]

Chiurchiu, V.; Tiberi, M.; Matteocci, A.; Fazio, F; Siffeti, H.; Saracini, S.; Mercuri, N.B.; Sancesario, G. Lipidomics of Bioactive
Lipids in Alzheimer’s and Parkinson’s Diseases: Where Are We? Int. ]. Mol. Sci. 2022, 23, 6235. [CrossRef] [PubMed]

Derada Troletti, C.; Enzmann, G.; Chiurchiu, V.; Kamermans, A.; Tietz, S.M.; Norris, P.C.; Jahromi, N.H.; Leuti, A.; Van Der Pol,
S.M.A_; Schouten, M.; et al. Pro-Resolving Lipid Mediator Lipoxin A4 Attenuates Neuro-Inflammation by Modulating T Cell
Responses and Modifies the Spinal Cord Lipidome. Cell Rep. 2021, 35, 109201. [CrossRef]

Wu, L; Miao, S.; Zou, L.-B.; Wu, P; Hao, H.; Tang, K.; Zeng, P; Xiong, ]J.; Li, H.-H.; Wu, Q.; et al. Lipoxin A4 Inhibits 5-
Lipoxygenase Translocation and Leukotrienes Biosynthesis to Exert a Neuroprotective Effect in Cerebral Ischemia/Reperfusion
Injury. J. Mol. Neurosci. 2012, 48, 185-200. [CrossRef] [PubMed]

Li, Q.-Q.; Ding, D.-H.; Wang, X.-Y,; Sun, Y.-Y.; Wu, J. Lipoxin A4 Regulates Microglial M1/M2 Polarization after Cerebral
Ischemia-Reperfusion Injury via the Notch Signaling Pathway. Exp. Neurol. 2021, 339, 113645. [CrossRef] [PubMed]

Synthesis of Lipoxin A4 by 5-Lipoxygenase Mediates PPARgamma-Dependent, Neuroprotective Effects of Rosiglitazone in
Experimental Stroke. Available online: https://pubmed.ncbi.nlm.nih.gov /19321784 / (accessed on 16 April 2022).

Wu, Y;; Ye, X.-H.; Guo, P-P; Xu, S.-P; Wang, J.; Yuan, S.-Y.; Yao, S.-L.; Shang, Y. Neuroprotective Effect of Lipoxin A4 Methyl Ester
in a Rat Model of Permanent Focal Cerebral Ischemia. . Mol. Neurosci. 2010, 42, 226-234. [CrossRef]

Pertwee, R.G. Lipoxin A4 Is an Allosteric Endocannabinoid That Strengthens Anandamide-Induced CB1 Receptor Activation.
Proc. Natl. Acad. Sci. USA 2012, 109, 20781-20782. [CrossRef]

Pertwee, R.G. Endocannabinoids and Their Pharmacological Actions. Handb. Exp. Pharmacol. 2015, 231, 1-37. [CrossRef]
Pamplona, F.A.; Ferreira, J.; Menezes de Lima, O., Jr.; Duarte, ES.; Takahashi, R.N. Anti-Inflammatory Lipoxin A(4) Is an
Endogenous Allosteric Enhancer of CB1 Cannabinoid Receptor (Vol 109, Pg 21134, 2012). Proc. Natl. Acad. Sci. USA 2013,
110, 1561. [CrossRef]

Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; Gronert, K. Novel Functional Sets of Lipid-Derived Mediators
with Antiinflammatory Actions Generated from Omega-3 Fatty Acids via Cyclooxygenase 2-Nonsteroidal Antiinflammatory
Drugs and Transcellular Processing. |. Exp. Med. 2000, 192, 1197-1204. [CrossRef]

Rymut, N.; Heinz, J.; Sadhu, S.; Hosseini, Z.; Riley, C.O.; Marinello, M.; Maloney, J.; MacNamara, K.C.; Spite, M.; Fredman, G.
Resolvin D1 Promotes Efferocytosis in Aging by Limiting Senescent Cell-Induced MerTK Cleavage. FASEB ]. Off. Publ. Fed. Am.
Soc. Exp. Biol. 2020, 34, 597-609. [CrossRef] [PubMed]

Kotlyarov, S.; Kotlyarova, A. Anti-Inflammatory Function of Fatty Acids and Involvement of Their Metabolites in the Resolution
of Inflammation in Chronic Obstructive Pulmonary Disease. Int. J. Mol. Sci. 2021, 22, 12803. [CrossRef] [PubMed]

