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Abstract: Phenazines are a large group of nitrogen-containing heterocycles, providing diverse
chemical structures and various biological activities. Natural phenazines are mainly isolated from
marine and terrestrial microorganisms. So far, more than 100 different natural compounds and
over 6000 synthetic derivatives have been found and investigated. Many phenazines show great
pharmacological activity in various fields, such as antimicrobial, antiparasitic, neuroprotective,
insecticidal, anti-inflammatory and anticancer activity. Researchers continued to investigate these
compounds and hope to develop them as medicines. Cimmino et al. published a significant
review about anticancer activity of phenazines, containing articles from 2000 to 2011. Here, we
mainly summarize articles from 2012 to 2021. According to sources of compounds, phenazines
were categorized into natural phenazines and synthetic phenazine derivatives in this review. Their
pharmacological activities, mechanisms of action, biosynthetic pathways and synthetic strategies
were summarized. These may provide guidance for the investigation on phenazines in the future.

Keywords: phenazine; pharmacological activity; mechanism of action; biosynthetic pathway;
synthetic strategy

1. Introduction

Natural products are considered to be especially valuable resources for drug dis-
covery. With the rapid development of technologies for isolation, purification and de-
tection, great interest has been shown in the underexplored natural products. Natural
phenazines are mainly discovered from microorganisms of marine and terrestrial. More
than 100 natural phenazine derivatives and over 6000 synthetic phenazine derivatives have
been investigated so far [1-4]. Phenazine derivatives are a large group of planar nitrogen-
containing heterocyclic compounds and the most important core structure is a pyrazine ring
(1,4-diazabenzene) with two annulated benzenes [5-7]. Phenazine derivatives differ in
their chemical and physical properties based on the type and position of present functional
groups. Their oxidation-reduction (redox) and fluorescent properties have attracted in-
creasing attention. Some of them are significant dyes applied in medical and biological
industry, while others are developed as efficient fluorescent probes to study the change of
biochemical profile in vivo [8,9]. Natural phenazines are produced directly from various
microorganisms, including Pseudomonas spp., Streptomyces spp., Actinomycete spp. in ter-
restrial and marine environments. They, like most other important secondary metabolites,
possessed various biological activities and have been extensively studied for a long period
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of time [10,11]. Phenazines and their derivatives exhibit a broad range of biological activi-
ties, such as antimicrobial, antiparasitic, neuroprotective, insecticidal, anti-inflammatory;,
anticancer activity and so on [12-15]. Phenazine derivatives could be used as prodrugs due
to biological activities, for which pharmacologists and chemists have committed themselves
to make them into patent medicines. For example, clofazimine (Figure 1) is successfully
applied in clinic as widely used antileprosy and antitubercular drug due to antimicrobial
activity and immunosuppressive properties [16]. XR11576, XR5944, NC-182 and NC-190
(Figure 1) belong to fused aryl phenazine derivatives, also they show significant anticancer
activity and are under clinical studies [7]. Phenazine derivatives display antibacterial
activity mainly against methicillin-resistant due to redox properties [17]. According to
reports in recent years, phenazine derivatives possessed antiproliferative activities against
various cancer cell lines [18-21]. Additionally, phenazine derivatives were candidates to be
developed as inhibitors of disease-related targets and reported to show activity of inhibition
to multiple enzymes [22-25]. Although phenazine derivatives possessed a broad activity
spectrum, the in-depth study was hindered due to the limited resource. Many research
groups devoted themselves to carrying out the synthetic work to investigate biological
activities of synthetic phenazine derivatives.
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Figure 1. The chemical structures of clofazimine, XR11576, NC-182, NC-190 and XR5944.

Laursen et al. reviewed natural and synthetic phenazine derivatives with regard to
biological activities in 2004 [6]. Phenazines and their derivatives had been associated with
anticancer activity since 1959. On the basis of significant anticancer activity of phenazines
and their derivatives, Cimmino et al. excellently reviewed natural and synthetic phenazines
and derivatives about their anticancer activity and mechanisms of action in 2012, covering
articles from 2000 to 2011 [26]. In recent years, researchers found various novel structures
of natural phenazine derivatives and investigations of pharmacological activity were
involved in many aspects. In this review, phenazines isolated from microorganisms,
synthetic phenazine derivatives, their pharmacological activities and mechanisms of action
were summarized, covering the articles from 2012 to 2021.

2. Natural Phenazine Derivatives

In the past decades, according to the published articles, many researchers investigated
known phenazines deeply and further evaluated their potent biological activity. Other
researchers tried to find novel phenazines from natural sources. Natural phenazines can be
categorized according to the types of functional groups and their linking positions on the
phenazine core.

2.1. Biological Activity of Known Phenazines

Compound 1 (phenazine-1-carboxylic acid, Figure 2) is also called tubermycin B due to
its antibiotic activity against Mycobacterium tuberculosis. It is widely distributed in various
microorganisms as a precursor of many natural phenazine derivatives. Gorantla et al.
firstly reported its antifungal activity against major human pathogen, Trichophyton rubrum,
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which could be responsible for causing athlete’s foot, jock itch, ringworm and fingernail
fungus infections. The minimum inhibitory concentration (MIC) was 4 mg/mL [27]. Varsha
et al. first isolated it from Lactococcus BSN307 and investigated its anticancer activity against
HeLa cell line (ICsp = 20 pg/mL) and MCEF-7 cells (IC5p = 24 pg/mL). It showed inhibitory
activity towards leucine and proline aminopeptidases; thus, it would be used as a potential
metalloenzyme inhibitor [28].
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Figure 2. The chemical structures of classical phenazines 1-8.

Compound 2 (Figure 2) is also a significant phenazine-type metabolite produced
by various microorganisms. Cardozo et al. investigated its antibacterial activity against
MRSA (Methicillin-resistant Staphylococcus aureus) strains and found its synergic effect
when combined with silver nanoparticles produced by Fusarium oxysporum [29]. Thanabal-
asingam et al. first isolated it from the leaves of a medicinal plant Coccinia grandis [30]. Tupe
et al. tested its activity against human pathogen Candida albicans (MIC = 32-64 pg/mL),
demonstrating its mechanism of antibacterial and antifungal activities via reactive oxy-
gen species (ROS)-mediated apoptotic death; 2 could lead to production of intracellular
ROS. ROS caused hyperpolarization of mitochondrial membrane, following externaliz-
ing phosphatidylserine, chromatin condensation and DNA fragmentation, thus, inducing
apoptosis and, finally, cell death [31]. Kennedy et al. and Ali et al. further investigated
anticancer mechanism of 2. The anticancer activity mechanism was also connected with
ROS. p53, Bax and cytochrome C (Cyto-C) were overexpressed while caspase-3 was acti-
vated and oncogenic, anti-apoptotic proteins such as poly ADP-ribose polymerase (PARP)
and B-cell lymphoma-2 (Bcl-2) family proteins (Bcl-2, Bcl-w and Bcl-xL) were inhibited
(Figure 3) [32,33].

Pyocyanin (7, Figure 2) is a redox-active phenazine. It is a major virulent factor
produced by Pseudomonas aeruginosa, which exerts damage effects on mammalian cells.
Chai et al. explored pathogenesis of 7 on macrophages. Biological data showed it could
promote IL-8 secretion and mRNA expression in a concentration-dependent manner. Signal
pathways of the protein kinase C (PKC) and nuclear factor-«-gene binding (INF-kB) were
involved in phorbol 12-myristate 13-acetate (PMA)-differentiated U937 cells infected by
7 [34]. Forbes et al. aimed to investigate the pyocyanin role of redox-sensitive mitogen-
activated protein kinase (MAPK) by inducing toxicity in A549 cell line. The results showed
that pyocyanin-induced cytotoxicity was different from c-Jun N-terminal Kinase (JNK)
and p38MAPK signaling pathways. Acute ROS production and subsequent oxidative
stress strengthened its toxicity [35]. 1,6-Dihydroxyphenazine 5,10-dioxide (8, Figure 2) is
also called iodinin. It was discovered to show anti-bacterial activity and weak activity
against a mouse tumor model. Sletta et al. firstly isolated it from Streptosporangium sp.
DSM 45942 from the fjord sediment; 8 showed great antibacterial and antifungal activities
against Candida glabrata and Enterococcus faecium, MIC ranging from 0.35-0.71 pg/mL.
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Compared with normal rat kidney (NRK) fibroblasts, 8 showed higher selectivity towards
leukemia cell line. It was a promising compound to be developed as an anticancer drug,
especially those targeting leukemia [36]. Myhren et al. further investigated its anticancer
potential against acute myeloid leukemia (AML) and acute promyelocytic leukemia (APL)
cells. The results demonstrated its anticancer potency against two selective cancer cell
lines and weak toxicity to normal cells. Molecular modeling results suggested that it
could intercalate between bases in the DNA, leading to DNA-strand break. The apoptosis
progress was associated with Fms-like tyrosine kinase (FLT3) internal tandem duplications,
mutated /deficient p53 and activation of caspase-3 [37].

Phenazines

Oxidation stress

Release of apoptogenic factors

Activation of caspase 9

Activation of caspase 3

Cytomorphological changes
(Formation of apoptotic bodies)

Apoptosis

Figure 3. The anticancer mechanisms of action of reported phenazines which induced apoptosis
associated via mitochondria mediated apoptotic pathways.

Lee et al. isolated compounds 1, 3 and 4 (saphenic acid, Figure 2) from a deep-sea
sediment-derived yeast-like fungus Cystobasidium larynigs IV17-028. These compounds
could decrease the production of NO, thus showing inhibitory activity against lipopolysac-
charide (LPS)-induced murine macrophage RAW 264.7 cells with ECs values of 17.06 mg/mL
(76.1 uM), 14.67 mg/mL (54.7 uM) and 6.15 mg/mL (22.9 uM), respectively [38].

Hifnawy et al. isolated compounds 1, 5 (phenazine-1,6-dicarboxylate) and 6 (phen-
comycin) from actinomycetes, Micromonospora sp. UR56 and Actinokineospora sp. EG49.
These compounds demonstrated high to moderate antibacterial and antibiofilm activities
against four bacterial strains (Staphylococcus aureus, Bacillus subtilis, Escherichia coli and
Pseudomonas aeruginosa), with modest cytotoxicity against four cell lines (WI38, HCT116,
HepG-2 and MCF-7). They took Staphylococcus DNA gyrase-B and pyruvate kinase as
targets. Subsequently, in vitro data showed that 1, 5 and 6 (Figure 2) exerted their bacte-
rial inhibitory activities through inhibiting Staphylococcus DNA gyrase-B and pyruvate
kinase [39].
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2.2. Natural Phenazines
2.2.1. Terpenoid Phenazines

Terpenoid phenazines contain common structural feature of isoprenylated C or N
side chains and most of them show moderate or weak antibacterial activity. Kondratyuk
et al. isolated marine phenazines 9 and 10 (Figure 4) from Streptomyces sp. strain CNS284:
9 demonstrated inhibitory activity of NF-«xB and cyclooxygenase-2 (COX-2); 10 showed
potent (sub-uM) inhibition activity of prostaglandin E2 (PGE2) production. However, these
activities monitored did not have a strong correlation with each other. The mechanism
of action was not apparent and needed to be further investigated [40]. Ohlendorf et al.
isolated geranylphenazinediol (11, Figure 4) from a marine sediment Streptomyces sp.
strain LB173 [41]: 11 bears geranylation at C-4 side. It showed weak antibacterial activity
and great inhibitory activity toward human acetylcholinesterase (IC5p = 2.62 £ 0.35 uM).
Phenaziterpenes A (12) and B (13, Figure 4) are structurally related to geranylphenazinediol,
bearing O-geranylation. Song et al. isolated them from Streptomyces lusitanus SCSIO LR32.
However, compounds 12 and 13 did not show antibacterial activity and cytotoxicity against
tumor cell lines [42].
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Figure 4. The chemical structures of compounds 9-19.

