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Introduction

Acute inflammation is a response triggered by injury or patho-
gen invasion.' The inflammatory response is crucial for defeat-
ing the intruding pathogen and for further tissue repair.>
Whenever the danger is over, the inflammation resolves and
the body returns to homeostasis, referred to as the resolution
phase.? Failure in the resolution of inflammation may result in
chronic inflammation, which in turn can lead to severe inflam-
matory diseases.* The resolution phase is an active process
where endogenously formed specialized pro-resolving
mediators (SPMs) are central. SPMs are oxygenated polyun-
saturated fatty acids (PUFAs), biosynthesized from the «-6
PUFA arachidonic acid, and the ®-3 PUFAs eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA), and n-3 docosapen-
taenoic acid (n-3 DPA).> The SPMs are potent ligand agonists
for G-protein coupled receptors (GPCRs), where activation
leads to anti-inflammatory and pro-resolving actions,® includ-
ing reduction of inflammatory and neuropathic pain.”® Today,
several individual classes of SPMs are known, such as
lipoxins,”'° resolvins,'"">
n-3 DPA series of resolvins, maresins and protectins.

SPMs, endogenously formed during various inflammatory
conditions, are non-toxic and well tolerated without immuno-

maresins,'? protectins,'™'* and the
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ving mediators RvD5 and RvD5,,_z ppa, are presented. The synthesis was successfully accomplished utilizing
Midland Alpine borane reduction, Sonogashira cross-coupling and a one-pot hydrozirconation/iodination
protocol. In vivo evaluation of RvD5, RvD5,,_3 ppa and 17(R/S)-Me-RvD5,, 3 ppa in @ mouse model of fracture
revealed that all three compounds inhibited postoperative pain in male mice, but not in female mice.

suppressive effects.""® Hence, SPMs have gained considerable
interest in drug discovery projects.® However, SPMs are rapidly
locally metabolized by enzymes into less active products.'® For
this reason, minor structural modifications on SPMs might
prolong the time before enzymatic inactivation. However, such
changes to the structure can also affect the potency of the
molecule. Therefore, it is important that synthetic analogs
contain the crucial pharmacophore as the native SPM, retain-
ing the beneficial biological effects.>**!

Recently, RvD5,; ppa (1) was stereoselectively synthesized
and matched against the endogenously isolated 1 (Fig. 1).2*
The SPM 1 displays potent pro-resolving effects upregulating
the phagocytosis of bacteria by neutrophils and macrophages
via the activation of the orphan receptor GPR101.>>** The
resolvin 1 is also linked with protective actions during rheuma-
toid arthritis, reducing joint inflammation.>* The congener of
1, RvD5 (Fig. 1), has shown a reduction in inflammatory and
neuropathic pain in male mice, but not in female mice.>® This
is the only example of a SPM that shows sex dimorphism in
pain regulation. Since RvD5 and 1 are congeners, it was of
interest to find out if 1 shared the same properties, knowing
they both are agonists for GPR101.>* Protectin D1 (PD1), also
called neuroprotectin D1 when isolated in neural cells, has
proved to alleviate neuropathic pain in mouse models.”"
Studies of the GPR101 receptor in mice and humans uncov-
ered its expression in brain regions, such as the hypothalamus
and amygdala.>®*” Knowing that the receptor recognising 1 is
expressed in the brain, it was of interest to investigate pain
effects in mice, since effective non-opioid pain treatments are
needed, which constitutes a public health crisis.®

One of the metabolic pathways observed for RvD5,, 3 ppa i
via the enzyme 15-prostaglandin dehydrogenase (15-PGDH),
yielding the inactive product 17-0x0-RvD5,,; ppa (Scheme 1).**
By replacing the hydrogen at C17 with a methyl group,

This journal is © The Royal Society of Chemistry 2024
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RvD1,.3 ppa

RvD5;.3 ppa (1)

Fig. 1 An overview of some SPMs.

RvDS5,, 3 ppa (1)

15-PGDH

17-0x0-RvD5, 3 ppa

Scheme 1 Enzymatic inactivation of RvD5,,_3 ppa (1) by 15-PGDH.

15-PGDH oxidation to the 17-oxo metabolite is anticipated to
be diminished, as reported for other SPM analogs.**7*°

Against the information provided, it was of interest to syn-
thesize the analog mimetic named 17(R/S)-Me-RvD5,,3 ppa (2)
based on the retrosynthetic analysis of 2 (Scheme 2), where
compounds 3 and 4 were identified.