Jin, S-W.; Zhang, L.; Lian, Q.-Q.; Liu, D.; Wu, P; Yao, S.-L.; Ye, D.-Y. Posttreatment with Aspirin-Triggered Lipoxin A4 Analog
Attenuates Lipopolysaccharide-Induced Acute Lung Injury in Mice: The Role of Heme Oxygenase-1. Anesth. Analg. 2007,
104, 369-377. [CrossRef] [PubMed]

Kytikova, O.; Novgorodtseva, T.; Denisenko, Y.; Antonyuk, M.; Gvozdenko, T. Pro-Resolving Lipid Mediators in the Pathophysi-
ology of Asthma. Med. Kaunas Lith. 2019, 55, 284. [CrossRef]

Zhang, L.; Tai, Q.; Xu, G.; Gao, W. Lipoxin A4 Attenuates the Lung Ischaemia Reperfusion Injury in Rats after Lung Transplantation.
Ann. Med. 2021, 53, 1143-1152. [CrossRef] [PubMed]

Doran, A.C. Inflammation Resolution: Implications for Atherosclerosis. Circ. Res. 2022, 130, 130-148. [CrossRef]

Endogenous Pro-Resolving and Anti-Inflammatory Lipid Mediators: A New Pharmacologic Genus. Available online: https:
/ /pubmed.ncbinlm.nih.gov/17965751/ (accessed on 16 April 2022).

Perretti, M.; Norling, L.V. Actions of SPM in Regulating Host Responses in Arthritis. Mol. Aspects Med. 2017, 58, 57—-64. [CrossRef]
Wang, Q.; Jin, F; Zhang, J.; Li, Z.; Yu, D. Lipoxin A4 Promotes Adipogenic Differentiation and Browning of Mouse Embryonic
Fibroblasts. In Vitro Cell. Dev. Biol. Anim. 2021, 57, 953-961. [CrossRef]

Han, M,; Lai, S,; Ge, Y.; Zhou, X.; Zhao, J. Changes of Lipoxin A4 and the Anti-Inflammatory Role During Parturition. Reprod. Sci.
2022, 29, 1332-1342. [CrossRef]

Frank Lee, C.; Brown, C.E.; Nielsen, A.J.; Kim, C.; Livne-Bar, I.; Parsons, PJ.; Boldron, C.; Autelitano, F.; Weaver, D.E,;
Sivak, J.M.; et al. A Stereocontrolled Total Synthesis of Lipoxin B4 and Its Biological Activity as a Pro-Resolving Lipid Me-
diator of Neuroinflammation. Chem. Eur. J. 2022, 28, €202200360. [CrossRef]


https://doi.org/10.3389/fendo.2023.1109747
https://doi.org/10.1016/j.arcmed.2020.03.004
https://doi.org/10.1007/s43450-021-00213-x
https://doi.org/10.1186/s43141-021-00179-2
https://doi.org/10.1007/s10787-022-01070-3
https://doi.org/10.3389/fncel.2021.673549
https://www.ncbi.nlm.nih.gov/pubmed/33981203
https://doi.org/10.3390/ijms23116235
https://www.ncbi.nlm.nih.gov/pubmed/35682914
https://doi.org/10.1016/j.celrep.2021.109201
https://doi.org/10.1007/s12031-012-9807-4
https://www.ncbi.nlm.nih.gov/pubmed/22661361
https://doi.org/10.1016/j.expneurol.2021.113645
https://www.ncbi.nlm.nih.gov/pubmed/33600815
https://pubmed.ncbi.nlm.nih.gov/19321784/
https://doi.org/10.1007/s12031-010-9355-8
https://doi.org/10.1073/pnas.1218529110
https://doi.org/10.1007/978-3-319-20825-1_1
https://doi.org/10.1073/pnas.1221727110
https://doi.org/10.1084/jem.192.8.1197
https://doi.org/10.1096/fj.201902126R
https://www.ncbi.nlm.nih.gov/pubmed/31914705
https://doi.org/10.3390/ijms222312803
https://www.ncbi.nlm.nih.gov/pubmed/34884621
https://doi.org/10.1213/01.ane.0000252414.00363.c4
https://www.ncbi.nlm.nih.gov/pubmed/17242094
https://doi.org/10.3390/medicina55060284
https://doi.org/10.1080/07853890.2021.1949488
https://www.ncbi.nlm.nih.gov/pubmed/34259112
https://doi.org/10.1161/CIRCRESAHA.121.319822
https://pubmed.ncbi.nlm.nih.gov/17965751/
https://pubmed.ncbi.nlm.nih.gov/17965751/
https://doi.org/10.1016/j.mam.2017.04.005
https://doi.org/10.1007/s11626-021-00617-y
https://doi.org/10.1007/s43032-021-00800-2
https://doi.org/10.1002/chem.202200360