Wau et al. isolated N-prenylated endophenazine 14 (Figure 4) from Kitasatospora sp.
MBT66. 14 inhibited B. subtilis better than positive control drugs Ampicillin and Strep-
tomycin [43]. Han et al. isolated several natural phenazines 15-19 (Figure 4) isolated
from Streptomyces sp. NA04227; 15-19 showed moderate inhibitory activity against hu-
man acetylcholinesterase and moderate antibacterial activity against Micrococcus luteus
(MIC =4 umol/L) [44].

2.2.2. Glycosylated Phenazines

A few natural glycosylated phenazines have so far been found and reported. The ac-
tivity of glycosylated phenazines was not remarkable and needed to be further investigated.
Rusman et al. firstly isolated deglycosylated phenazines (compounds 20-25, Figure 5) from
Streptomyces sp. Strain DL-93. None of the compounds exhibited any inhibitory activity
against tested bacteria and fungi. However, 21, 22 and 25 showed weak cytotoxicity against
HCT-116 cancer cell line with ECsj values of 18 uM, 52 uM and 45 uM, respectively. In vitro
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biological assay data demonstrated that the weak cytotoxic activity was not associated
with DNA intercalations and topoisomerase inhibition. The mechanisms of action were
uncertain and needed to be further investigated [45].
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Figure 5. The chemical structures of compounds 20-30.

Wu et al. also isolated glycosylated endophenazines (compounds 26-30, Figure 5) from
Kitasatospora sp. MBT66; 26 and 28 contain sugar moiety and the sugar is methylated at 2’-O
position. These two compounds are rare in nature and firstly reported; 26-30 all showed
antibacterial activity to some extent against Gram-positive B. subtilis. In addition, 26-28
and 30 also showed antimicrobial activity against Gram-negative E. coli. Interestingly, they
found that glycosylated 27 and 28, compared with their corresponding aglycone, displayed
enhanced activities against Gram-negative E. coli [43].

2.2.3. Divergent Fused Phenazines

This class of phenazines contains more than one phenazine-derived moiety. There
are a few divergent fused phenazines in nature that have been reported so far. Li et al.
isolated diastaphenazine (31, Figure 6) from an endophytic Streptomyces diastaticus subsp.
ardesiacus: 31 was a cytotoxic dimeric phenazine, showing antibacterial activity against
S. aureus (MIC = 64 ng/mL). However, 31 was inactive against E. coli and C. albicans even
at 128 pg/mL. Compared with positive control (adriamycin), 31 showed weak cytotoxicity
against HCT116, BGC-823, HepG2, HeLa and H460 cell lines with ICsj values of 14.9 uM,
28.8 M, 65.2 uM and 82.5 uM, respectively [46].
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Baraphenazines A—C (32-34, Figure 6) are fused 5-hydroxyquinoxaline/alpha-keto
acid amino acid compounds. Baraphenazines D and E (35 and 36, Figure 6) are spe-
cial diastaphenazine-type compounds. In addition, baraphenazines F and G (37 and 38,
Figure 6) are phenazinolin-type compounds. Wang et al. isolated them from Streptomyces
sp. PU-10A and investigated their anticancer activity. Only 36 displayed appreciable
activity against A549 and PC3 cell lines with ICsg values of 2.4 uM and 4.7 uM, respectively.
Structure-activity relationship (SAR) indicated that the group of amide on 36 was important
to the anticancer activity. On the contrary, the group of free acid on 32—35, 37 and 38 was
not benefit to the antiproliferative activity. These bioactivity data could explain a general
toxicity-based mechanism of action [47].

2.2.4. Biological Activity of New Phenazines

Kennedy et al. isolated 5-methyl phenazine-1-carboxylic acid (39, Figure 7) from
a rhizosphere soil bacterium. It showed selective cytotoxicity against A549 and MDA
MB-231 cell lines in a dose-dependent manner, with ICsy values of 488.7 nM and 458.6 nM,
respectively. It exhibited antiproliferative activity by inhibiting cell viability, DNA synthesis
and induced G1 cell cycle arrest and apoptosis in cancer cell lines. It was mediated by
mitochondrial apoptotic pathway via activation of caspase-3 and down regulation of Bcl-2

expression [32].
Oy, OH O._OH O, _NH, HO,,
'il o \N N/ N/
o "'OH
40 41 42
NH,

“'OH
39

s od od
%gﬁgﬁﬂ

Figure 7. The chemical structures of compounds 39-45.
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Lee et al. isolated compounds 40-42 (Figure 7) from yeast-like fungus Cystobasidium
larynigs IV17-028. These compounds, except for compound 41, could also inhibit the
production of NO, thereby showing inhibitory activity against lipopolysaccharide (LPS)-
induced murine macrophage RAW 264.7 cells with ECs, values of 18.10 mg/mL (46.8 uM)
and 6.15 mg/mL (22.9 uM), respectively [38]. Deng et al. isolated bioactive compound 43
(Figure 7) from Streptomyces lomondensis S015, which inhibited Pythium ultimum, Rhizoctonia
solani, Septoria steviae and Fusarium oxysporum f. sp. Niveum, with MIC values of 16 ug/mL,
32 ug/mkL, 16 ng/mL and 16 pg/mL, respectively. These biological data showed the
potency of 43 as a promising hit for the further development as a biopesticide [48]. Cha
et al. isolated compounds 44 and 45 (Figure 7) from Streptomyces sp. UT1123. These
two compounds had a unique methylamine linker rather than common methyl ether.
Additionally, 44 and 45 showed neuronal protective activity on HI-22 mouse hippocampal
neuronal cells even in a low concentration [14].

3. The Progresses of Biosynthetic Pathways of Phenazines

McDonald et al. found that 2-amino-2-deoxyisochorismic acid could be completely
converted into 1. These compounds were mainly extracted from Pseudomonas spp. PhzB,
phzD, phzE, phzF, phzG and so on, which belong to the phz gene family and they were proved
to play important roles in phenazine synthesis [49]. Chorismic acid (56) was not only a
common precursor for many primary and secondary metabolism but also the first substrate
in biosynthetic pathway towards natural phenazines. Many important phenazines could
be produced from microorganisms by this biosynthetic pathway. Combining with previous
reports of Xu et al. and Blankenfeldt et al., the classical biosynthetic pathway towards
strain-specific phenazines starting from chorismic acid is shown in Figure 8 [5,50].

Normally, the biosynthetic pathway in Pseudomonas mainly focused on simple modifi-
cation of phenazine cores. Shi et al. reported a different biosynthetic pathway of various
complex phenazines from the entomopathogenic bacterium Xenorhabdus szentirmaii. By
modifying the core structure of phenazine, such as electron-rich aromatic rings, reduced
form nitrogen(s) and carboxylic acid, a variety of natural phenazine derivatives can be
generated. The synthesis of compound 59 is controlled by the typical phz operon in X. szen-
tirmaii similar to classical biosynthetic pathway. Further modification of 59 was diversified
by the enzymes from two discrete biosynthetic gene clusters. This progress of biosynthetic
pathway was involved in multiple enzymatic and non-enzymatic reactions (Figure 9) [51].

Guo et al. developed a biosynthetic pathway to synthesize phenazine N-oxides in Pseu-
domonas chlororaphis HT66 (Figure 10). They used three enzymes, a monooxygenase (phzS),
a monooxygenase (phzO) and the N-monooxygenase (naphzNO1). Additionally, naphzNO1
only catalyzed the conversion of 80, but failed to convert into 81 in vitro. This study also
provided a promising method for the synthesis of aromatic N-oxides by naphzNO1 [52].
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Figure 8. Classical biosynthetic pathway towards strain-specific phenazines starting from
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Figure 9. Complex phenazines 4, 8 and 59-77 and their biosynthetic pathway in X. szentirmaii.
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Figure 10. The designed biosynthetic pathway for phenazine N-oxides 80 and 81.

4. Synthetic Phenazine Derivatives

Although natural phenazines possess a variety of biological activities, most of which
show moderate or weak activity, thus lacking the possibility to be used as drugs. Structural
modification and total synthesis are used to achieve some phenazine derivatives which
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show notable activity. Normally, the researchers focus on enhancing one special biolog-
ical activity. Here, synthetic phenazine derivatives will be classified into the following
categories in detail, with the perspective of biological activities and functional groups
connected to phenazine core.

4.1. Antimicrobial Activity
4.1.1. Halogenated Phenazine Derivatives

According to related reports, bacterium would stop growth in MIC of 2—4 pg/mL and
die in MIC of 2 ug/mL [48]. Halogenated phenazines derivatives are tested as antibacterial
agents which could target multiple persistent bacterial phenotypes effectively and show
negligible toxicity against mammalian cells. Antibacterial effect of halogenated phenazine
derivatives could be attributed to membrane disruption, interference with redox cascades
or electron-flow and the production of ROS [13,53]. Halogenated phenazine derivatives
needed to be further developed by chemists due to the great antibacterial activity.

Conda-Sheridan et al. synthesized a series of phenazines derivatives inspired by
some natural halogenated phenazines. They found N-(methylsulfonyl) amide group
in the position of C-4 and halogenated group in the position of C-6 would remarkably
improve the activity against MRSA. Compounds 82 and 83 (Figure 11) showed stronger
antibacterial activity in these synthetic halogenated phenazines compared to positive drug
vancomycin (MIC = 2 ug/mL). The mechanism of action of the most active compound
was also investigated, but various tested biological data indicated that 83 did not have
correlations with major reported antibacterial mechanisms. The in vitro ICsy values of 80
and 81 (Figure 11) against HaCaT cells (immortal keratinocytes) were 118 mM (82) and
193 mM (83), respectively; 83 seemed to be a promising molecule for the development of
MRSA drugs. Additionally, the application of computational methods such as quantitative
structure—-activity relationship (QSAR) and the prediction of LogP would promote the
development of antibacterial drugs [54].
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. - 8 U .
EEEL LA "O N\ K Yeuamn® "o NS K
‘e, H “ﬁ’ ‘0.. "Q
82 83
MIC =4 pg/mL MIC =2 pg/mL

Figure 11. The chemical structures of compounds 82 and 83.

