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Abstract

The pyrrolizine nucleus is a bicyclic ring system that consists of a pyrrole ring fused to
another pyrrolidin ring. It constitutes the basic skeleton in many natural and synthetic
compounds with diverse biological activities such as the anti-inflammatory, nootropic,
antiemetic, antibacterial, antiviral, anticonvulsant, antiarrhythmic, and anticancer
activities. At least two of these derivatives, ketorolac and mitomycin C, have been
approved for the treatment of inflammation and cancer, respectively. Licofelone, a
dual inhibitor of COX and 5-LOX, was also evaluated in clinical trials for the treatment
of osteoarthritis. On the other hand, a large number of the pyrrolizine-based
derivatives have displayed anticancer activity against different types of cancer cells.
In this review, the pyrrolizine-based derivatives with anticancer activity were classified
based on their chemical structure into substituted, fused, and spiro-pyrrolizine. The
mechanisms of action of these compounds included alkylation of the DNA, inhibition
of COX, or alteration of the permeability of the cytoplasmic membrane in cancer cells.
In addition, other pyrrolizines were found to act by inhibiting DNA replication, rRNA,
Racl kinase, thioredoxin reductase, or oncogenic kinases. The last section of this
review also focuses on the reported X-ray crystal structures of these compounds with
different proteins. The binding modes and interactions of ketorolac and licofelone
were illustrated in this review. To sum up, we anticipate that the data compiled in this
review will be useful to researchers in the design of pyrrolizines with potent biological
activities.
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Introduction

Pyrrolizines included a large class of natural and synthetic heterocyclic compounds
1-3, The pyrrolizine derivatives have exhibited different types of biological activities,
such as anti-inflammatory, nootropic, antiemetic, antibacterial, antiviral,
anticonvulsant, antiarrhythmic, and anticancer activities 1-8. The biological activities
with representative examples of these compounds will be discussed as follows:
Anti-inflammatory activity

Several pyrrolizines have been reported with anti-inflammatory activity 4°0. Tries et
al. have reported the anti-inflammatory activity of licofelone (ML3000) 1 in the human
whole blood assay °. The results revealed the ability of compound 1 (Figure 1) to
inhibit the synthesis of PGE2 by cyclooxygenase 1 (COX-1) at an ICsp value of 3.9 uM
compared to indomethacin (ICso = 4.5 pM). Mechanistic studies also revealed the
ability of licofelone 1 to inhibit 5-lipoxygenase (5-LOX). The inhibitory activity of
licofelone against COX-1 and 5-LOX was evaluated in another study 1°. The results
revealed inhibition of COX-1 and 5-LOX at ICso values of 0.22 uM and 0.37 uM,
respectively.

Laufer et al. reported the synthesis and biological activity of a series of heterocyclic
analogs of 1 (ML3000) with dual inhibitory activity against COX-1 and 5-LOX 1°, The
chemical structures of these compounds are depicted in Figure 2. The results
revealed the ability of the four compounds 2-5 to inhibit 5-LOX at ICsp values in the
range of 0.03-2.4 pM compared to ML3000 (ICso = 0.37 pM). They also inhibited
COX-1 at ICso values in the range of 0.02-0.21 pM compared to ML3000 (ICso = 0.22
pM). Among these compounds, compound 5 with the benzofuran moiety was the
most active.
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ICsp = 0.22 uM (COX-1)
0 ICsq = 0.37 uM (5-LOX)
1 (ML3000)
Figure 1. The chemical structure of licofelone (ML3000) 1.
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Figure 2. The chemical structures of compounds 2-5.

ICs0 = 0.03 uM (5-LOX)

Ketorolac 6 (Figure 3) is a member of the pyrrolo-pyrrolidine group of nonsteroidal anti-inflammatory drugs
(NSAIDs). Ketorolac underwent a number of studies due to its high activity and low side effects. Waterbury et al.
have investigated the mechanistic of the anti-inflammatory activity of ketorolac 11. The results revealed inhibition in
COX-1 activity at an ICso value of 0.02uM compared to COX-2 (ICsp = 0.12uM) 11
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Figure 3. The chemical structure of ketorolac 6.

Nootropic activity

Nootropic drugs are a class of psychostimulants, used to enhance the integrative functions of the brain. Among
these drugs, piracetam 7 (Figure 4) was found to improves cognitive performance 2. Compound 8, a synthetic
pyrrolizine-3,5(2H)-dione derivative, which is structurally related to piracetam, also showed nootropic activity 1315,
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Figure 4. The chemical structures of piracetam 7 and rolziracetam 8.