Int. . Mol. Sci. 2023, 24, 13282 13 of 14

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

Hao, H; Xie, F; Xu, F; Wang, Q.; Wu, Y.; Zhang, D. LipoxinA4 Analog BML-111 Protects Podocytes Cultured in High-Glucose
Medium against Oxidative Injury via Activating Nrf2 Pathway. Int. Immunopharmacol. 2022, 111, 109170. [CrossRef] [PubMed]
Serhan, C.N.; Nicolaou, K.C.; Webber, S.E.; Veale, C.A.; Dahlén, S.E.; Puustinen, T.J.; Samuelsson, B. Lipoxin A. Stereochemistry
and Biosynthesis. J. Biol. Chem. 1986, 261, 16340-16345. [CrossRef] [PubMed]

Norris, P.C.; Gosselin, D.; Reichart, D.; Glass, C.K.; Dennis, E.A. Phospholipase A2 Regulates Eicosanoid Class Switching during
Inflammasome Activation. Proc. Natl. Acad. Sci. USA 2014, 111, 12746-12751. [CrossRef] [PubMed]

Jaén, R.L; Sanchez-Garcia, S.; Fernandez-Velasco, M.; Boscd, L.; Prieto, P. Resolution-Based Therapies: The Potential of Lipoxins to
Treat Human Diseases. Front. Immunol. 2021, 12, 658840. [CrossRef] [PubMed]

Serhan, C.N,; Fiore, S.; Levy, B.D. Cell-Cell Interactions in Lipoxin Generation and Characterization of 1 Ipoxin A4 Receptors.
Ann. N. Y. Acad. Sci. 1994, 744, 166—180. [CrossRef]

Corey, E.J.; Mehrotra, M.M.; Su, W.G. On the Synthesis and Structure of Lipoxin B. Tetrahedron Lett. 1985, 26, 1919-1922. [CrossRef]
Corey, EJ.; Su, W.G. Simple Synthesis and Assignment of Stereochemistry of Lipoxin A. Tetrahedron Lett. 1985, 26, 281-284.
[CrossRef]

Morris, ].; Wishka, D.G. ChemInform Abstract: Synthesis of Lipoxin B (I). Tetrahedron Lett. 1986, 27, 803—-806. [CrossRef]

Sok, D.-E.; San Phi, T,; Jung, C.-H.; Chung, Y.-S.; Kang, J.-B. Soybean Lipoxygenase-Catalyzed Formation of Lipoxin A and
Lipoxin B Isomers from Arachidonic Acid via 5,15-Dihydroperoxyeicosatetraenoic Acid. Biochem. Biophys. Res. Commun. 1988,
153, 840-847. [CrossRef]

Rokach, J.; Adams, J.; Fitzsimmons, B.].; Girard, Y.; Leblanc, Y.; Evans, J.F. Chemical and Enzymatic Syntheses of Lipoxin A:
Stereochemical Assignment of Natural Lipoxin A and Its Possible Biosynthesis. Adv. Prostaglandin. Thromboxane. Leukot. Res.
1985, 15, 309-312.

Reddy, K.V.; Hammarberg, T.; Radmark, O. Mg?* Activates 5-Lipoxygenase in Vitro: Dependency on Concentrations of
Phosphatidylcholine and Arachidonic Acid. Biochemistry 2000, 39, 1840-1848. [CrossRef] [PubMed]

Bundy, G.L.; Nidy, E.G.; Epps, D.E.; Mizsak, S.A.; Wnuk, R.J. Discovery of an Arachidonic Acid C-8 Lipoxygenase in the
Gorgonian Coral Pseudoplexaura Porosa. |. Biol. Chem. 1986, 261, 747-751. [CrossRef] [PubMed]

Kutzner, L.; Goloshchapova, K.; Rund, K.M.; Jilbermann, M.; Blum, M.; Rothe, M.; Kirsch, S.F; Schunck, W.-H.; Kiihn, H,;
Schebb, N.H. Human Lipoxygenase Isoforms Form Complex Patterns of Double and Triple Oxygenated Compounds from
Eicosapentaenoic Acid. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2020, 1865, 158806. [CrossRef] [PubMed]

Singh, N.K.; Rao, G.N. Emerging Role of 12/15-Lipoxygenase (ALOX15) in Human Pathologies. Prog. Lipid Res. 2019, 73, 28—45.
[CrossRef]