Garrison et al. synthesized a series of phenazines derivatives modified in the posi-
tions of C-2, C-4, C-7 and C-8. Compound 84 (Figure 12) proved to be the most potent
biofilm-eradicating agent (>99.9% persister cell killing) against Methicillin-resistant Staphy-
lococcus aureus (minimal biofilm eradication concentration (MBEC) < 10 uM), Methicillin-
resistant Staphylococcus epidermidis (MBEC = 2.35 uM) and vancomycin-resistant Enterococ-
cus (MBEC = 0.20 uM) biofilms, while compound 85 (Figure 12) demonstrated antibacterial
activity against M. tuberculosis (MIC = 3.13 uM) [55]. Yang et al. explored a series of
halogenated phenazines derivatives modified in the positions of C-4, C-6 and C-8. They
discovered that 6-substituted halogenated phenazines derivatives could enhance biofilm
eradication and antibacterial activities against Methicillin-resistant Staphylococcus aureus,
Methicillin-resistant Staphylococcus epidermidis and vancomycin-resistant Enterococcus. In
addition, Yang et al. synthesized a polyethylene glycol (PEG)-carbonate phenazine deriva-
tive 86 (Figure 12). Its water solubility was improved and demonstrated 30- to 100-fold
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enhancement of antibacterial activities against Methicillin-resistant Staphylococcus aureus
strains, likely through a prodrug mechanism [53].

Potent Biofilm-Eradicating Agent

OH
Cl N Br
-
OB
Cl N
84

MRSA MBEC = 9.38 uM
MRSE MBEC = 2.35 uM
VRE MBEC =0.20 uM

Potent anti-M.tuberculosis Agent o

oo o~

pere Qﬁf’ibo

85

MtB MIC = 3.13 uM ClogP = 4.06
MRSA-1707 MIC = 0.03 uM
MRSA-1707 MBEC = 9.83 uM

Figure 12. The chemical structures of compounds 84-86 and related activity data.

Borrero et al. synthesized several halogenated phenazine derivatives which were in-
spired by natural halogenated phenazine 87 (Figure 13); 87 was selected as a lead antibiotic
which displayed great inhibitory activity against S. aureus (MIC= 1.56 uM). For example,
the activity of 88 increased two folds by systematic structural diversification and the SAR
was discussed as shown in Figure 13 [56].
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Figure 13. The chemical structures of compounds 87-96 and their inhibitory activity against S. aureus.

4.1.2. Derivatives of Clofazimine

Although clofazimine (Figure 14) is an antibiotic against multidrug-resistant M. tu-
berculosis, the clinical utility of this agent is limited by its poor physical and chemical
properties and the possibility of skin discoloration. TBI-1004 and B4100, modified at differ-
ent positions (Figure 14), showed stronger anti-M. tuberculosis activity than clofazimine.
Zhang et al. designed and synthesized a series of riminophenazine derivatives which
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contained a pyridyl group at the C-3 position of the phenazine core, inspired by previous
investigations about the developments of TBI-1004 and B4100. Among these derivatives,
compound 97 (Figure 14) demonstrated similar activity against M. tuberculosis. Addition-
ally, reduced the possibility of skin discoloration in an experimental mouse infection model
as compared to clofazimine. In addition, physicochemical properties and pharmacokinetic
profiles of 97 were improved [57].

Qm@mﬁﬁﬁ @Q@

NeNoR e

cl F
clofazimine B4100 TBI-1004

H
C[N\Lj" SN Compound MIC (ug/imL) ICsp (ng/mL) ClogP
|
N SN CFz 0.12 68.6 6.80
97 0.016 >64 5.70
o~

Figure 14. The chemical structures of clofazimine, B4100, TBI-1004, 97 and the data of related
biochemical properties (MIC, ICsy and ClogP).

Cl

97

Tonelli et al. also synthesized a series of riminophenazine derivatives which contained
quinolizidinylalkyl and pyrrolizidinylethyl moieties. These riminophenazine derivatives
were tested against M. tuberculosis strains H37Rv and H37Ra, six clinical isolates of M. avium
and M. tuberculosis and three mammalian cell lines (HMEC-1, MT-4 and Vero 76). The best
compounds 98-101 (Figure 15) showed great inhibition against all strains of M. tuberculosis
(MIC = 0.82-0.86 uM), 98 showed great inhibition against M. avium (MIC = 3.3 uM). The
MIC values for clofazimine were 1.06 uM against M. tuberculosis and 4.23 uM against M.
avium, respectively; 98 demonstrated a selectivity index (SI = 5.23) against the human cell
line MT-4 comparable with clofazimine (SI = 6.4). Toxicity of 98 against mammalian Vero
76 cell line was quite low (SI = 79) [58].
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Figure 15. The chemical structures of compounds 98-101.
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4.1.3. Derivatives of Phenazine-1-carboxylic acid

Exemplified by compounds 1 and 2, simple natural phenazines possess great fungi-
cidal activities. Many groups continued to investigate their derivatives, hoping to dis-
covery new eco-friendly agrochemicals. Niu et al. designed and synthesized deriva-
tives of phenazine-1-carboxylic acid (1) linking with different amino-acid esters. Com-
pounds 102-109 (Figure 16) showed greater activity than 1 (EC59p = 66 pg/mL) with
ECsp values between 5.35 to 8.85 ng/mL. Particularly, 107 (ECsg = 6.47 pg/mL) and 108
(ECsg = 5.35 pg/mL) showed the best fungicidal activities against Rhizoctonia solani Kuhn
and none of them had phloem mobility [59].

H (o] H o H o
o N M~ o Nﬁ)ko/ o N\%J\O/\
N N N
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N N N
110

111 (L) 105 (L)
112 (D) 106 (D)
o/
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O._NH
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| N\ N\ o\/
N/ | N/ Q
107 (L) 109
108 (D)

Figure 16. The chemical structures of compounds 102-109.

Taking compound 2 as the lead compound, Zhu et al. designed and synthesized a
series of phenazine-1-carboxylic acid (1) diamide derivatives. The fungicidal activities were
tested by using the inhibitory ratio under 0.2 mmol/L (%) against six phytopathogenic fungi
Rhizoctonia solani, Fusarium graminearum, Alternaria solani, Fusarium oxysporum, Sclerotinia
sclerotiorum and Pyricularia oryzac. Although all derivatives had fungicidal activities to some
degree, the inhibitory activities of most derivatives were lower than control (compound 1).
Compounds 121-124 (Scheme 1) demonstrated inhibitory rates more than 50% against
R. solani and A. solani. Particularly, 121 showed the most potent fungicidal activity against
R. solani, with the inhibitory rate of 72.7%. Compound 121 demonstrated the strongest
fungicidal activity against P. oryzae with the inhibitory rate of 82.0% [60].

Han et al. designed and synthesized a series of phenazine-1-carboxylic (compound 1)
piperazine derivatives. Most phenazine-1-carboxylic piperazine derivatives showed fungi-
cidal activities in vitro. Particularly, compound 125 (Figure 17) showed inhibitory activity
against all tested pathogenic fungi (R. solani, A. solani, F. oxysporum, F. graminearum and
P. oryzac) with ECsg values of 24.6 uM, 42.9 uM, 73.7 uM, 73.8 uM and 34.2 uM, respec-
tively [61]. Lu et al. designed and synthesized the derivatives based on the skeleton of
1, which contained a series of 1,3,4-oxadiazol-2-yl thioether derivatives. The results of
biological assay demonstrated that target compounds possessed moderate to good fungici-
dal activities against R. solani, S. sclerotioru and P. oryzac Cavgra. Compounds 126 and 127
showed more than 90% inhibitory rate against S. sclerotioru. The ECsg values of 126 and
127 were 11.16 uM and 30.47 uM, respectively. In addition, the ECs( value of 127 against S.
sclerotioru was 10.49 mM, similar as that of compound 1 [62].
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Scheme 1. Synthesis of compounds 121-124. Reagents and conditions: (a) Oxalyl, CH,Cl,, DMF,
reflux, 8 h; (b) MeOH, rt, 1 h; (c) EDA, MeOH, rt, 0 °C to reflux, 2 h; (d) SOCl,, reflux, 6 h;
(e) Intermediates 117-120, 0 °C, 1 h.
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Figure 17. The chemical structures of compounds 125-127.

Li et al. also designed and synthesized the derivatives of compound 1 containing
substituted groups of triazole. Most 3-benzyl mercapto-1,2,4-triazol derivatives demon-
strated fungicidal activity against one or multiple plant pathogens in vitro and in vivo.
Compounds 137-140 (Scheme 2) displayed better inhibitory activity against rice blast
(P. oryzae) than 1. These results provided valuable references for further studies [63].
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129, 133 and 137 R = p-CH3CgH,
130, 134 and 138 R = o-F-C¢H,
128 129132 133-136 131, 135 and 139 R = m-CI-CgH,
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Scheme 2. Synthesis of compounds 137-140. Reagents and conditions: (a) Oxalyl chloride, CH,Cl,,
DME, reflux, 8 h; (b) NaOH (4%), EtOH, reflux, 20 min; (c) pyridine, C;HgO,, 0 °C, 2 h.

4.1.4. Water-Soluble Triazole Phenazine Derivatives

Hayden et al. evaluated water-soluble triazole phenazine derivatives, which were
synthesized previously. Compounds 141-143 (Figure 18) showed high antimicrobial activ-
ity at tested concentrations without cytotoxicity against human epithelial cells and tested

biological data suggested that 141-143 could interrupt metabolic electron-transfer cascades

thereby exhibiting cytotoxicity against E. coli, rather than production of ROS [64].

141 142 \ 143

Figure 18. The chemical structures of compounds 141-143.

4.2. Insecticidal Activity

Podophyllotoxin is a natural product used as the lead compound for the preparation of
insecticidal agents. It contains A, B, C, D and E rings. Zhi et al. designed and synthesized
a series of podophyllotoxin-based phenazine derivatives modified in the C, D and E
rings. In addition, the insecticidal activity of target compounds was investigated which
showed insecticidal activity against Mythimna separata Walker in vivo. Compounds 148
and 149 (Scheme 3) were phenazine derivatives of 4-acyloxypodophyllotoxin modified in
the E ring. They demonstrated stronger insecticidal activity than toosendanin [65]. Then,
they designed and synthesized a series of oxime derivatives of podophyllotoxin-based
phenazines modified in the C, D and E rings. Compounds 153-157 (Scheme 4) exhibited
equal or higher insecticidal activity than toosendanin. The combination of podophyllotoxin
and phenazine was proved to enhance insecticidal activity [66].
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Scheme 3. Synthesis of compounds 148 and 149. Reagents and conditions: (a) NalO4, HOAc, rt, 17 h;
(b) CH3Cl, rt, 0.5 h; (¢) RCOOH, DIC, DMAP, DCM, rt, 0.5-7 h.
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Scheme 4. Synthesis of compounds 153-157. Reagents and conditions: (a) NalO4, HOAC, rt, 17 h;
(b) CH3Cl, rt, 0.5 h; (c) 10% aq. NaOAc/EtOH, reflux, 15 h; (d) CrOs, pyridine, CH,Cly; (e) NH4Cl,
pyridine, EtOH, reflux, 54 h; (f) RSO,Cl, NaH, THEF, rt, overnight.

4.3. Antiparasitic Activity

Chagas’ disease, caused by Trypanosoma cruzi, is a widely spread endemic disease in
American. Alvarez and Minini et al. selected phenazine 158 (Figure 19) from their own
chemistry library and investigated its in-depth insight mechanism of inhibition; 158 could
bind to a widespread enzyme, triosephosphate isomerase (TIM) from T. cruzi. It showed
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great inhibitory activity against TIM and could be further developed as inhibitors of TIM;
158 showed highly selective inhibition against T. cruzi enzyme (IcTIM) and weak inhibition
against T. brucei (TbTIM), without affecting TIM from H. sapiens (HsTIM) and Leishmania
sp. (LmTIM) [67,68].

o lhibition

Cl N IC 50 (M) % of inhibition at 100 pM
+ 2
Cl N OH

[ TcTIM HsTIM HsTIM LmTIM TbTIM

158 26 >100 0.0 7.0 34.0

Figure 19. The chemical structure of compound 158 and its inhibition assay data against Tc, Hs, Lm
and TbTIMs.