Results and discussion

The synthesis was initiated with the preparation of vinylic
iodide 3 from commercially available 4-hydroxybutan-2-one (5)
(Scheme 3). A Grignard reaction was successfully conducted
with ethynylmagnesium bromide, affording diol 6 in 48%
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Scheme 3 Synthesis of vinyl iodide 3.

yield. In the next step, bis-TES-protection gave compound 7,
while selective deprotection of the primary TES-group and oxi-
dation afforded the corresponding aldehyde 8. This one-pot
Swern oxidation protocol required strict temperature control.**
The resulting aldehyde was then subjected to a Z-selective
Wittig reaction, yielding alkyne 9 in 77%. Lastly, vinyl iodide 3
was afforded in 53% yield after an E-selective hydrozircona-
tion/iodination protocol.

The labile terminal alkyne 4 was resynthesized based on a
protocol developed in our group,*” in order to proceed with
the synthesis of 2. The complete carbon skeleton was con-
structed by a Sonogashira cross-coupling reaction, yielding 10
in 63% isolated yield (Scheme 4). Next, the diyne was
Z-selectively reduced to produce 11 by utilizing the
Rosenmund hydrogenation protocol. This protocol was suc-
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Scheme 4 Sonogashira cross-coupling followed by Z-selective

reduction yielding the desired product 2.
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cessfully implemented in the synthesis of RvD5,, 3 ppa, because
the milder hydrogenation reducing agent Lindlar’s catalyst
yielded no product. In the next step, the protecting groups
were removed in the presence of TBAF. Surprisingly, the crude
reaction mixture contained impurities that turned out to be
challenging to remove by column chromatography. To achieve
a chemical purity of 12 > 96% (HPLC analyses), it became
necessary to purify the compound by preparative TLC. For this
reason, the isolated yield became disappointingly low, only
13%. There are examples of deprotection of silyl ethers by
in situ generated HCI to avoid the formation of byproducts.*?
However, this method was not suitable in our case due to the
labile C17 tertiary alcohol.

The analog 17(R/S)-Me-RvD5,.; ppa (2) was stored as its
methyl ester 12. Just upon biological testing, this ester was
hydrolysed, yielding the target compound 2 in 83%. Spectral
data (NMR, UV, and MS) agreed with the structure of 2 (ESI
datat). The SPM 1, as mentioned, was recently stereoselectively
synthesized and matched using LC/MS-MS MRM and UV
experiments,”* while RvD5 is now commercially available.

We compared the analgesic effects of 17(R/S)-Me-RvD5,,;
ppa, RVD5,3 pps, and RvD5 with vehicle (PBS) treatment by
intravenous (i.v.) administration of each compound at a dose
of 300 ng in 100 pl of PBS solution two days after bone frac-
ture. The paw withdrawal thresholds (PWTs) were assessed
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Intravenous treatment of RvD5, RvD5,,.3 ppa (1) and analog 17(R/S)-Me-RvD5,,_3 ppa (2) reduces fracture induced mechanical pain in male

mice but not in female mice. von Frey testing showing PWTs and the pain-relieving effects of 17(R/S)-Me-RvD5,,.3 ppa, RvD5,,_3 ppa, and RvD5 (i.v.,
300 ng) in the fracture model in male mice (A—D) but not in female mice (E—H). The drugs and vehicle were given two days after fracture surgery. n
= five animals per sex per group, ***p = 0.001, ****p = 0.0001, one-way ANOVA followed by Bonferroni post-hoc comparison. The data are pre-

sented as mean + SEM.
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before surgery as the baseline (BL), after the surgery and prior
to the drug treatment (0 h), and then at 1 h, 3 h, and 5 h after
the treatment (Fig. 2A-H). The fracture resulted in a substan-
tial reduction in the PWT at 0 h. Vehicle treatment had no
effects on PWTs at all the time points examined in males
(Fig. 2A) and females (Fig. 2E). Notably, i.v. administration of
either 17(R/S)-Me-RvD5,, 3 ppa, RVD5,.3 ppa, OF RvD5 signifi-
cantly increased PWTs in male mice, compared to 0 h
(Fig. 2A-D). 17(R/S)-Me-RvD5,,.; ppa and RvD5 increased the
PWT both at 1 h and 3 h but not at 5 h. RvD5,,3 ppa (1) only
increased the PWT at 3 h (Fig. 2A-D). These results indicate
that 17(R/S)-Me RvD5,, 3 ppa and RvD5 are more effective than
RvD5,,3 ppa in reducing mechanical pain. Strikingly, none of
the compounds showed any pain-relieving effects in female
mice (Fig. 2E-H). These results strongly suggest that RvD5,
RvD5,3 ppa (1) and 17(R/S)-Me-RvD5,.; pps (2) reduced
mechanical pain only in males in this postoperative pain
model.