Antiemetic activity

Becker et al. reported several pyrrolizine-based derivatives with agonistic and antagonistic activity on the 5-HT4
receptor 6. Among these derivatives (Figure 5), compound 9 exhibited potent and selective partial agonist activity
on the 5-HT4 receptor, which enhanced the gastric emptying in an animal model. On the other hand, compounds 10
and 11 were identified as potent and selective partial agonist and antagonist activity.
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Figure 5. The chemical structures of compounds 9-11.
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Antibacterial activity

Li et al. reported the synthesis and antibacterial activity of a pyrrolizidine derivative 12 (PA-1) 7. The results of the
biological evaluation of compound 12 (Figure 6) revealed inhibition in the growth of six bacteria (MIC = 0.0039 to
0.025 mg/ml). Among the tested bacteria, the growth of Escherichia coli and Staphylococcus aureus was inhibited
by compound 12 at MIC values of 0.0313 and 0.0039 mg/ml, respectively. Mechanistic studies revealed the ability
of compound 12 to damage the cellular membrane of S. aureus.
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O

12 (R = COOC,Hs) ©
Figure 6. The chemical structure of compound 12.

Antiviral activity
The extracts of several pyrrolizidine-containing herbs and plants have been investigated for antiviral activities 18-20,
In addition, some of the isolated pyrrolizidine derivatives were also investigated for their activity against antiviral
activity. Among these, heliotrine 13 (Figure 7) exhibited antiviral activity against poliomyelitis 18.
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13 (Heliotrine )
Figure 7. The chemical structure of heliotrine 13.

Taylor et al. have also investigated the antiviral activity of alexine 14 and its stereoisomers for their activity against
HIV-1 21, The results revealed that only the 7,7a-diepialexine 15 inhibits the growth of the virus, Fig 8. Compound
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15 also inhibited the a-glucosidase 1 enzyme.
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Figure 8. The chemical structures of alexine (14) and 7,7a-diepialexine (15).

Anticonvulsant activity

Abbas et al. have also reported a series of pyrrolizine and fused derivatives 22. Investigating the ability of these
compounds to protect against PTZ-induced seizures revealed weak to moderate protective activity (10.6—67.9%)
compared to phenobarbitone (100%). Among these derivatives 16a-c (Fig 9), compound 16b was the most active.
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16c: R=CI
16a-c R

Figure 9. The chemical structures of compounds 16a-c.

Antiarrhythmic activity

Compound 17 (SUN 1165, Figure 10) is a new potent antiarrhythmic agent with sodium channel blocking activity 23.
It reduced the contraction induced by electrical field stimulation and carbachol. Compound 17 also sowed a
cardioprotective effect compared to the control group 4.

Al

Figure 10. The chemical structure of compound 17 (SUN 1165).
Antitumor activity
Many of the pyrrolizine derivatives have been evaluated for their cytotoxic activity against cancer cell lines. Based
on their chemical structures, these compounds could be classified into three groups. In the following, the anticancer
potential of each of these three groups will be discussed with representative examples in each one.
Substituted pyrrolizines
Among these, licofelone 1 displayed growth inhibitory activity against prostate cancer cells 25. This effect was
associated with induction of apoptosis and downregulation of the expression of COX-2/5-LOX. Liu et al. have
reported the synthesis and cytotoxic activity of five nitric oxide donor conjugates with licofelone 26. The cytotoxicity
of esters 18a-e (Figure 11) was evaluated against three cancer cell lines (MDA-MB-231, MCF-7, and HT-29). The
results revealed the highest cytotoxicity for 18b (ICso = 4.6—-19.1 uM). Among the three cell lines, MCF-7 cells were
the most sensitive to 18b (ICso = 4.6 M) compared to licofelone (ICso = 5.5 uM).
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18a: n=2;
18b: n = 3;
18c: n=4;
18d: n = §;
COO(CH2)NONO,  18e: n = 12

18a-e
Figure 11. The chemical structures of licofelone-nitric oxide donor conjugates 18a-e.

Guo et al. studied the potential chemopreventive effect of ketorolac in ovarian cancer patients 27. The results
revealed that the R-isomer inhibits Racl and Cdc42, which were expressed in ovarian cancer patients. The use of
ketorolac in these patients was associated with survival benefits.

Ketorolac was also evaluated for its anticancer activity, where the results revealed weak activity 28. However, the
combination of ketorolac and 5-FU showed a synergistic anticancer effect against HT-29 cells 2°. Accordingly, the
dose of the anticancer 5-FU may need readjustment when combined with ketorolac.