4.4. Anticancer Activity
4.4.1. Phenazine 5,10-dioxide Derivatives

Phenazine-5,10-dioxide derivatives 159-166 are listed in Table 1. Hernandez et al.
investigated chemosensitizer effect of compounds 159 and 161 to cisplatin. They showed a
significant increase of the antiproliferative activity compared with the control group treated
with cisplatin alone, demonstrating sensitization to cisplatin therapy. In addition, 159
combined with cisplatin induced cell cycle arrest on bladder cancer cells, resensitizing the
invasive and cisplatin resistant 253 J cell line. It also showed great inhibition activity against
histone deacetylase (HDAC) and sensitized chemotherapeutic drugs to better access to
DNA, which would cause DNA damage, leading to cell death [69].

Table 1. The chemical structures of phenazine-5,10-dioxide derivatives 159-166 and survival rate (%)
in normoxia and hypoxia.
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Table 1. Cont.

SF ab,c
Structure/Name
Norm Hypox
T b
7§’N rj\ X
) 0 A B (165): 57 + 7 (165): 66 + 6
g,
165
3
WESROHS
HZN)LN,N\ . 7 (166): 100 + 8 (166): 73 + 4
H e
(o)
166

2 SF norm = survival fraction in normoxia at 20 mM on V79 cells. ® SF hypox = survival fraction in hypoxia at
20 mM on V79 cells. € Values are means of two different experiments. The assays were done by duplicate and
using at least three repetitions. Nd = not determined.

Phenazine 5,10-dioxide derivatives have also been reported in development as biore-
ductive agents. This class of compounds all contain a bioreductive moiety, the N-oxide
group and a planar heterocycle moiety, phenazine [70,71]. After the hypoxic selective
bioreductive process, the phenazine moiety can interact with DNA causing cytotoxicity
in the solid tumour cells [72]. Gonda et al. attempted to find selective hypoxic cytotoxins
with additional ability to inhibit DNA topoisomerase II. Inhibitive values in normoxia and
hypoxia condition of these compounds were shown in Table 1: 162-164 displayed some
degree of selectivity; 165 showed non-selectivity towards both conditions, normoxia and
hypoxia. Meanwhile, 159 and 163 showed the best selectivity; 164 exhibited inhibition of
topoisomerase II in hypoxia; 166 showed no inhibition of topoisomerase II in hypoxia and
normoxia. The DNA interaction abilities of phenazine 5,10-dioxide derivatives were related
to cytotoxicity in normoxia or hypoxia. SAR implicated that the arylethenyl moieties were
generally responsible for normoxic cytotoxicity. On the contrary, the group of sulfonamido
did not produce selective cytotoxicity whether in normoxia or hypoxia [73].

4.4.2. Benzo[a]phenazine Derivatives

According to related reports, benzo[a]phenazine derivatives show significant activity
of antiproliferation against HL-60 cell line. Topoisomerases, including topoisomerase I
and II, have been proved to be effective anticancer targets in drug discovery due to highly
over-expression in cancer cells [74,75].

Benzo[a]phenazine derivatives 167-174 are listed in Table 2. Zhuo et al. designed series
of benzo[a]phenazine derivatives, which alkylated the phenolic hydroxyl group on ring B,
introducing different substituted groups on ring D by condensation and followed up with
amination. This class of compounds showed good antiproliferative activity. Compound 167
demonstrated good Topo I-DNA cleavage complex stabilizing ability in vivo. Compound
168 showed inhibition of ATPase. Compared with 167, 168 and 169 were introduced a
methoxy group, their inhibitory activity was significantly improved and there was a good
correlation between the inhibitory activity and cytotoxic activity. Caspase-3/7 activation
assay showed that this class of compounds could induce an apoptotic response in HL-60
cell line [76].
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Table 2. The chemical structures of benzo[a]phenazine derivatives 167-174, ICsy values of in vitro
growth inhibitory, relative activity of Topo I-DNA cleavage and Topo II ATPase inhibition.

Relative Activity

Topo I Topo II ATPase
Cleavage ? Inhibition ¢

In Vitro Growth Inhibitory

Structure/Name
a ICSO Values

(167): IC59 = 3.99 uM (HeLa),
3.65 uM (A549), 5.01 uM
(MCEF-7), 1.40 uM (HL-60).
(168): ICs50 = 4.36 uM (HeLa),

(167): +++ (167): ++

/¢§:

167 Ry = Ro=
168 Ry = H, R, = OCH;
169 R; = OCH;, Ry= H

5.45 uM (A549), 2.83 pM

(MCF-7), 2.36 pM (HL-60).
(169): IC5y = 2.26 uM (HeLa),

2.24'uM (A549), 2.27 uM

(MCF-7), 1.04 (M (HL-60).

(168): — (168): +++

(169): — (169): ++

(170): IC50 =0.31 p.M
(HL"60), 24.56 uM (K562),

;N)/ 9.91 uM (Hela), 22.31 uM (170): Nd.
n

(170): Nd.

(A549).
(171)2 IC50 =0.21 H.M

[e] N
]ij (HL-60), 5.93 M (K562),
N 8.41 uM (Hela), 13.51 uM
(A549).
(172): ICsp = 0.38 uM
(HL-60), 4.73 uM (K562),
21.44 M (Hela), 16.28 uM
172n=3 (A549).
(173)2 IC50 =0.22 uM

(HL-60), 7.13 uM (K562),
N 29.95 uM (Hela), 32.96 uM

g o (A549).

(174): ICsp = 0.09 uM
(HL-60), 8.73 uM (K562),
18.23 uM (Hela), 26.45 pM
Rs (A549).

173 Ry = R, = H, Ry= OCH,

174 Rj= H, R, = R; = OCH;
2 IC50p = concentration required for 50% of the antiproliferative effect for a given cell population grown for
2 days in presence of the compound of interest.; ® The relative Topo I cleavage complex stabilizing potencies
of the compounds are presented as follows: —, no detectable activity; +, weak activity; ++, weaker activity
than that of CPT; +++, activity similar to that of CPT.; ¢ The relative Topo II ATPase inhibitory potencies of
the compounds are presented as follows: —, no detectable activity; +, weak activity; ++, weaker activity than
that of 1,4-naphthoquinone; +++, activity similar to that of 1,4-naphthoquinone, higher activity than that of
1,4-naphthoquinone; ++++.; Nd = not determined.

(171): Nd. (171): Nd.

(172): ++ (172): ++++

(173): Nd. (173): ++++

(174): Nd. (174): ++++

Yao et al. synthesized a series of 7-alkylamino substituted benzo[a]phenazine deriva-
tives. Most of these compounds showed better inhibitory activity in HL-60 cell line than
the other tested cell lines. The structure-activity relationship studies revealed that the sub-
stitution of amino groups on terminal of side chain at N-7 position could improve the Topo
I/Il inhibitory activity and cytotoxicity: 170-172 with the dimethylamino terminal showed
good Topo I and Topo II inhibitory activity; 170 could stabilize the Topo I-DNA cleavage
complexes in vivo; 173 with methoxy group at position C-9 exhibited good Topo I and
Topo Il inhibitory activity at 25 mM concentration; 173 showed inhibition of ATPase [22].

4.4.3. Pyran[2,3-c]phenazine Derivatives

Phenazine derivatives and pyran derivatives are important heterocyclic compounds
which possess good biological activity. The heterocyclic pyran structure usually is a func-
tional framework which appears in amounts of important drugs and natural products.
Molecular hybridization strategy shows great prospect in the present drug discovery to
reduce the side effects and the occurrence of drug-resistance [77]. The aromatic inter-
layer coupling structure of phenazine, as well as the structural characteristics of fluted or
specific enzyme binders, leads to selective high-affinity binders that target DNA and DNA-
enzyme complexes [78]. According to recent articles, pyran[2,3-c] phenazine derivatives
mainly showed cytotoxicity against HepG2 cell line. In addition, the mechanism inducing
apoptosis against cancer cells about this class of compounds is shown in Figure 3.
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Luetal. designed and synthesized a series of pyran[3,2-a] phenazine derivatives. Most
pyran[3,2-a] phenazine derivatives demonstrated cytotoxicity against HCT116, MCF-7,
HepG2 and A549 cancer cell lines in vitro. Especially, compounds 181-183 (Scheme 5) were
found to show potent growth inhibitory activity against HepG2 cell line (ICsy of 2-6 uM).
In addition, they also used experimental mouse models to test in vivo activity of these
phenazine derivatives. Among these phenazine derivatives, 181 was selected to do tumor
xenografts experiment to test the effect of inhibition. H22 cells was injected into ICR mice,
inhibitions were 7.78% (5 mg/kg), 68.89% (10 mg/kg) and 77.78% (20 mg/kg), respectively.
Further mechanism studies implicated 181 acted as topoisomerases I and II dual inhibitor,
cell cycle arrester and apoptosis inducer against HepG2 cell line [23].

L, —— OO o

CHO
176 R, = H, R, = Cl 180R1—H R,=Cl, R;=CN
177 Ry =R, =Cl 181R,;=R,=Cl, R;=CN
178 Ry =Br,R,=H 182R, = Br R, = H, R; = COOEt
179 Ry =R, =Cl 183 R, = R, = Cl, R; = COOEt

Scheme 5. Synthesis of compounds 180-183. Reagents and conditions: (a) Conc. HCl, FeCls, rt,
overnight; (b) malononitrile or ethyl 2-cyanoacetate, DABCO, EtOH, reflux, 0.5-2.5 h.

Additionally, Liao et al. firstly found 181 as thioredoxin reductase I (TrxR1) inhibitor
against HepG2 cell line. TrxR1 is a novel anticancer target different from topoisomerases I
and II. Molecular docking was carried out to study the inhibitory possibility of compound
181 against TrxR1. Soon afterwards, they investigated the crucial downstream protein
TrxR1 to confirm antiproliferation function of 181 against the HepG2 cell line. It supplied
valuable information for further development of the TrxR1 inhibitors [24].

Lu et al. also designed phenazine derivatives containing phenazine, pyran, indole and
1,2,3-triazole pharmacophores. Among these derivatives, 187 (Scheme 6) demonstrated
the best antiproliferative activity against A549 cancer cell line (ICsg of 5.4 M) and no
cytotoxicity against L02 and HUVEC non-cancer cell lines [18].
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Scheme 6. Synthesis of compound 187. Reagents and conditions: (a) Conc. HCl, FeCl3, rt, overnight;
(b) malononitrile, DABCO, EtOH; (c) sodium ascorbate, CuSO,4, THF /H,O.
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4.4.4. Benzo[a]pyran[2,3-c]phenazine Derivatives

This class of phenazine derivatives, which contain phenazine, pyran and benzo core,
possess great anticancer activity but rarely reported. Inspired by XR11576 (Figure 1),
benzophenazine derivative has been proved to be a great antitumor compound which
could be further modified. Gao et al. synthesized a series of benzo[a]pyran[2,3-c] phenazine
derivatives and evaluated their biological activities. Some of them (compounds 188-191)
are listed in Figure 20. Among these compounds, 189 and 191 possessed a p-dimethylamino
substituted group in benzo ring and the apparent differences between their structures
possessed cyan group and ethyl acetate group, respectively, in 3-position of y-pyran
ring. Compared to the positive control drug (hydroxycamptothecin), 189 showed better
inhibition activity against tested cancer cell line HepG2. However, 191 demonstrated no
inhibitory activity against all selective cell lines. These experimental data proved that cyan
group played an important role in antiproliferative activity: 189 and 190, possessing a
p-dimethylamino group and p-hydroxyl group, respectively, demonstrated some cytotoxic
activity to HCT116 cell line, ICsq of 0.22 pM and 15.32 uM, respectively; 189 showed
cytotoxic activity against HepG2 cell line with ICsj of 6.71 uM; 188-191 showed weak or
no activity against MCF-7 and A549 cell lines. SAR studies showed that cyan group and
p-dimethylamino group played a significant role in antiproliferative activity and resulted
in the decrease of cytotoxic activity [79].

