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RESUMO

As infeccBes microbianas e a resisténcia aos antibioticos tém sido os desafios mais significativos que
ameacam a saude publica atualmente. A 4-hidroxiderricina (4HD) é uma chalcona prenilada de ocorréncia
natural que foi isolada da Angelica keiskei (Ashitaba) e demonstra multiplas atividades farmacoldgicas,
principalmente antibacteriana. Neste contexto, 4HD e trés séries de analogos foram planejados, sintetizados
e investigados contra bactérias, micobactérias e fungos clinicamente importantes. Este trabalho utilizou a
4-hidroxiderricina como prototipo para o planejamento de analogos, os quais foram concebidos pela
permutacdo da subunidade p-hidroxila por grupos eletrodoadores e eletro-atratores (Série 1), além das
modifica¢bes nas subunidades 2'-hidroxila, 3'-prenila e 4'-metoxila (Série 1) e redugdes da cetona a,f3-
insaturadas (Série I11). Foram descritas a sintese de 111 substancias, incluindo intermediarios (68) e
substancias-alvo (45), sendo 26 novas e 8 produtos naturais. As substancias-alvo (1 - 45) foram preparadas
através de reacOes de lodacdes Regiosseletivas, O-Metilacdes, Protecdes, Condensacfes Aldolicas entre
aldeidos e cetonas via catalise basica, Acoplamentos de Suzuki, Rearrajnos [1,3]-Sigmatropicos,
DesprotecOes e reacdes de Reducdo. Primeiramente, 4HD se mostrou fortemente ativo contra bactérias e
micobactérias com valores de CIM de 1,56 - 400 pg.mL™, principalmente contra bactérias gram-positivas.
4HD apresentou potente atividade inibitdria contra biofilme de MSSA e MRSA com valores de CIMBs de
1,56 e 0,78 pg.mL?, respectivamente. Verificamos também que 4HD tem acéo bactericida, por lesar a
membrana citoplasmatica de B. subtilis, com baixa citotoxicidade contra as células HaCaT. 4HD mostrou
ser um potente agente antifungico contra cepas de T. rubrum e T. mentagrophytes com valores de CIM de
0,9 - 31,2 ug.mL?, e atividade moderada contra C. auris com valores de CIM de 31,2 pug.mL?. 4HD agiu
sinergicamente e potencializou a atividade da terbinafina em 5 a 10 vezes e do itraconazol em 2 a 4 vezes.
Além disso, a membrana celular dos fungos dermatéfitos foi o alvo do 4HD, pois o ergosterol exdgeno
diminuiu consideravelmente sua atividade antifingica (CIM> 31,2 ug.mL™). As atividades antibacterianas
e antimicobacterianas dos derivados chalconicos 2 - 38 foram de 1,56 a 400 pg.mL™. Estudos de REA
sugeriram que 3'-prenila, 2'-hidroxila e 4-hidroxila sdo pontos farmacoféricos fundamentais de 4HD para a
atividade antibacteriana e antimicobacteriana. Além disso, a troca do grupo prenila em 4HD por um grupo
benzila ndo alterou significativamente a atividade antibacteriana, proporcionando uma relacao bioisostérica
ndo-classica entre essas duas subunidades. Derivados de chalconas reduzidas foram as classes de compostos
mais ativos neste trabalho. A estratégia de reducdo da cetona o, B-insaturada causou aumento na atividade
antibacteriana de algumas chalconas inicialmente inativas, como a 4'-O-metilbavachalcona (16). Além
disso, a reducdo de 4HD formou as dihidrocalconas 29 e 30 e o 1,3-diarilpropano 35, que foram mais
promissores que seu Substrato, principalmente contra MSSA e MRSA. Portanto, a redugao da cetona a, f3-
insaturada de 4HD ndo levou a perda da atividade antibacteriana. Os compostos 13, 29, 30 e 37 mostraram
potente atividade na inibi¢do do biofilme de MSSA e MRSA. O composto 29 (4-hidroxidihidroderricina)
mostrou baixa citotoxicidade contra células HaCaT. Portanto, a 4-hidroxiderricina e seus analogos séo
promissores agentes antibacterianos e antifingicos, podendo ser uma alternativa no tratamento e combate
as diversas infecgOes causadas por essas bacterias, micobactérias e fungos. Assim, 4HD e 29 podem ser
considerados compostos lideres promissores para a descoberta de novos farmacos.

Palavras-chave: 4-hidroxiderricina, chalconas preniladas, acoplamento de Suzuki, rearranjo sigmatrépico,
reducdo, bacterias, micobacterias, fungos, bioisosterismo, biofilme.