In addition, several derivatives of ketorolac have shown more potent anticancer activity than ketorolac 2¢. Among
these derivatives, the triazolyl ester of ketorolac (15K) 19 prepared from ketorolac through Click chemistry, Figure
12. The triazolyl ester 19 showed a 10-fold increase in permeability compared to ketorolac. Compound 19 prepared
also inhibited the growth of A549 cancer cells at an ICso value of 24 nM compared to ketorolac (ICso = 13 puM).
Mechanistic studies of compound 19 revealed the association of the anticancer activity with the inhibition of PAK1
activity.

B
o LS o
N\\N,N
19 H,CO

Figure 12. The chemical structure of the triazolyl ester of ketorolac 19.

Clazamycin is a natural antitumor antibiotic that was isolated from Streptomyces 3. In aqueous solutions,
clazamycin exists as a mixture of two epimers (clazamycin A 20 and clazamycin B 21, Figure 13). It showed
antiviral activity against Herpes simplex and anticancer activity against L1210 cells. Mechanistic studies of
clazamycin performed by Hori et al. revealed inhibition in DNA replication and cytoplasmic membrane transport 32,
The results also revealed that the effect of clazamycin on L1210-innoculated mice could be due to its effect on the
cell membrane.

OH OH
' @)
o=t RN o=t RN
N N
20 (Clazamycin A)  NH 21 (Clazamycin B) NH

Figure 13. The chemical structure of clazamycin A 20 and clazamycin B 21.

Kusuma et al. investigated the antineoplastic activity of monocrotaline 22 (Figure 14) using an in silico docking
study %2. The results revealed potential activity against p53, HGF, and TREM1 proteins. The biological evaluation
revealed cytotoxicity against HepG2 cells at an ICso value of 24.966 pg/mL.
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22 (Monocrotaline)

Figure 14. The chemical structure of monocrotaline 22.

Ladurée et al. reported the synthesis and cytotoxicity of a series of pyrrolizine-6,7-dicarboxylate derivatives 32, The
new compounds (Figure 15) were obtained from the reaction of 2,3-dihydro-1H-pyrrolizine-6,7-diyl)dimethanol with
methyl/isopropyl isocyanate. Among these derivatives, pyrrolizine 23 and pyrrolo[1,2-c]thiazole 24 were evaluated
for their antileukemic activity in vivo using L1210 cancer cells. The results revealed that they have activity similar to

that of mitomycin.
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Figure 15. The chemical structures of compounds 23 and 24.

Shawky et al. reported two series of 3,4,5-trimethoxyphenyl-bearing pyrrolizines with potent cytotoxicity against
MCF-7, A2780, and HCT116 cancer cell lines 5. Among the reported compounds, 25a,b,c (Figure 16), the most
potent showed inhibitory activity against multiple oncogenic kinases. They also induced cell cycle arrest and
apoptosis in MCF-7 cells. Evaluation of the effect of the three compounds on tubulin polymerization revealed
weak to moderate inhibitory activity.
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25a-c R 25c:R=Cl
Figure 16. The chemical structure of compounds 25a-c.

Attalah et al. reported a series of pyrrolizine-bearing ethyl benzoate moiety with anti-inflammatory and analgesic
activities 34. Among these derivatives, compound 26 (Figure 17) was the most active against MCF-7 (ICso = 0.02
pUM). In addition, analysis of the MCF-7 cells treated with compound 26 revealed induction of cell cycle arrest and

apoptosis.



pyrrolizines biological activities Page 177

N
lll
Y ay,
N/
NH
o

0
26 O O\

Figure 17. The chemical structure of compound 26.

Abourehab et al. have reported a series of pyrrolizine derivatives hybridized with either ibuprofen or ketoprofen 3.
These hybrids were evaluated for their antiproliferative activity against MCF-7, A549, and HT-29 cancer cell lines.
Among these derivatives, compounds 27 and 28 (Figure 18) exhibited ICso values of 7.61 and 3.16 uM against
MCEF-7 cells. They also induced apoptosis and cycle arrest in MCF-7 cells.
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Figure 18. The chemical structure of compounds 27 and 28.

Shawky et al. reported 4-thiazolidinone-bearing pyrrolizines with anti-inflammatory and potent cytotoxicity against MCF-
7, A2780, and HT29 cancer cell lines 36. Compounds 29, 30, and 31 (Figure 19) displayed inhibitory activity against
20 oncogenic kinases (1-34%). Compound 31 induced G1 cell cycle arrest and apoptosis in MCF-7 cells.