.
v

Figure 20. The chemical structures of compounds 188-191.

4.4.5. Benzo[a]chromeno[2,3-c] phenazine Derivatives

Chromenes are also an important class of heterocyclic compounds which exhibit
attractive pharmacological properties, such as antitumor, anti-vascular, antioxidant, an-
timicrobial, sex pheromone, tumor necrosis factor-o (TNF-«) inhibitor, cancer therapy and
central neuroprotective activities [80]. Chromenes and phenazine derivatives both have
attracted attention, but benzo[a]chromeno|2,3-c] phenazine derivatives have rarely been
investigated [81].

Reddy et al. synthesized a series of phenazine-chromene hybrid molecules by protocol
of one pot multi-component reaction. Compounds 192-194 (Figure 21) showed excellent
in vitro antioxidant activity which was benefit to the treatment of cancer and prevention of
cardiovascular diseases. Compared with anticancer drugs etoposide and camptothecin,
192-194 showed similar antiproliferative activity against selective cancer cell lines with ICs
values of 3.28 uM, 4.31 uM and 4.01 uM against HeLa cell line and 2.24 uM, 3.81 uM and
3.12 uM against SK-BR-3 cell line, respectively. These compounds did not show significant
toxicity against normal human breast cells (HBL 100) at lower concentrations [19].

Figure 21. The chemical structures of compounds 192-194.
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4.4.6. Derivatives Derived from 2-Phenazinamine

Inspired by previous reports, Gao et al. isolated a natural derivative derived from
2-phenazinamine, showing high cytotoxicity against selective cancer cell lines. A series of
2-phenazinamine derivatives, including compounds 195-202 (Figure 22), were synthesized.
The antiproliferative activity results showed that ICsg values of 195 and 197 against HepG2
cell line were 16.46 uM and 15.21 uM, respectively. ICs, values of 195 and 198 against K562
cell line were 33.43 uM and 49.20 uM, respectively. In addition, ICs value of 196 against
MCEF-7 cell line was 11.63 uM. Notably, these active compounds showed no cytotoxicity on
the epithelial cells from the 293T non-cancer cells. Moreover, mechanism of 195 was similar
to control drug (cisplatin), inhibiting cancer proliferation by inducing apoptosis [82].
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Figure 22. The chemical structures of compounds 195-202.

According to the report of Gao et al., Kale et al. selected some 2-phenazinamines
derivatives and further utilized computational methods to investigate their protein tar-
gets. The experimental data of 199-202 showed great binding energy against BCR-ABL
tyrosine kinase by Autodock 4.2. Scores of 199-202 were —7.6 kcal/mol, —8.8 kcal/mol,
—7.2 kcal/mol and —7.1 kcal/mol, respectively. In addition, the score of imatinib was
—8.7 kcal/mol. All the computational data showed 2-phenazinamine derivatives would be
inhibitors against BCR-ABL tyrosine kinase and needed to be further investigated [25].

4.4.7. Derivatives Derived from 2,3-Diaminophenazine

Protein kinases (PKs) are essential in many cellular processes, which catalyze phospho-
rylation of different cellular substrates. Then, phosphorylation in turn regulates various
cellular functions. Normally, their activity is strictly regulated. Under pathological con-
ditions, PKs can be deregulated, leading to changes in the phosphorylation, resulting in
uncontrolled cell division, inhibiting apoptosis and other abnormalities. Various cancers
are known to be caused or accompanied by deregulation of the phosphorylation. Screening
new potent, selective and less toxic compounds to inhibit PKs has been proved to be a
promising cancer treatment strategy [83].

Mahran et al. prepared some phenazine derivatives, such as compound 203 and its
analogues (Figure 23). Among these derivatives, compounds 203-207 displayed antipro-
liferative activity with ICsg values of 8.8 uM, 7.7 uM, 8.4 uM, 6.8 uM and 8.8 uM against
A549 cell line and 6.0 uM, 4.4 uM, 5.2 uM, 16 uM and 6.8 uM against HCT116 cell line,
respectively. These compounds also showed inhibitory activity of human tyrosine kinases.
The experimental results of inhibiting human tyrosine kinase were consistent with cell
cytotoxicity activity [20].
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4.4.8. 2,3-Dialkoxyphenazine Derivatives

Endo et al. reported the only antitumor activity of 2,3-disubstituted phenazines
against sarcoma and carcinoma tumors in 1965 [84]. The presence of long fatty chains
could provide a good effect to cross the lipid barrier [85]. Moris et al. synthesized
2,3-dialkoxyphenazine derivatives using an easy, efficient and straightforward condensa-
tion method. These compounds 208-211 (Figure 24) were firstly reported to show activity
on MiaPaca pancreatic cell lines with ICsy of 0.06 pM, 21 uM, 75 uM and 7 uM, respec-
tively. Interestingly, 208 and 209 interacted with DNA through hydrogen bonds remarkably,
showing significant anticancer activity. Compared to Gemzar®, 208 and 211 were the most
effective ones against pancreatic MiaPaca cell resistant lines. The experimental results
showed that the carboxyl substituents on position 7 did not interact with each other through
hydrogen bonds. Although possessing planar structures, these derivatives did not have
similar mechanism of action as Gemcitabine. In vivo study on mice, 211 was as efficient as
Gemzar® at a ten times lower concentration (1 mg/kg vs. 10 mg/kg) [21].
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Figure 24. The chemical structures of compounds 208-211.

5. Conclusions

In this review, we introduced natural phenazines and synthetic phenazine derivatives,
which were reported from 2012 to 2021. The biosynthetic pathways of natural phenazines,
sources of microorganism and operon genes were illustrated in detail. Additionally, their
pharmacological activities, mechanisms of action and structure-activity relationships were
also summarized. In future studies, first of all, it is still necessary to find novel structures
from natural sources for the screening of lead compounds. Secondly, it is very important
to design and synthesize new compounds based on existing SAR through structural
modification. The successfully applied drug clofazimine and XR11576, XR5944, NC-182
and NC-190 in clinical studies are good references. The structure modification at C-2, C-3,
C-4 and N-6 sites and ring fused derivatives have a good prospect. In addition, target-based
drug design can reduce the randomness. Finally, more extensive activity screening will
enable more efficient use of compound resources.



Mar. Drugs 2021, 19, 610 25 of 28

Author Contributions: ]J.Y., investigation, visualization, writing—original draft, writing—review
and editing; W.L., investigation, visualization, writing—review and editing; J.C., investigation, vi-
sualization, writing—original draft, writing—review and editing; Y.W., investigation, visualization,
writing—original draft, writing—review and editing; D.L., funding acquisition, project administra-
tion, supervision, writing—original draft, writing—review and editing; H.H., project administration,
supervision, writing—original draft, writing—review and editing; H.C., funding acquisition, project
administration, supervision, writing—original draft, writing—review and editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This paper was financially supported by the Career Development Support Plan for Young
and Middle-aged Teachers in Shenyang Pharmaceutical University.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Guttenberger, N.; Blankenfeldt, W.; Breinbauer, R. Recent developments in the isolation, biological function, biosynthesis, and
synthesis of phenazine natural products. Bioorg. Med. Chem. 2017, 25, 6149-6166. [CrossRef] [PubMed]

Valliappan, K.; Sun, W.; Li, Z. Marine actinobacteria associated with marine organisms and their potentials in producing
pharmaceutical natural products. Appl. Microbiol. Biotechnol. 2014, 98, 7365-7377. [CrossRef]

Yang, P; Yang, Q.; Qian, X.; Cui, J]. Novel synthetic Aisoquinolino[5,4-ab] phenazines: Inhibition toward topoisomerase I,
antitumor and DNA photo-cleaving activities. Bioorg. Med. Chem. 2005, 13, 5909-5914. [CrossRef] [PubMed]

Peng, H.; Zhang, P.; Bilal, M.; Wang, W.; Hu, H.; Zhang, X. Enhanced biosynthesis of phenazine-1-carboxamide by engineered
Pseudomonas chlororaphis HT66. Microb. Cell Fact. 2018, 17, 117-129. [CrossRef] [PubMed]

Blankenfeldt, W.; Parsons, J.F. The structural biology of phenazine biosynthesis. Curr. Opin. Struct. Biol. 2014, 29, 26-33.
[CrossRef]

Laursen, J.B.; Nielsen, J. Phenazine natural products: Biosynthesis, synthetic analogues, and biological activity. Chem. Rev. 2004,
104, 1663-1685. [CrossRef] [PubMed]

Hari Narayana Moorthy, N.S.; Pratheepa, V.; Maria, ].R.; Vitor, V.; Pedro, A.F. Fused aryl-phenazines: Scaffold for the development
of bioactive molecules. Curr. Drug Targets. 2014, 15, 681-688. [CrossRef] [PubMed]

Gu, P; Zhao, Y.; Zhang, J.; Wang, C.; Sun, X,; He, J.; Xu, Q.; Lu, J.; Zhang, Q. Synthesis, physical properties, and light-emitting
diode performance of phenazine-based derivatives with three, five, and nine fused six-membered rings. . Org. Chem. 2015, 806,
3030-3035. [CrossRef]

Raymond, Z.; Laure, B.; Pascal, R.; Gilles, U. Isocyanate-, isothiocyanate-, urea-, and thiourea-substituted boron dipyrromethene
dyes as fluorescent probes. J. Org. Chem. 2006, 718, 3093-3102.