ABSTRACT

Microbial infections and antibiotic resistance have been the most significant challenges threatening the
health of society today. 4-hydroxyderricin (4HD) is a naturally occurring prenylated chalcone that has been
isolated from Angelica keiskei (Ashitaba) and demonstrates multiple pharmacological activities, mainly
antibacterial. In this context, 4HD and three series of analogs were designed, synthesized, and investigated
against clinically important bacteria, mycobacteria, and fungi. This work used 4-hydroxyderricin as a
prototype for the planning of analogs, which were designed by the permutation of the p-hydroxyl subunit
by electron donor and electro-attracting groups (Series 1), changing the 2'-hydroxyl, 3'-prenyl and 4'-
methoxyl subunits (Series II) and a,B-unsaturated ketone reductions (Series Ill). The synthesized 111
substances were described, including intermediates (68) and target substances (45), 26 of which were new
and 8 were natural products. The target substances (1 — 45) were prepared through Regioselective lodations,
O-Methylations, Protections, Aldol Condensations between aldehydes and ketones on basic catalysis,
Suzuki couplings, [1,3]-Sigmatropic Rearrangements, Deprotections, and reactions of Reduction. First,
4HD showed to be strongly active against bacteria and mycobacteria with MIC values of 1.56 — 400 pg.mL"
! mainly against gram-positive bacteria. 4HD showed potent inhibitory activity against S. aureus MSSA
and MRSA biofilm with MICBsp values of 1.56 and 0.78 pg.mL™, respectively. We also found that 4HD
has a bactericidal action by damaging the cytoplasmatic membrane of B. subtilis, with low cytotoxicity
against HaCaT cells. 4HD was shown to be a potent antifungal agent against T. rubrum, and T.
mentagrophytes strains with MIC values of 0.9 — 31.2 pg.mL™ and moderate activity against C. auris with
MIC values of 31.2 pg.mL™. 4HD acted synergistically and potentiated the activity of terbinafine 5- to 10-
fold and itraconazole 2- to 4-fold. The cell membrane of dermatophyte fungi was the target of 4HD since
exogenous ergosterol considerably decreased the antifungal activity (MIC>31.2 pg.mL™). The antibacterial
and antimycobacterial activities of the chalcones derivatives 2 — 38 ranged from 1.56 to 400 pg.mL™. SAR
studies have suggested that 3'-prenyl, 2'-hydroxyl, and 4-hydroxyl are fundamental pharmacophoric points
of 4HD for antibacterial and antimycobacterial activity. Furthermore, exchanging the prenyl group in 4HD
for a benzyl group did not significantly alter the antibacterial activity, providing a non-classical bioisosteric
relationship between these two subunits. Reduced chalcones derivatives were the most active compounds
classes in this work. The a,B-unsaturated ketone reduction strategy caused an increase in the antibacterial
activity of some chalcones that were initially not active, such as 4'-O-methylbavachalcone (16).
Furthermore, 4HD reduction formed dihydrochalcones 29 and 30 and 1,3-diarylpropane 35, which were
more promising than their substrate, mainly against MSSA and MRSA. Therefore, reduction of a,p-
unsaturated ketone from 4HD did not lead to loss of antibacterial activity. Compounds 13, 29, 30, and 37
showed potent activity in inhibiting the biofilm of MSSA and MRSA. Compound 29 (4-
hydroxydihydroderricin) showed low cytotoxicity against HaCaT cells. Therefore, 4-hydroxyderricin and
its analogs are promising antibacterial and antifungal agents and may be an alternative in treating and
combating various infections caused by these bacteria, mycobacteria, and fungi. Thus, 4HD and 29 can be
considered promising lead compounds to discover new drugs.

Keywords: 4-hydroxyderricin, Prenylated chalcones, Suzuki coupling, Sigmatropic rearrangement,
Reduction, Bacteria, Mycobacteria, Fungi, Bioisosterism, Biofilm.
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1. INITIAL CONSIDERATIONS