Conclusions

To summarize, the synthesis of the methyl ester of 17(R/S)-Me-
RvD5,, 3 ppa (2) was successfully accomplished in 1.2% yield
over 13 steps (longest linear sequence). The novel synthetic
SPM analog 17(R/S)-Me-RvD5,, 5 ppa (2) showed great potential
to reduce postoperative pain in a sex-dependent manner com-
pared to RvD5,3 ppa (1). It has been reported that n-3 DPA
derived SPMs show reduced ability to ameliorate neuropathic
pain over time,®*' and herein we report that the SPM 1 also
shows diminished effects at 5 h, perhaps due to the rapid
enzymatic p-oxidation processes of 1, as reported for protectin
D1,** compared to RvD5 and analog 2. Moreover, new knowl-
edge on the structure-function relationships and biomolecular
properties mediated by the compounds investigated herein
towards the receptor GPR101 is in demand. These results will
be reported in due time.

Author contributions

K. E.: writing original draft, editing, methodology, investi-
gation, and analysis. Y.-Z. L.: writing, methodology, investi-
gation, and analysis. R.-R. J.: conceptualization, supervision,
and methodology. C. N. S. methodology and
conceptualization. T. V. H.: conceptualization, editing, and
supervision.

Data availability

Synthetic and biological experiment protocols together with
characterization data (NMR, HRMS, HPLC, and UV-vis) are
available in the ESI file.}

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The Department of Pharmacy is gratefully acknowledged for
funding a doctoral fellowship for K. E. This study is partially
supported by DoD grants W81XWH2110885,
W81XWH-2210267, and W81XWH-2210646 to R.-R. J. C. N. S.
is supported by NIH/NIHGMS R35GM139430.

References

1 C. N. Serhan and N. A. Petasis, Chem. Rev., 2011, 111,
5922-5943.

2 D. Panigrahy, M. M. Gilligan, C. N. Serhan and K. Kashfi,
Pharmacol. Ther., 2021, 227, 107879.

3 C. N. Serhan, Nature, 2014, 510, 92-101.

4 M. Perretti and ]J. Dalli, Annu. Rev. Pharmacol. Toxicol.,
2023, 63, 449-469.

5 C. N. Serhan, C. B. Clish, ]J. Brannon, S. P. Colgan,
N. Chiang and K. Gronert, J. Exp. Med., 2000, 192, 1197~
1204.

6 J. Park, C. J. Langmead and D. M. Riddy, ACS Pharmacol.
Transl. Sci., 2020, 3, 88-106.

7 Z. Z. Xu, L. Zhang, T. Liu, J. Y. Park, T. Berta, R. Yang,
C. N. Serhan and R. R. Ji, Nat. Med., 2010, 16, 592-597,
591p following 597.

8 R.-R. Ji, Annu. Rev. Pharmacol. Toxicol., 2023, 63, 273-293.

9 C. N. Serhan, M. Hamberg and B. Samuelsson, Proc. Natl.
Acad. Sci. U. S. A., 1984, 81, 5335-5339.

10 C. Godson, P. Guiry and E. Brennan, Annu. Rev. Pharmacol.
Toxicol., 2023, 63, 429-448.

11 C. N. Serhan, S. Hong, K. Gronert, S. P. Colgan,
P. R. Devchand, G. Mirick and R.-L. Moussignac, J. Exp.
Med., 2002, 196, 1025-1037.

12 S. Hong, K. Gronert, P. R. Devchand, R.-L. Moussignac and
C. N. Serhan, J. Biol. Chem., 2003, 278, 14677-14687.

13 C. N. Serhan and B. D. Levy, J. Clin. Invest., 2018, 128,
2657-2669.

14 C. N. Serhan, R. Yang, K. Martinod, K. Kasuga, P. S. Pillai,
T. F. Porter, S. F. Oh and M. Spite, J. Exp. Med., 2008, 206,
15-23.