Tagele, S.B.; Lee, H.G.; Kim, S.W,; Lee, Y.S. Phenazine and 1-undecene producing Pseudomonas chlororaphis subsp. aurantiaca strain
KNU17Pc1 for growth promotion and disease suppression in Korean maize cultivars. J. Microbiol. Biotechnol. 2018, 29, 66-78.
[CrossRef]

Abdel-Mageed, W.M.; Milne, B.F.; Wagner, M.; Schumacher, M.; Sandor, P.; Pathom-aree, W.; Goodfellow, M.; Bull, A.T.; Horikoshi,
K.; Ebel, R. Dermacozines, a new phenazine family from deep-sea dermacocci isolated from a Mariana Trench sediment. Org.
Biomol. Chem. 2010, 8, 2352-2362. [CrossRef]

Lavaggi, M.L.; Aguirre, G.A ; Boiani, L.; Orelli, L.; Garcia, B.; Cerecetto, H.; Gonzalez, M. Pyrimido[1,2-a] quinoxaline 6-oxide and
phenazine 5,10-dioxide derivatives and related compounds as growth inhibitors of Trypanosoma cruzi. Eur. |. Med. Chem. 2008, 43,
1737-1741. [CrossRef]

Krishnaiah, M.; Almeida, N.R.; Udumula, V.,; Song, Z.; Chhonker, Y.S.; Abdelmoaty, M.M.; Nascimento, V.A.; Murry, D.J.;
Conda-Sheridan, M. Synthesis, biological evaluation, and metabolic stability of phenazine derivatives as antibacterial agents. Eur.
J. Med. Chem. 2018, 143, 936-947. [CrossRef] [PubMed]

Cha, J.W,; Lee, S.I; Kim, M.C ; Thida, M.; Lee, J.W.; Park, ].; Kwon, H.C. Pontemazines A and B, phenazine derivatives containing
a methylamine linkage from Streptomyces sp. UT1123 and their protective effect to HT-22 neuronal cells. Bioorg. Med. Chem. Lett.
2015, 25, 5083-5086. [CrossRef]

Pachon, O.G.; Azqueta, A.; Lavaggi, M.L.; Cerain, A.L.; Creppy, E.; Collins, A.; Cerecetto, H.; Gonzalez, M.; Centelles, ].J.;
Cascante, M. Antitumoral effect of phenazine N5, N1o-dioxide derivatives on Caco-2 Cells. Chem. Res. Toxicol. 2008, 21, 1578-1585.
[CrossRef] [PubMed]

Makgatho, E.M.; Mbajiorgu, E.F. In vitro investigation of clofazimine analogues for antiplasmodial, cytotoxic and pro-oxidative
activities. Afr. Health Sci. 2017, 17, 191-198. [CrossRef] [PubMed]

Pierson, S.L.; Pierson, E.A. Metabolism and function of phenazines in bacteria: Impacts on the behavior of bacteria in the
environment and biotechnological processes. Appl. Microbiol. Biotechnol. 2010, 86, 1659. [CrossRef]

Lu, Y.;; Wang, L.; Wang, X.; Xi, T.; Liao, J.; Wang, Z.; Jiang, F. Design, combinatorial synthesis and biological evaluations of
novel 3-amino-1"-((1-aryl-1H-1,2,3-triazol-5-yl) methyl)-2"-oxospiro[benzo[a] pyrano[2,3-c]phenazine-1,3’-indoline]-2-carbonitrile
antitumor hybrid molecules. Eur. J. Med. Chem. 2017, 135, 125-141. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bmc.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28094222
http://doi.org/10.1007/s00253-014-5954-6
http://doi.org/10.1016/j.bmc.2005.07.029
http://www.ncbi.nlm.nih.gov/pubmed/16115776
http://doi.org/10.1186/s12934-018-0962-3
http://www.ncbi.nlm.nih.gov/pubmed/30045743
http://doi.org/10.1016/j.sbi.2014.08.013
http://doi.org/10.1021/cr020473j
http://www.ncbi.nlm.nih.gov/pubmed/15008629
http://doi.org/10.2174/1389450115666140205152007
http://www.ncbi.nlm.nih.gov/pubmed/24499398
http://doi.org/10.1021/jo5027707
http://doi.org/10.4014/jmb.1808.08026
http://doi.org/10.1039/c001445a
http://doi.org/10.1016/j.ejmech.2007.10.031
http://doi.org/10.1016/j.ejmech.2017.11.026
http://www.ncbi.nlm.nih.gov/pubmed/29227933
http://doi.org/10.1016/j.bmcl.2015.10.019
http://doi.org/10.1021/tx800032k
http://www.ncbi.nlm.nih.gov/pubmed/18553946
http://doi.org/10.4314/ahs.v17i1.24
http://www.ncbi.nlm.nih.gov/pubmed/29026393
http://doi.org/10.1007/s00253-010-2509-3
http://doi.org/10.1016/j.ejmech.2017.04.040
http://www.ncbi.nlm.nih.gov/pubmed/28441581

Mar. Drugs 2021, 19, 610 26 of 28

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Reddy, M.V,; Valasani, K.R.; Lim, K.T.; Jeong, Y.T. Tetramethylguanidiniumchlorosulfonate ionic liquid (TMG IL): An efficient
reusable catalyst for the synthesis of tetrahydro-1H-benzo[a]chromeno[2,3-c] phenazin-1-ones under solvent-free conditions and
evaluation for their in vitro bioassay activity. New J. Chem. 2015, 39, 9931-9941. [CrossRef]

Mahran, A.M.; Ragab, S.S.; Hashem, A.L; Ali, M.M.; Nada, A.A. Synthesis and antiproliferative activity of novel polynuclear
heterocyclic compounds derived from 2,3-diaminophenazine. Eur. J. Med. Chem. 2015, 90, 568-576. [CrossRef]

Moris, M.A.; Andrieu, C.; Rocchi, P; Seillan, C.; Acunzo, J.; Brunel, E; Garzino, E; Siri, O.; Camplo, M. 2,3-Dialkoxyphenazines as
anticancer agents. Tetrahedron Lett. 2015, 56, 2695-2698. [CrossRef]

Yao, B.; Mai, Y.; Chen, S.; Xie, H.; Yao, P; Ou, T,; Tan, J.; Wang, H.; Li, D.; Huang, S. Design, synthesis and biological evaluation of
novel 7-alkylamino substituted benzo[a]phenazin derivatives as dual topoisomerase I/1I inhibitors. Eur. ]. Med. Chem. 2015, 92,
540-553. [CrossRef]

Lu, Y;; Yan, Y;; Wang, L.; Wang, X,; Gao, J.; Xi, T.; Wang, Z.; Jiang, F. Design, facile synthesis and biological evaluations of novel
pyrano[3,2-aJphenazine hybrid molecules as antitumor agents. Eur. |. Med. Chem. 2016, 127, 928-943. [CrossRef] [PubMed]
Liao, J.; Wang, L.; Wu, Z.; Wang, Z.; Chen, J.; Zhong, Y.; Jiang, F; Lu, Y. Identification of phenazine analogue as a novel scaffold
for thioredoxin reductase I inhibitors against Hep G2 cancer cell lines. J. Enzym. Inhib. Med. Chem. 2019, 34, 1158-1163. [CrossRef]
Kaleza, M.; Sonwane, G.; Choudhari, Y. Searching for potential novel BCR-ABL tyrosine kinase inhibitors through G-QSAR and
docking studies of some novel 2-phenazinamine derivatives. Curr. Comput.-Aid. Drug. 2020, 16, 501-510.

Cimmino, A.; Evidente, A.; Mathieu, V.; Andolfi, A.; Lefranc, F,; Kornienko, A.; Kiss, R. Phenazines and cancer. Nat. Prod. Rep.
2012, 29, 487-501. [CrossRef] [PubMed]

Gorantla, ].N.; Nishanth Kumar, S.; Nisha, G.V.; Sumandu, A.S.; Dileep, C.; Sudaresan, A.; Sree Kumar, M.M.; Lankalapalli, R.S.;
Dileep Kumar, B.S. Purification and characterization of antifungal phenazines from a fluorescent Pseudomonas strain FPO4 against
medically important fungi. J. Mycol. Med. 2014, 24, 185-192. [CrossRef] [PubMed]

Varsha, KK.; Nishant, G.; Sneha, S.; Shilpa, G.; Devendra, L.; Priya, S.; Nampoothiri, K. Antifungal, anticancer and aminopep-
tidase inhibitory potential of a phenazine compound produced by Lactococcus BSN307. Indian J. Microbiol. 2016, 56, 411-416.
[CrossRef]

Cardozo, V.E; Oliveira, A.G.; Nishio, E.K,; Perugini, M.R.; Andrade, C.G,; Silveira, W.; Duran, N.; Andrade, G.; Kobayashi, R.K;
Nakazato, G. Antibacterial activity of extracellular compounds produced by a Pseudomonas strain against methicillin-resistant
Staphylococcus aureus (MRSA) strains. Ann. Clin. Microbiol. Antimicrob. 2013, 12, 12-20. [CrossRef] [PubMed]
Thanabalasingama, D.; Kumara, N.S.; Jayasinghea, L.; Fujimotoa, Y. Endophytic fungus Nigrospora oryzae from a medicinal plant
Coccinia grandis, a high yielding new source of phenazine-1-carboxamide. Nat. Prod. Commun. 2015, 10, 1659-1660. [CrossRef]
Tupe, S.G.; Kulkarni, R.R.; Shirazi, F; Sant, D.G.; Joshi, S.P.; Deshpande, M.V. Possible mechanism of antifungal phenazine-1-
carboxamide from Pseudomonas sp. against dimorphic fungi Benjaminiella poitrasii and human pathogen Candida albicans. . Appl.
Microbiol. 2015, 118, 39-48. [CrossRef] [PubMed]

Kennedy, RK.; Veena, V.; Naik, PR.; Lakshmi, P.; Krishna, R.; Sudharani, S.; Sakthivel, N. Phenazine-1-carboxamide (PCN) from
Pseudomonas sp. strain PUP6 selectively induced apoptosis in lung (A549) and breast (MDA MB-231) cancer cells by inhibition of
antiapoptotic Bcl-2 family proteins. Apoptosis 2015, 20, 858-868. [CrossRef]

Ali, HM.; El-Shikhl, H.; Salem, M.Z.M.; Muzaheed, M. Isolation of bioactive phenazine-1-carboxamide from the soil bacterium
Pantoea agglomerans and study of its anticancer potency on different cancer cell lines. J. AOAC Int. 2016, 99, 1233-1239. [CrossRef]
[PubMed]

Chai, W,; Zhang, J.; Zhu, Z.; Liu, W.; Pan, D.; Li, Y.; Chen, B. Pyocyanin from Pseudomonas induces IL-8 production through the
PKC and NF-«B pathways in U937 cells. Mol. Med. Rep. 2013, 8, 1404-1410. [CrossRef] [PubMed]

Forbes, A.; Davey, A K.; Perkins, A.V.; Grant, G.D.; McFarland, A.]J.; McDermott, C.M.; Anoopkumar-Dukie, S. ERK1/2 activation
modulates pyocyanin-induced toxicity in A549 respiratory epithelial cells. Chem. Biol. Interact. 2014, 208, 58-63. [CrossRef]
[PubMed]

Sletta, H.; Degnes, K.F.; Herfindal, L.; Klinkenberg, G.; Fjeervik, E.; Zahlsen, K.; Brunsvik, A.; Nygaard, G.; Aachmann, EL.;
Ellingsen, T.E.; et al. Anti-microbial and cytotoxic 1,6-dihydroxyphenazine-5,10-dioxide (iodinin) produced by Streptosporangium
sp. DSM 45942 isolated from the fjord sediment. Appl. Microbiol. Biotechnol. 2014, 98, 603-610. [CrossRef] [PubMed]

Myhren, LE.; Nygaard, G.; Gausdal, G.; Sletta, H.; Teigen, K.; Degnes, K.F; Zahlsen, K.; Brunsvik, A.; Bruserud, &.; Ove
Daskeland, S.; et al. Iodinin (1,6-dihydroxyphenazine 5,10-dioxide) from Streptosporangium sp. induces apoptosis selectively in
myeloid leukemia cell lines and patient cells. Mar. Drugs 2013, 11, 332-349. [CrossRef] [PubMed]