Natural products are sources of prototypes for researching and developing new drugs
and bioactive substances. In this context, the Laboratorio de Antibioticos e Quimioterapicos
(LAQ) of the Instituto de Biociéncias, Letras e Ciénicas Exatas — UNESP/S&o José do Rio
Preto-SP, uses the structure of natural products derived from plants for the development of new
bioactive substances. 4-hydroxyderricin (4HD) is a substance with an o,f-unsaturated ketone,
and the isoprenyl, hydroxyl, and methoxyl subunits in its core used in this work as a prototype
for planning new antimicrobial agents. It was first isolated from the Angelica Keiskei plant, a
hardy perennial belonging to Umbelliferae. The herb is called ‘Myeong-Il Yeob’ in Korea and
‘Ashitaba’ in Japan, both meaning ‘Tomorrow’s Leaf” and called by the Korean name
“Shinsuncho” meaning “elixir of life”. The first reported 4HD synthesis was by [1,3]-
Sigmatropic Rearrangement; however, this methodology was not selective for 4HD synthesis.
4HD has a broad spectrum of biological activities, emphasizing its antibacterial effects.
However, 4HD has not been evaluated against resistant multi-drug bacteria such as M.
tuberculosis and Staphylococcus, Enterococcus, and Streptococcus species. Furthermore, there
are no in-depth studies on the pharmacophoric contributions of the 4HD subunits and their
primary target on bacteria that demonstrate their antibacterial potential. Moreover, 4HD has not
been selectively synthesized in the literature.

In this perspective, 4HD and its analogs were designed, synthesized, and evaluated
against bacteria of clinical interest, including Mycobacterium tuberculosis, Pseudomonas
aeruginosa, Escherichia coli, Helicobacter pylori, Staphylococcus aureus, S. epidermidis,
Enterococcus faecalis, Streptococcus pneumoniae, Streptococcus sanguinis, Streptococcus
sobrinus, and Streptococcus mutans. In addition, 4HD was evaluated against fungi of genus
Trichophyton, including the species of T. rubrum and T. mentagrophytes, and fungi of the genus
Candida, including the species C. albicans and C. auris.

The dissertation was organized into seven Chapters (I-VII). In chapter I, the initial
considerations of work were presented, and at the end of that chapter, the general objective of
the dissertation and the specific objectives of Chapters II-VI. Chapter II contains a literature
review article to contextualize the importance of 4-hydroxyderricin, including its broad
pharmacological activity spectrum. Chapters I1l and IV contain the manuscripts obtained from
the studies of 4-hydroxyderricin against bacteria and fungi of clinical interest, respectively.
While Chapters V and VI cover investigations of synthetic analogs of 4HD against gram-
positive and gram-negative bacteria. Chapter V shows the potent activity of a reduced derivative

of 4HD against clinical isolates multi-drug resistant. In contrast, Chapter VI shows the selective
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synthesis of 4HD and evaluation of the pharmacophoric contributions of 4HD by the
antibacterial activity of its analogs against Gram-positive and Gram-negative bacteria. Finally,
Chapter VII presents the general conclusions of studies with 4HD and its analogs against

bacteria and fungi, in addition to the references and appendices of Chapters Ill, V, and V1.
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General Conclusions

This work used 4-hydroxyderricin as a prototype for the planning of analogs, which were
designed by the permutation of the p-hydroxyl subunit by electron donor and electro-attracting
groups (Series 1), changing the 2'-hydroxyl, 3'-prenyl and 4'-methoxyl subunits (Series II) and a,[3-
unsaturated ketone reductions (Series Ill). The synthesized 111 substances were described,
including intermediates (68) and target substances (45), 26 of which were new and 8 were natural
products. The target substances (1 — 45) were prepared through Regioselective lodations, O-
Methylations, Protections, Aldol Condensations between aldehydes and ketones on basic catalysis,
Suzuki couplings, [1,3]-Sigmatropic Rearrangements, Deprotections, and reactions of Reduction.

4HD demonstrated strongly antibacterial activity against mycobacteria and bacteria species;
in addition, it was able to inhibit the MSSA and MRSA biofilm formation at low concentrations.
We also found that 4HD has a bactericidal action by damaging the cytoplasmatic membrane of B.
subtilis. Low cytotoxicity activity was observed for 4HD against HaCat cells. Thus, 4HD is a
promising antibacterial compound, which could be an alternative to combat several infections

caused by many mycobacteria and bacteria species.

4HD has demonstrated antibacterial activity against gram-positive bacteria, being inactive

or weakly active against gram-negative:
v'MIC against MSSA and MRSA = 3.12 ug.mL?;
v'It showed antibacterial activity against other gram-positive

o OH species (S. epidermidis, E. faecalis, S. mutans, S. sanguinis, S.