Zheng, Z.; Li, Y,; Jin, G.; Huang, T.; Zou, M.; Duan, S. The Biological Role of Arachidonic Acid 12-Lipoxygenase (ALOX12) in
Various Human Diseases. Biomed. Pharmacother. 2020, 129, 110354. [CrossRef]

Speckbacher, V.; Ruzsanyi, V.; Martinez-Medina, A.; Hinterdobler, W.; Doppler, M.; Schreiner, U.; Bchmdorfer, S.; Beccaccioli,
M.; Schuhmacher, R.; Reverberi, M.; et al. The Lipoxygenase Lox1 Is Involved in Light- and Injury-Response, Conidiation, and
Volatile Organic Compound Biosynthesis in the Mycoparasitic Fungus Trichoderma Atroviride. Front. Microbiol. 2020, 11, 2004.
[CrossRef]

Senger, T.; Wichard, T.; Kunze, S.; Gobel, C.; Lerchl, J.; Pohnert, G.; Feussner, I. A Multifunctional Lipoxygenase with Fatty Acid
Hydroperoxide Cleaving Activity from the Moss Physcomitrella Patens. J. Biol. Chem. 2005, 280, 7588-7596. [CrossRef]
Andreou, A.; Gobel, C.; Hamberg, M.; Feussner, I. A Bisallylic Mini-Lipoxygenase from Cyanobacterium Cyanothece sp. That Has
an Iron as Cofactor. J. Biol. Chem. 2010, 285, 14178-14186. [CrossRef]

Lang, L; Feussner, I. Oxylipin Formation in Nostoc Punctiforme (PCC73102). Phytochemistry 2007, 68, 1120-1127. [CrossRef]
Vance, R.E.; Hong, S.; Gronert, K.; Serhan, C.N.; Mekalanos, J.J. The Opportunistic Pathogen Pseudomonas Aeruginosa Carries a
Secretable Arachidonate 15-Lipoxygenase. Proc. Natl. Acad. Sci. USA 2004, 101, 2135-2139. [CrossRef]

Kim, S.-E.; Lee, J.; An, J.-U.; Kim, T.-H.; Oh, C.-W,; Ko, Y.-J.; Krishnan, M.; Choi, J.; Yoon, D.-Y.; Kim, Y.; et al. Regioselectivity
of an Arachidonate 9S-Lipoxygenase from Sphingopyxis Macrogoltabida That Biosynthesizes 9S,15S- and 11S,17S-Dihydroxy
Fatty Acids from C20 and C22 Polyunsaturated Fatty Acids. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2022, 1867, 159091.
[CrossRef]

Kim, T.; Lee, J.; Kim, S.; Oh, D. Biocatalytic Synthesis of Dihydroxy Fatty Acids as Lipid Mediators from Polyunsaturated Fatty
Acids by Double Dioxygenation of the Microbial 12 S- Lipoxygenase. Biotechnol. Bioeng. 2021, 118, 3094-3104. [CrossRef]

Oh, C.-W.; Kim, S.-E.; Lee, J.; Oh, D.-K. Bioconversion of C20- and C22-Polyunsaturated Fatty Acids into 9S,155- and 11S,175-
Dihydroxy Fatty Acids by Escherichia Coli Expressing Double-Oxygenating 9S-Lipoxygenase from Sphingopyxis Macrogoltabida.
J. Biosci. Bioeng. 2022, 134, 14-20. [CrossRef] [PubMed]

Qi, Y-K.,; Zheng, Y.-C.; Zhang, Z.-].; Xu, J.-H. Efficient Transformation of Linoleic Acid into 13(S)-Hydroxy-9,11-(Z,E)-
Octadecadienoic Acid Using Putative Lipoxygenases from Cyanobacteria. ACS Sustain. Chem. Eng. 2020, 8, 5558-5565.
[CrossRef]