Lee, HS,; Kang, J.; Choi, BK.; Lee, HS.; Lee, Y.J.; Lee, J.; Shin, H.J. Phenazine derivatives with anti-inflammatory activity from
the deep-sea sediment-derived yeast-like fungus Cystobasidium laryngis IV17-028. Mar. Drugs 2019, 17, 482. [CrossRef]
Hifnawy, M.S.; Hassan, H.M.; Mohammed, R.; Fouda, M.M.; Sayed, A.M.; Hamed, A.A.; Abouzid, S.F.; Rateb, M.E.; Alhadrami,
H.A.; Abdelmohsen, U.R. Induction of antibacterial metabolites by co-cultivation of two red-sea-sponge-associated Actinomycetes
Micromonospora sp. UR56 and Actinokinespora sp. EG49. Mar. Drugs 2020, 18, 243. [CrossRef]

Kondratyuk, T.P; Park, E.J.; Yu, R.; van Breemen, R.B.; Asolkar, R.N.; Murphy, B.T.; Fenical, W.; Pezzuto, ].M. Novel marine
phenazines as potential cancer chemopreventive and anti-inflammatory agents. Mar. Drugs 2012, 10, 451-464. [CrossRef]
[PubMed]

Ohlendorf, B.; Schulz, D.; Erhard, A.; Nagel, K.; Imhoff, ].F. Geranylphenazinediol, an acetylcholinesterase inhibitor produced by
a Streptomyces Species. J. Nat. Prod. 2012, 75, 1400-1404. [CrossRef]


http://doi.org/10.1039/C5NJ01866H
http://doi.org/10.1016/j.ejmech.2013.12.007
http://doi.org/10.1016/j.tetlet.2015.04.003
http://doi.org/10.1016/j.ejmech.2015.01.024
http://doi.org/10.1016/j.ejmech.2016.10.068
http://www.ncbi.nlm.nih.gov/pubmed/27836197
http://doi.org/10.1080/14756366.2019.1624541
http://doi.org/10.1039/c2np00079b
http://www.ncbi.nlm.nih.gov/pubmed/22337153
http://doi.org/10.1016/j.mycmed.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24746721
http://doi.org/10.1007/s12088-016-0597-1
http://doi.org/10.1186/1476-0711-12-12
http://www.ncbi.nlm.nih.gov/pubmed/23773484
http://doi.org/10.1177/1934578X1501001008
http://doi.org/10.1111/jam.12675
http://www.ncbi.nlm.nih.gov/pubmed/25348290
http://doi.org/10.1007/s10495-015-1118-0
http://doi.org/10.5740/jaoacint.16-0090
http://www.ncbi.nlm.nih.gov/pubmed/27349444
http://doi.org/10.3892/mmr.2013.1662
http://www.ncbi.nlm.nih.gov/pubmed/24002221
http://doi.org/10.1016/j.cbi.2013.11.016
http://www.ncbi.nlm.nih.gov/pubmed/24316274
http://doi.org/10.1007/s00253-013-5320-0
http://www.ncbi.nlm.nih.gov/pubmed/24158735
http://doi.org/10.3390/md11020332
http://www.ncbi.nlm.nih.gov/pubmed/23364682
http://doi.org/10.3390/md17080482
http://doi.org/10.3390/md18050243
http://doi.org/10.3390/md10020451
http://www.ncbi.nlm.nih.gov/pubmed/22412812
http://doi.org/10.1021/np2009626

Mar. Drugs 2021, 19, 610 27 of 28

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Song, Y.; Huang, H.; Chen, Y,; Ding, J.; Zhang, Y.; Sun, A.; Zhang, W.; Ju, J. Cytotoxic and antibacterial marfuraquinocins from the
deep south China sea-derived Streptomyces niveus SCSIO 3406. |. Nat. Prod. 2013, 76, 2263-2268. [CrossRef] [PubMed]

Wu, C.; van Wezel, G.P.; Choi, Y.H. Identification of novel endophenaside antibiotics produced by Kitasatospora sp. MBT66.
J. Antibiot. 2015, 68, 445-452. [CrossRef] [PubMed]

Han, H.; Guo, Z.; Zhang, B.; Zhang, M.; Shi, ].; Li, W.; Jiao, R.; Tan, R.; Ge, H. Bioactive phenazines from an earwig-associated
Streptomyces sp. Chin. J. Nat. Med. 2019, 17, 475-480. [CrossRef]

Rusman, Y.; Oppegard, L.M.; Hiasa, H.; Gelbmann, C.; Salomon, C.E. Solphenazines A—F, glycosylated phenazines from
Streptomyces sp. Strain DL-93. ]. Nat. Prod. 2013, 76, 91-96. [CrossRef]

Li, Y,; Han, L.; Rong, H.; Li, L.; Zhao, L.; Wu, L.; Xu, L,; Jiang, Y.; Huang, X. Diastaphenazine, a new dimeric phenazine from an
endophytic Streptomyces diastaticus subsp. Ardesiacus. J. Antibiot. 2015, 68, 210-212. [CrossRef]

Wang, X.; Abbas, M.; Zhang, Y.; Elshahawi, S.I.; Ponomareva, L.V.; Cui, Z.; Van Lanen, S.G.; Sajid, I.; Voss, S.R.; Shaaban, K.A;
et al. Baraphenazines A—G, divergent fused phenazine-based metabolites from a himalayan Streptomyces. ]. Nat. Prod. 2019, 82,
1686-1693. [CrossRef]

Deng, R.; Zhang, Z.; Li, H.; Wang, W.; Hu, H.; Zhang, X. Identification of a novel bioactive phenazine derivative and regulation of
phoP on its production in Streptomyces lomondensis S015. J. Agric. Food Chem. 2021, 69, 974-981. [CrossRef] [PubMed]
McDonald, M.; Mavrodi, D.V.; Thomashow, L.S.; Floss, H.G. Phenazine biosynthesis in Pseudomonas fluorescens: Branchpoint
from the primary shikimate biosynthetic pathway and role of phenazine-1,6-dicarboxylic acid. J. Am. Chem. Soc. 2001, 123,
9459-9460. [CrossRef] [PubMed]

Xu, N.; Ahuja, E.G,; Janning, P.; Mavrodi, D.V.; Thomashow, L.S.; Blankenfeldt, W. Trapped intermediates in crystals of the
FMN-dependent oxidase phzG provide insight into the final steps of phenazine biosynthesis. Acta Crystallogr. Sect. D 2013, 69,
1403-1413. [CrossRef]

Shi, Y.; Brachmann, A.O.; Westphalen, M.A.; Neubacher, N.; Tobias, N.J.; Bode, H.B. Dual phenazine gene clusters enable
diversification during biosynthesis. Nat. Chem. Biol. 2019, 15, 331-339. [CrossRef] [PubMed]

Guo, S; Liu, R.; Wang, W.; Hu, H.; Li, Z.; Zhang, X. Designing an artificial pathway for the biosynthesis of a novel phenazine
N-Oxide in Pseudomonas chlororaphis HT66. ACS Synth. Biol. 2020, 9, 883-892. [CrossRef] [PubMed]

Yang, H.; Abouelhassan, Y.; Burch, G.M.; Kallifidas, D.; Huang, G.; Yousaf, H.; Jin, S.; Luesch, H.; Huigens, R.W. A highly potent
class of halogenated phenazine antibacterial and biofilm-eradicating agents accessed through a modular Wohl-Aue synthesis. Sci.
Rep. 2017, 7, 2003-2019. [CrossRef] [PubMed]

Conda-Sheridan, M.; Udumula, V.; Endres, J.L.; Harper, C.N.; Jaramillo, L.; Zhong, H.A.; Bayles, KW. Simple synthesis of
endophenazine G and other phenazines and their evaluation as anti-methicillin-resistant Staphylococcus aureus agent. Eur. J. Med.
Chem. 2017, 125, 710-721.

Garrison, A.T.; Abouelhassan, Y.; Kallifidas, D.; Tan, H.; Kim, Y.S; Jin, S.; Luesch, H. An efficient buchwald-hartwig/reductive
cyclization for the scaffold diversification of halogenated phenazines: Potent antibacterial targeting, biofilm eradication, and
prodrug exploration. . Med. Chem. 2018, 61, 3962-3983. [CrossRef] [PubMed]

Borrero, N.V,; Bai, F.; Perez, C.; Duong, B.Q.; Rocca, ].R.; Jin, S.; Huigens, R.W. Phenazine antibiotic inspired discovery of potent
bromophenazine antibacterial agents against Staphylococcus aureus and Staphylococcus epidermidis. Org. Biomol. Chem. 2014, 12,
881-886. [CrossRef]

Zhang, D.; Lu, Y,; Liu, K,; Liu, B.; Wang, J.; Zhang, G.; Zhang, H.; Liu, Y.; Wang, B.; Zheng, M.; et al. Identification of less lipophilic
riminophenazine derivatives for the treatment of drug-resistant tuberculosis. J. Med. Chem. 2012, 55, 8409-8417. [CrossRef]
Tonelli, M.; Novelli, E; Tasso, B.; Sparatore, A.; Boido, V.; Sparatore, F; Cannas, S.; Molicotti, P.; Zanetti, S.; Parapini, S.;
et al. Antitubercular activity of quinolizidinyl/pyrrolizidinylalkyliminophenazines. Bioorgan. Med. Chem. 2014, 22, 6837-6845.
[CrossRef]

Niu, J.; Chen, J.; Xu, Z.; Zhu, X.; Wu, Q.; Li, J. Synthesis and bioactivities of amino acid ester conjugates of phenazine-1-carboxylic
acid. Bioorg. Med. Lett. 2016, 26, 5384-5386. [CrossRef]

Zhu, X.; Zhang, M,; Yu, L.; Xu, Z.; Yang, D.; Du, X.; Wu, Q.; Li, J. Synthesis and bioactivities of diamide derivatives containing a
phenazine-1-carboxamide scaffold. Nat. Prod. Res. 2019, 33, 2453-2460. [CrossRef]

Han, F; Yan, R.; Zhang, M,; Xiang, Z.; Wu, Q.; Li, J. Synthesis and bioactivities of phenazine-1-carboxylic piperazine derivatives.
Nat. Prod. Res. 2020, 34, 1282-1287. [CrossRef]

Lu, X,; Zhu, X.; Zhang, M.; Wu, Q.; Zhou, X.; Li, J. Synthesis and fungicidal activity of 1,3,4-oxadiazol-2-ylthioether derivatives
containing a phenazine-1-carboxylic acid scaffold. Nat. Prod. Res. 2019, 33, 2145-2150.