N N
m /) S:;
N2

29 Br 30 31
Figure 19. The chemical structures of compounds 29, 30, and 31.

Hanna et al. have reported the synthesis and antitumor activity of a series of substituted and fused pyrrolizines 3.
The new compounds were evaluated for their anticancer activity against MCF-7 cells. Among these derivatives,
compounds 32 and 33 (Figure 20) displayed the highest activity at an ICso value of 0.016 pmol/ml for each of the

two compounds.
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Figure 20. The chemical structures of compounds 32 and 33.

Compound 34 (Figure 21) was synthesized and radiolabeled with 131l, as described by Mahmoud et al. 3. Tumor-
bearing mice were used to investigate the biodistribution of [13!l]iodo-EZPCA 34. The results revealed accumulation
of the radiolabeled compound in tumor tissue, which indicated its potential use in tumor imaging.
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Figure 21. The chemical structure of compound 34.

Fused pyrrolizines

Shawky et al. have also reported several fused pyrrolizines of pyrimidopyrrolizine and diazepinopyrrolizine type with
cytotoxic activity against MCF7, A2780, and HT29 cancer cell lines 3°. Among these derivatives, compound 35 (Figure
22) induced cell cycle arrest and apoptosis in MCF7 cells. It also inhibited the P-gp in MCF7/ADR cells and increased the

accumulation of Rho123.

35
Figure 22. The chemical structure of compound 35.

Mitomycin is a class of antibiotics known as isolated from Streptomyces species %°. Among these compounds,
mitomycin C 36 (Figure 23), an alkylating agent that was used clinically as an anticancer agent 442, It has broad-
spectrum activity against different types of cancers, such as prostate, breast, and non-small cell lung cancers 42. The
mechanisms of action of mitomycin C include its ability to alkylate the DNA and inhibit the rRNA 43. It also showed
inhibitory activity against thioredoxin reductase, which could also play a role in its activity as an anticancer agent 3.

)\NHZ
O

36
Figure 23. The chemical structure of mitomycin C 36.
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Perzyna et al. reported a series of benzo[5,6]pyrrolizino[1,2-b]quinoline derivatives with cytotoxic activity against
L1210, MCF-7, and PC3 cancer cell lines 44. Among these derivatives, compound 37 (Figure 24) was the most
active against L1210 and MCF-7 cell lines (ICso = 0.55 pM). Compound 37 also inhibited the growth of PC3 cells at
an ICso value of 4.94 pM.

OH
37
Figure 24. The chemical structure of compound 37.

Spiro-pyrrolizine derivatives

Zimnitskiy et al. have reported a series of spiro[indeno[1,2-b]quinoxaline-11,3'-pyrrolizine] derivatives 4°. The new
compounds were evaluated for their cytotoxicity against the HeLa cancer cell line using the MTT assay. With the
exception of four derivatives, the remaining derivatives inhibited the growth of Hela cells at ICso values in the range
of 1.93-68.30 uM. Among these derivatives, compound 38 (Figure 25) was the most active (ICso = 1.93 uM)
compared to camptothecin (ICso = 1.66 UM).

38
Cl
Figure 25. The chemical structure of compound 38.

Almansour et al. reported the synthesis and anticancer activity of a series of spiro-pyrrolizine derivatives 4. These
derivatives were evaluated for their antiproliferative activity against three cancer cell lines. The results revealed that
these spiro-pyrrolizines have antiproliferative activity similar to those of doxorubicin. Among these derivatives,
compound 39a, 39b and 39c were the most potent, Figure 26. Among the three compounds, 39b showed potent
activity against leukemia CCRF-CEM cells at an (ICso = 3.6 uM).
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\\\\

© 39a: Ar = CgHs;

39b: Ar = 2-CH3CgHa;
39c: Ar = 4-FCgHy;
Ar 39a-c 6

Figure 26. The chemical structures of compounds 39a-c.