An, J.-U,; Kim, B.-].; Hong, S.-H.; Oh, D.-K. Characterization of an Omega-6 Linoleate Lipoxygenase from Burkholderia
Thailandensis and Its Application in the Production of 13-Hydroxyoctadecadienoic Acid. Appl. Microbiol. Biotechnol. 2015,
99, 5487-5497. [CrossRef] [PubMed]


https://doi.org/10.1016/j.intimp.2022.109170
https://www.ncbi.nlm.nih.gov/pubmed/36007391
https://doi.org/10.1016/S0021-9258(18)66571-8
https://www.ncbi.nlm.nih.gov/pubmed/3097008
https://doi.org/10.1073/pnas.1404372111
https://www.ncbi.nlm.nih.gov/pubmed/25139986
https://doi.org/10.3389/fimmu.2021.658840
https://www.ncbi.nlm.nih.gov/pubmed/33968061
https://doi.org/10.1111/j.1749-6632.1994.tb52734.x
https://doi.org/10.1016/S0040-4039(00)98341-2
https://doi.org/10.1016/S0040-4039(01)80797-8
https://doi.org/10.1016/S0040-4039(00)84105-2
https://doi.org/10.1016/S0006-291X(88)81172-0
https://doi.org/10.1021/bi9919246
https://www.ncbi.nlm.nih.gov/pubmed/10677235
https://doi.org/10.1016/S0021-9258(17)36157-4
https://www.ncbi.nlm.nih.gov/pubmed/2867091
https://doi.org/10.1016/j.bbalip.2020.158806
https://www.ncbi.nlm.nih.gov/pubmed/32841762
https://doi.org/10.1016/j.plipres.2018.11.001
https://doi.org/10.1016/j.biopha.2020.110354
https://doi.org/10.3389/fmicb.2020.02004
https://doi.org/10.1074/jbc.M411738200
https://doi.org/10.1074/jbc.M109.094771
https://doi.org/10.1016/j.phytochem.2007.02.028
https://doi.org/10.1073/pnas.0307308101
https://doi.org/10.1016/j.bbalip.2021.159091
https://doi.org/10.1002/bit.27820
https://doi.org/10.1016/j.jbiosc.2022.04.001
https://www.ncbi.nlm.nih.gov/pubmed/35466059
https://doi.org/10.1021/acssuschemeng.9b07457
https://doi.org/10.1007/s00253-014-6353-8
https://www.ncbi.nlm.nih.gov/pubmed/25586578

Int. . Mol. Sci. 2023, 24, 13282 14 of 14

89.

90.

91.

92.

Lee, J.; An, J.-U,; Kim, T.-H.; Ko, Y.-J.; Park, J.-B.; Oh, D.-K. Discovery and Engineering of a Microbial Double-Oxygenating
Lipoxygenase for Synthesis of Dihydroxy Fatty Acids as Specialized Proresolving Mediators. ACS Sustain. Chem. Eng. 2020,
8,16172-16183. [CrossRef]

Banthiya, S.; Kalms, J.; Galemou Yoga, E.; Ivanov, I.; Carpena, X.; Hamberg, M.; Kuhn, H.; Scheerer, P. Structural and Functional
Basis of Phospholipid Oxygenase Activity of Bacterial Lipoxygenase from Pseudomonas Aeruginosa. Biochim. Biophys. Acta BBA
Mol. Cell Biol. Lipids 2016, 1861, 1681-1692. [CrossRef]

Goloshchapova, K,; Stehling, S.; Heydeck, D.; Blum, M.; Kuhn, H. Functional Characterization of a Novel Arachidonic Acid
12S-lipoxygenase in the Halotolerant Bacterium Myxococcus fulvus Exhibiting Complex Social Living Patterns. MicrobiologyOpen
2019, 8, e00775. [CrossRef]

Niu, M.; Steffan, B.N.; Fischer, G.J.; Venkatesh, N.; Raffa, N.L.; Wettstein, M.A.; Bok, ].W.; Greco, C.; Zhao, C.; Berthier, E.; et al.
Fungal Oxylipins Direct Programmed Developmental Switches in Filamentous Fungi. Nat. Commun. 2020, 11, 5158. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acssuschemeng.0c04793
https://doi.org/10.1016/j.bbalip.2016.08.002
https://doi.org/10.1002/mbo3.775
https://doi.org/10.1038/s41467-020-18999-0

	Introduction 
	The Discovery of LXs 
	Structure of LXs 
	The Biomedical Efficacy of LXs 
	Effects on COVID-19 
	Neuroprotection 
	Anti-Inflammatory 

	Biosynthetic Pathways of LXs In Vivo 
	Synthesis of LXs In Vitro 
	Chemical Synthesis of LXA4 and LXB4 by Iodination Method 
	Enzymatic Synthesis of LXA4 and LXB4 Catalyzed by LO from Soybean 
	Chemical-Enzymatic Synthesis of LXA4 and LXB4 

	Bottleneck in the Synthesis of LXs In Vitro 
	Microbial Sources of LO 
	Bacterial Sources 
	Fungal Sources 


	Conclusions 
	References