Li, X.; Zhang, W.; Zhao, C.; Wu, Q.; Li, J.; Xu, Z. Synthesis and fungicidal activity of phenazine-1-carboxylic triazole derivatives.
J. Asian Nat. Prod. Res. 2021, 23, 452-465. [CrossRef] [PubMed]

Hayden, S.C.; Bryant, ].J.; Mackey, M.A.; Hofer, K.; Lindner, B.D.; Nguyen, V.P; Jaschke, A.; Bunz, UH.F. Antimicrobial activity of
water-soluble triazole phenazine clickamers against E. coli. Chem. Eur. ]. 2014, 20, 719-723. [CrossRef]

Zhi, X.; Yang, C.; Zhang, R.; Hu, Y.; Ke, Y.; Xu, H. Natural products-based insecticidal agents 13. Semisynthesis and insecticidal
activity of novel phenazine derivatives of 4 beta-acyloxypodophyllotoxin modified in the E-ring against Mythimna separata
Walker in vivo. Ind. Crops Prod. 2013, 42, 520-526. [CrossRef]

Zhi, X.; Yang, C.; Yu, X,; Xu, H. Synthesis and insecticidal activity of new oxime derivatives of podophyllotoxin-based phenazines
against Mythimna separata Walker. Bioorg. Med. Chem. Lett. 2014, 24, 5679-5682. [CrossRef]


http://doi.org/10.1021/np4006025
http://www.ncbi.nlm.nih.gov/pubmed/24251399
http://doi.org/10.1038/ja.2015.14
http://www.ncbi.nlm.nih.gov/pubmed/25690357
http://doi.org/10.1016/S1875-5364(19)30055-X
http://doi.org/10.1021/np3007606
http://doi.org/10.1038/ja.2014.124
http://doi.org/10.1021/acs.jnatprod.9b00289
http://doi.org/10.1021/acs.jafc.0c06498
http://www.ncbi.nlm.nih.gov/pubmed/33443412
http://doi.org/10.1021/ja011243+
http://www.ncbi.nlm.nih.gov/pubmed/11562236
http://doi.org/10.1107/S0907444913008354
http://doi.org/10.1038/s41589-019-0246-1
http://www.ncbi.nlm.nih.gov/pubmed/30886436
http://doi.org/10.1021/acssynbio.9b00515
http://www.ncbi.nlm.nih.gov/pubmed/32197042
http://doi.org/10.1038/s41598-017-01045-3
http://www.ncbi.nlm.nih.gov/pubmed/28515440
http://doi.org/10.1021/acs.jmedchem.7b01903
http://www.ncbi.nlm.nih.gov/pubmed/29638121
http://doi.org/10.1039/C3OB42416B
http://doi.org/10.1021/jm300828h
http://doi.org/10.1016/j.bmc.2014.10.035
http://doi.org/10.1016/j.bmcl.2016.10.044
http://doi.org/10.1080/14786419.2018.1451997
http://doi.org/10.1080/14786419.2018.1556656
http://doi.org/10.1080/10286020.2020.1754400
http://www.ncbi.nlm.nih.gov/pubmed/32378430
http://doi.org/10.1002/chem.201303353
http://doi.org/10.1016/j.indcrop.2012.06.045
http://doi.org/10.1016/j.bmcl.2014.10.081

Mar. Drugs 2021, 19, 610 28 of 28

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Alvarez, G.; Martinez, ].; Aguirre-Lopez, B.; Cabrera, N.; Perez-Diaz, L.; Tuena de Gomez-Puyou, M.; Gomez-Puyou, A.; Perez-
Montfort, R.; Garat, B.; Merlino, A ; et al. New chemotypes as Trypanosoma cruzi triosephosphate isomerase inhibitors: A deeper
insight into the mechanism of inhibition. J. Enzyme Inhib. Med. Chem. 2014, 29, 1-7. [CrossRef]

Minini, L.; Alvarez, G.; Gonzalez, M.; Cerecetto, H.; Merlino, A. Molecular docking and molecular dynamics simulation studies
of Trypanosoma cruzi triosephosphate isomerase inhibitors. Insights into the inhibition mechanism and selectivity. J. Mol. Graph.
Model. 2015, 58, 40-49. [CrossRef] [PubMed]

Hernandez, P.; Alem, D.; Nieves, M.; Cerecetto, H.; Gonzalez, M.; Martinez-Lopez, W.; Lavaggi, M.L. Chemosensitizer effect of
cisplatin-treated bladder cancer cells by phenazine-5,10-dioxides. Environ. Toxicol. Pharmacol. 2019, 69, 9-15. [CrossRef]
Viktorsson, E.O.; Grothe, B.M.; Aesoy, R.; Sabir, M.; Snellingen, S.; Prandina, A.; Hogmoen Astrand, O.A; Bonge-Hansen, T;
Daskeland, S.O.; Herfindal, L.; et al. Total synthesis and antileukemic evaluations of the phenazine 5,10-dioxide natural products
iodinin, myxin and their derivatives. Bioorg. Med. Chem. 2017, 25, 2285-2293. [CrossRef]

Chowdhury, G.; Sarkar, U.; Pullen, S. DNA strand cleavage by the phenazine di-N-oxide natural product myxin under both
aerobic and anaerobic conditions. Chem. Res. Toxicol. 2012, 25, 197-206. [CrossRef]

Lavaggi, M.L.; Cabrera, M.; Celano, L.; Thomson, L.; Cerecetto, H.; Gonzalez, M. Biotransformation of phenazine 5,10-dioxides
under hypoxic conditions as an example of activation of anticancer prodrug: An interdisciplinary experiment for biochemistry or
organic chemistry. J. Chem. Educ. 2013, 90, 1388-1391. [CrossRef]

Gonda, M.; Nieves, M.; Nunes, E.; Loépez De Cerain, A.; Monge, A.; Lavaggi, M.L.; Gonzalez, M.; Cerecetto, H.; Phenazine, N. N’-
dioxide scaffold as selective hypoxic cytotoxin pharmacophore. Structural modifications looking for further DNA topoisomerase
II-inhibition activity. Med. Chem. Commun. 2013, 4, 595-607. [CrossRef]

Vos, S.M.; Tretter, E.M.; Schmidt, B.H.; Berger, ] M. All tangled up: How cells direct, manage and exploit topoisomerase function.
Nat. Rev. Mol. Cell Biol. 2011, 12, 827-841. [CrossRef] [PubMed]

Nitiss, ].L. Targeting DNA topoisomerase II in cancer chemotherapy. Nat. Rev. Cancer 2009, 9, 338-350. [CrossRef] [PubMed]
Zhuo, S.; Li, C; Hu, M,; Chen, S.; Yao, P; Huang, S.; Ou, T,; Tan, J.; An, L.; Li, D. Synthesis and biological evaluation of
benzo[a]phenazine derivatives as a dual inhibitor of topoisomerase I and II. Org. Biomol. Chem. 2013, 11, 3989-4005. [CrossRef]
[PubMed]

Nepali, K.; Sharma, S.; Sharma, M.; Bedi, PM.; Dhar, K.L. Rational approaches, design strategies, structure activity relationship
and mechanistic insights for anticancer hybrids. Eur. |. Med. Chem. 2014, 77, 422-487. [CrossRef]

Gamage, S.A.; Spicer, J.A.; Rewcastle, G.W.; Milton, J.; Sohal, S.; Dangerfield, W.; Mistry, P.; Vicker, N.; Charlton, P.A.; Denny, W.A.
Structure-activity relationships for pyrido-, imidazo-, pyrazolo-, pyrazino-, and pyrrolophenazinecarboxamides as topoisomerase-
targeted anticancer agents. J. Med. Chem. 2002, 45, 740-743. [CrossRef] [PubMed]

Gao, J.; Chen, M.; Tong, X.; Zhu, H.; Yan, H.; Liu, D.; Li, W.; Qi, S.; Xiao, D.; Wang, Y.; et al. Synthesis, antitumor activity, and
structure-activity relationship of some benzo[a]pyrano[2,3-c] phenazine derivatives. Comb. Chem. High Throughput Screen. 2015,
18, 960-974. [CrossRef]

Whelan, P; Dietrich, L.E.P,; Newman, D.K. Rethinking ‘secondary’ metabolism: Physiological roles for phenazine antibiotics. Nat.
Chem. Biol. 2006, 2, 71-78. [CrossRef] [PubMed]

Gao, X,; Lu, Y,; Fang, L.; Fang, X.; Xing, Y.; Gou, S.; Xi, T. Synthesis and anticancer activity of some novel 2-phenazinamine
Derivatives. Eur. J. Med. Chem. 2013, 69, 1-9. [CrossRef] [PubMed]

Khafagy, M.M.; El-Wahab, A.; Eid, FA.; El-Agrody, A.M. Synthesis of halogen derivatives of benzo[i]chromene and
benzo[a]anthracene with promising antimicrobial activities. Farmaco 2002, 57, 715-772. [CrossRef]

Shchemelinin, I.; Sefc, L.; Necas, E. Protein kinases, their function and implication in cancer and other diseases. Folia Biol. 2006,
52, 81-100.

Endo, H.; Tada, M.; Katagiri, K. Biological characteristics of phenazine derivatives. IX. Effect on the fungal plant pathogen,
Piricularia oryzae. Sci. Rept. Res. Inst. Tohoku Univ. Ser. C 1965, 12, 53.

Dali, ].; Punchihewa, C.; Mistry, P.; Ooi, A.T.; Yang, D. Novel DNA bis-intercalation by MLN944, a potent clinical bisphenazine
anticancer drug. J. Biol. Chem. 2004, 279, 46096—46103. [CrossRef] [PubMed]


http://doi.org/10.3109/14756366.2013.765415
http://doi.org/10.1016/j.jmgm.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25829097
http://doi.org/10.1016/j.etap.2019.03.015
http://doi.org/10.1016/j.bmc.2017.02.058
http://doi.org/10.1021/tx2004213
http://doi.org/10.1021/ed3006488
http://doi.org/10.1039/c3md00022b
http://doi.org/10.1038/nrm3228
http://www.ncbi.nlm.nih.gov/pubmed/22108601
http://doi.org/10.1038/nrc2607
http://www.ncbi.nlm.nih.gov/pubmed/19377506
http://doi.org/10.1039/c3ob40325d
http://www.ncbi.nlm.nih.gov/pubmed/23657605
http://doi.org/10.1016/j.ejmech.2014.03.018
http://doi.org/10.1021/jm010330+
http://www.ncbi.nlm.nih.gov/pubmed/11806725
http://doi.org/10.2174/1386207318666150915113549
http://doi.org/10.1038/nchembio764
http://www.ncbi.nlm.nih.gov/pubmed/16421586
http://doi.org/10.1016/j.ejmech.2013.07.017
http://www.ncbi.nlm.nih.gov/pubmed/23995213
http://doi.org/10.1016/S0014-827X(02)01263-6
http://doi.org/10.1074/jbc.M404053200
http://www.ncbi.nlm.nih.gov/pubmed/15317822

	Introduction 
	Natural Phenazine Derivatives 
	Biological Activity of Known Phenazines 
	Natural Phenazines 
	Terpenoid Phenazines 
	Glycosylated Phenazines 
	Divergent Fused Phenazines 
	Biological Activity of New Phenazines 


	The Progresses of Biosynthetic Pathways of Phenazines 
	Synthetic Phenazine Derivatives 
	Antimicrobial Activity 
	Halogenated Phenazine Derivatives 
	Derivatives of Clofazimine 
	Derivatives of Phenazine-1-carboxylic acid 
	Water-Soluble Triazole Phenazine Derivatives 

	Insecticidal Activity 
	Antiparasitic Activity 
	Anticancer Activity 
	Phenazine 5,10-dioxide Derivatives 
	Benzo[a]phenazine Derivatives 
	Pyran[2,3-c]phenazine Derivatives 
	Benzo[a]pyran[2,3-c]phenazine Derivatives 
	Benzo[a]chromeno[2,3-c] phenazine Derivatives 
	Derivatives Derived from 2-Phenazinamine 
	Derivatives Derived from 2,3-Diaminophenazine 
	2,3-Dialkoxyphenazine Derivatives 


	Conclusions 
	References