Crystal structure of pyrrolizine derivatives

Several crystal structures of pyrrolizine derivatives have been reported in complexes with phospholipase A2 47,
bovine lactoferrin 484°, human intestinal fatty acid binding protein 50, DNA 5!, MMC-binding protein 52, MRD protein
53, methyltransferase %4, and pyrrolizidine alkaloid N-oxygenase %5. The binding modes and interactions of three
pyrrolizines into their target proteins were analyzed using Discovery Studio Visualizer (V16.1.0.15350) %6, Three
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figures showing the binding modes and interaction of these compounds were generated according to previous
reports 5760,

Licofelone, a dual inhibitor of COX/5-LOX, was reported in complex structure with phospholipase A2 (PDB: 1ZYX) 4.
Phospholipase A2 is responsible for the hydrolysis of fatty acids of phospholipids and play a role in the modulation of
inflammatory responses 6. Analysis of the binding mode and interactions of licofelone into the phospholipase A2
revealed a hydrophobic interaction of the pi-sigma type with Leu2 and several hydrophobic interactions of the pi-alkyl
type with Alal8, lle19, and Trp31, Figure 27. In addition, the binding pocket of licofelone into phospholipase A2 includes
three molecules of water, which participate in water-mediated hydrogen bonds with the ligand.
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Figure 27. The binding interaction of licofelone in complex with phospholipase A2 (PDB: 1ZYX): A) 3D binding
mode of licofelone (shown as sticks, colored by element) into its binding pocket in phospholipase A2, water
molecules are shown as red spheres; B) 2D binding mode of licofelone (shown as sticks), showing the hydrophobic
interactions with amino acids in the phospholipase A2; hydrogen atoms were omitted for clarity; this figure was
generated using the Discovery Studio Visualizer (V16.1.0.15350).

In addition, ketorolac was reported in a complex structure with human intestinal fatty acid binding protein (hiFABP,
PDB: 2MJI) %°. The binding mode and interaction are illustrated in Figure 28. Analysis of the binding interactions
revealed one pi-cation interaction with Lys27, one pi-alkyl interaction with Val23, and one pi-pi interaction with
Tyr70.

Vpd 23

Interactions

[:] Pi-Cation

D Pi-Pi Stacked

[] Piaky

Figure 28. The binding interaction of ketorolac in complex with hiFABP (PDB: 2MJI): A) 3D binding mode of
ketorolac (shown as sticks, colored by element) into its binding pocket in hiFABP; B) 2D binding mode of ketorolac
(shown as sticks), showing the hydrophobic interactions with amino acids in hiFABP; hydrogen atoms were omitted
for clarity; this figure was generated using the Discovery Studio Visualizer (V16.1.0.15350).

On the other hand, the crystal structure of mitomycin C in complex with DNA (PDB: 199D) was reported by Sastry
et al. 51. Analysis of the binding mode and interaction revealed a monoalkylated [MC]dG adduct, Figure 29.
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Figure 29. The binding interaction of monoalkylated mitomycin C-DNA complex (PDB: 199D): A) 3D binding mode
of mitomycin C (shown as sticks, colored by element) into DNA duplex ; B) 3D binding mode of mitomycin C (shown
as sticks), showing different types of binding interactions; hydrogen atoms were omitted for clarity; this figure was
generated using the Discovery Studio Visualizer (V16.1.0.15350).

Conclusions

The pyrrolizine nucleus is a bicyclic ring system that consists of a pyrrole ring fused to another pyrrolidin ring. This
nucleus constitutes the basic skeleton in many natural as well as synthetic compounds. In this work, different types
of biological activities of these compounds were reviewed with a primary focus on the anticancer activity.
Pyrrolizines and the saturated pyrrolizidine alkaloids displayed diverse biological activities such as anti-
inflammatory, nootropic, antiemetic, antibacterial, antiviral, anticonvulsant, antiarrhythmic, and anticancer activities.
At least two of these derivatives, ketorolac and mitomycin C, have been used clinically as anti-inflammatory and
anticancer agents, respectively. The dual COX/5LOX inhibitor licofelone was also evaluated in clinical trials for the
treatment of osteoarthritis. Among the diverse activity of these compounds, a large number of the pyrrolizine-based
derivatives have displayed cytotoxic activity against different types of cancer cell lines. Based on their chemistry,
these compounds could also be classified into substituted, fused, and spiro-pyrrolizine. The cytotoxicity of these
pyrrolizines was attributed to different mechanisms of action, such as DNA alkylation, COX inhibition, and alteration
of the permeability of the cytoplasmic membrane in cancer cells. In addition, other mechanisms of action such as
inhibition of DNA replication, inhibition of rRNA, inhibition of Racl kinase, inhibition of thioredoxin reductase, and
inhibition of oncogenic kinases have also been reported for members in this class. The last section of this review
also focuses on the reported X-ray crystal structure of some pyrrolizines with different target macromolecules. The
binding modes and interactions of selected derivatives were illustrated in this review. To sum up, we hope that the
data compiled in this review will be useful to researchers in the design of pyrrolizines with potent and selective
biological activities.
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