7
O ~ O sobrinus) with a MIC of 1.56 to 12.5 pg.mL™%;
‘2
OH O v'MIC against M. tuberculosis, M. avium, and M. kansassi of 15,56
4-hydroxyderricin to 31,25 ug.mL‘l;

vIt inhibited MSSA and MRSA biofilm formation at MICBsp of
1.56 to 0.78 ug.mL?, respectively;
v'Caused damage to the plasma membrane of B. subtilis;

v'It was not against human keratinocytes;

Furthermore, 4HD was a potent antifungal agent against T. rubrum and T. mentagrophytes
strains and moderate activity against C. auris. In addition, 4HD acted synergistically and

potentiated the activity of the antifungal drugs terbinafine and itraconazole. The cell membrane of
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dermatophyte fungi was the main target of 4HD. Thus, our results showed that 4-hydroxyderricin

Is a promising antifungal agent with low toxicity.

4HD demonstrated antifungal activity against Trichophyton species, being reactive or weakly

active against Candida species:

v'"MIC against T. mentagrophytes = 0,9 — 3,9 pg.mL;

P OH v'"MIC against T. rubrum = 0,9 — 31,2 pg/mL;
v'4HD showed synergism when combined with terbinafine and
OH O itraconazole against T. mentagrophytes and T. rubrum;
Fhydroxyderricin v'4HD acts on the cell membrane by inhibiting Ergosterol;
4HD was used as a substrate to obtain a novel diarylpropane (4HD-diaryl, 35), which
demonstrated strongly antibacterial activity against gram-positive bacteria, including ATCC and
multidrug-resistant clinical isolates of Enterococcus, Staphylococcus, and Bacillus spp. In addition,
4HD-diaryl was able to inhibit the MSSA and MRSA biofilm formation at low concentrations. We
also found that 4HD-diaryl has a bactericidal action by damaging the cytoplasmatic membrane of
B. subtilis. No cytotoxicity activity was observed for 4HD-diaryl against BALB/c mice
erythrocytes. Thus, 4HD-diaryl is a novel promising antibacterial compound, which could be an

alternative to combat several infections caused by MDR strains of gram-positive bacteria.

4HD-diaryl has demonstrated antibacterial activity against gram-positive bacteria multi-

drug resistant (MDR), being inactive or weakly active against gram-negative:

v 4HD-diaryl was active against Clinical Isolates of drug-resistant
Enterococcus and Staphylococcus species with MIC of 5 to 20 uM (1.6
t0 6.5 pg.mLY);

vIt showed antibacterial activity against other gram-positive species (S.

epidermidis, E. faecalis, S. mutans, S. sanguinis, S. sobrinus) witha MIC
of 3.12 t0 6.25 pg.mL%;

v'MIC against M. tuberculosis, M. avium, and M. kansassi of 31,25

4HD-diaryl (35)

ug.mL*;

VIt inhibited MSSA and MRSA hiofilm formation at MICBs of 1.56 to
0.78 pg.mL1, respectively;

v'Caused damage to the plasma membrane of B. subtilis;

¥'It was not toxic against erythrocytes collected from BALB/c mice;
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Compounds 13, 29, 30, and 37 showed antibacterial and antimycobacterial activity equal to
4HD. Compound 13 showed that the benzyl subunit has a non-classical bioisosterism with
isoprenyl in 4-hydroxyderricin. Compounds 13 and 14 are classic bioisosteres as they both had
approximately the same antibacterial potency. Furthermore, analog 29 showed that the o,B-
unsaturated ketone in 4HD is not a pharmacophoric group for antibacterial and antimycobacterial
activities since the reduced analog 29 was as potent as 4HD. Moreover, compounds 13, 29, 30, and
37 showed potent inhibitory activity against S. aureus Biofilms (MSSA and MRSA). Compound
29 was chosen as HIT from the series of compounds evaluated, and its cytotoxic activity was

determined against HaCat cells. Low cytotoxicity activity was observed for 29.

The other analogs also showed antibacterial activity against gram-positive bacteria, being

inactive or weakly active against gram-negative bacteria:

|
O ° O 0 OH v/ 14 synthesized substances showed antibacterial activity
N

against gram-positive species (MSSA, MRSA, S.

OH O I3 epidermidis, E. faecalis, S. mutans, S. sanguinis, S.

F <|3 OH
sobrinus) with a MIC of 1.56 to 12.5 pg.mL™%;
o & v 11 substances showed anti-H. pylori activity with MIC
o OH from 15.62 to 62.50 pg.mL;
O @ v" 19 substances showed antimycobacterial activity against
Y\M/‘ M. tuberculosis, M. kansasii and M. avium with a MIC of
_o OH 15.62 to 62.50 pg.mL*;
O 0 v Compounds 13, 29, 30 and 37 inhibited MSSA and MRSA
M biofilm formation at concentrations from 0.78 to 3.12
Hg.mL*,;

_O OH OH
v Compound 29 was not toxic against human keratinocytes;
37
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