15 P. K. Mukherjee, V. L. Marcheselli, C. N. Serhan and
N. G. Bazan, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 8491-
8496.

16 J. Dalli, R. A. Colas and C. N. Serhan, Sci. Rep., 2013, 3,
1940.

17 A. F. Reinertsen, A. Vik and T. V. Hansen, Molecules, 2024,
29, 2833.

18 A. ]. Schottelius, C. Giesen, K. Asadullah, I. M. Fierro,
S. P. Colgan, J. Bauman, W. Guilford, H. D. Perez and
J. F. Parkinson, J. Immunol., 2002, 169, 7063-7070.

Org. Biomol. Chem., 2024, 22, 9266-9270 | 9269


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ob01534g

Open Access Article. Published on 30 October 2024. Downloaded on 2/20/2026 7:48:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

19 C. N. Serhan, J. F. Maddox, N. A. Petasis, I. Akritopoulou-
Zanze, A. Papayianni, H. R. Brady, S. P. Colgan and
J. L. Madara, Biochemistry, 1995, 34, 14609-14615.

20 J. E. Tungen, M. Aursnes, S. Ramon, R. A. Colas,
C. N. Serhan, D. E. Olberg, S. Nuruddin, F. Willoch and
T. V. Hansen, Org. Biomol. Chem., 2018, 16, 6818-
6823.

21 J. L. Nesman, O. Chen, X. Luo, R.-R. Ji, C. N. Serhan and
T. V. Hansen, Org. Biomol. Chem., 2021, 19, 2744-2752..

22 K. Ervik, A. F. Reinertsen, D. S. Koenis, J. Dalli and
T. V. Hansen, J. Nat. Prod., 2023, 86, 2546-2553.

23 M. B. Flak, D. S. Koenis, A. Sobrino, ]J. Smith,
K. Pistorius, F. Palmas and J. Dalli, J. Clin. Invest., 2020,
130, 359-373.

24 M. B. Flak, R. A. Colas, E. Muioz-Atienza, M. A. Curtis,
J. Dalli and C. Pitzalis, JCI Insight, 2019, 4, €165600.

25 X. Luo, Y. Gu, X. Tao, C. N. Serhan and R.-R. Ji, Front.
Pharmacol., 2019, 10, 745.

26 D. K. Vassilatis, J. G. Hohmann, H. Zeng, F. Li,
J. E. Ranchalis, M. T. Mortrud, A. Brown, S. S. Rodriguez,
J. R. Weller, A. C. Wright, J. E. Bergmann and

9270 | Org. Biomol. Chem., 2024, 22, 9266-9270

View Article Online

Organic & Biomolecular Chemistry

G. A. Gaitanaris, Proc. Natl. Acad. Sci. U. S. A., 2003, 100,
4903-4908.

27 K. N. Nilaweera, D. Ozanne, D. Wilson, ]J. G. Mercer,
P. J. Morgan and P. Barrett, J. Neuroendocrinol., 2007, 19,
34-45.

28 I. M. Fierro, S. P. Colgan, G. Bernasconi, N. A. Petasis,
C. B. Clish, M. Arita and C. N. Serhan, J. Immunol., 2003,
170, 2688-2694.

29 Y.-P. Sun, S. F. Oh, J. Uddin, R. Yang, K. Gotlinger,
E. Campbell, S. P. Colgan, N. A. Petasis and C. N. Serhan,
J. Biol. Chem., 2007, 282, 9323-9334.

30 S. H. Wu, X. Q. Chen, B. Liu, H. J. Wu and L. Dong,
Br. J. Dermatol., 2013, 168, 172-178.

31 A. Rodriguez, M. Nomen, B. W. Spur and ]. J. Godfroid,
Tetrahedron Lett., 1999, 40, 5161-5164.

32 A. F. Reinertsen, K. G. Primdahl, A. E. Shay, C. N. Serhan,
T. V. Hansen and M. Aursnes, J. Org. Chem., 2021, 86,
3535-3545.

33 L. Balas, P. Risé, D. Gandrath, G. Rovati, C. Bolego,
F. Stellari, A. Trenti, C. Buccellati, T. Durand and A. Sala,
J. Med. Chem., 2019, 62, 9961-9975.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ob01534g

	Button 1: 


