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Resumen

El incremento sostenido de la resistencia bacteriana en las ultimas décadas
ha impulsado la necesidad de desarrollar nuevas moléculas con actividad
antimicrobiana, tal como ha sefalado la OMS, que advierte la posible llegada de
una era post-antibidtica hacia 2050. En este contexto, las fluoroquinolonas
experimentales han mostrado utilidad al presentar espectros ampliados y mejoras
farmacocinéticas. El compuesto FQB-9, sintetizado por nuestro grupo, ha
demostrado actividad frente a cepas sensibles, por lo que se consider6 esencial

evaluar su efecto sobre aislados resistentes a otras fluoroquinolonas.

La resistencia en Staphylococcus aureus se indujo mediante resiembras
seriadas en concentraciones subinhibitorias durante 14 dias. Se confirmé
posteriormente que dicho aislado no era inhibido por ciprofloxacino mediante
microdiluciones; sin embargo, FQB-9 mostré una CMI de 32 ug/mL. El analisis in
silico de acoplamiento molecular indicé una afinidad mas favorable para FQB-9
(-10.0) en comparacién con ciprofloxacino (—8.9), lo que sugiere una interaccion
mas eficiente con la ADN girasa bacteriana. El resto de las determinaciones in silico

también revelaron propiedades ADME favorables y baja toxicidad.

Los modelos in vivo demostraron un perfil hepatotoxico minimo, permitiendo
avanzar hacia un modelo de neumonia aguda, en el cual FQB-9 limit6 la progresion
del dafio neumodnico a 1.99% en ratones infectados. Ademas, los ensayos
electroforéticos confirmaron la acciéon del compuesto sobre la ADN girasa,

concordante con el mecanismo de otras fluoroquinolonas.

En conjunto, FQB-9 mostré eficacia frente a infecciones resistentes y un perfil
de seguridad adecuado, posicionandose como una molécula prometedora para el

desarrollo de nuevos antibidticos.

Palabras clave: Fluoroquinolonas; farmacorresistencia, neumonia, mecanismo de

accion, hepatotoxicidad.



Abstract

The sustained increase in bacterial resistance over recent decades has
driven the need to develop new molecules with antimicrobial activity, as highlighted
by the WHO, which warns of the possible emergence of a post-antibiotic era by 2050.
In this context, experimental fluoroquinolones have proven useful due to their broad
spectrum and improved pharmacokinetics. The compound FQB-9, synthesized by
our group, has demonstrated activity against sensitive strains, so it was considered

essential to evaluate its effect on isolates resistant to other fluoroquinolones.

Resistance in Staphylococcus aureus was induced by serial subinhibitory re-
seeding for 14 days. It was subsequently confirmed that this isolate was not inhibited
by ciprofloxacin using microdilutions; however, FQB-9 showed a MIC of 32 pug/mL.
In silico molecular docking analysis indicated a more favorable affinity for FQB-9
(—10.0) compared to ciprofloxacin (-8.9), suggesting more efficient interaction with
bacterial DNA gyrase. The rest of the in silico determinations also revealed favorable

ADME properties and low toxicity.

In vivo models demonstrated a minimal hepatotoxic profile, allowing
progression to an acute pneumonia model, in which FQB-9 limited the progression
of lung damage to 1.99% in infected mice. In addition, electrophoretic assays
confirmed the compound's action on DNA gyrase, consistent with the mechanism of

other fluoroquinolones.
Altogether, FQB-9 showed efficacy against resistant infections and an
adequate safety profile, positioning itself as a promising molecule for the

development of new antibiotics.

Keywords: Fluoroquinolones; drug resistance; pneumonia; mechanism of action;

hepatotoxicity.
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1) Introduccién

Los microorganismos y los seres humanos interactuan en una gran variedad de
escenarios, pudiendo resultar en relaciones simbidticas o en procesos infecciosos,
dependiendo de las condiciones fisiolégicas del hospedero. Entre estos
microorganismos, las bacterias son las mas abundantes en nuestro ambiente y
constituyen agentes causales de patologias infecciosas capaces de presentar alta
mortalidad. Como respuesta a esto, el descubrimiento, desarrollo e implementacion de
los antibidticos, moléculas efectivas en la eliminacion bacteriana, permitié controlar
eficazmente estas infecciones, representando uno de los avances mas importantes de
la medicina en el siglo XX (Mohr, 2016).

A pesar de esto, la administracion empirica inadecuada, el uso desmedido y
poco regulado de estos farmacos favorecieron que las bacterias desarrollaran en poco
tiempo distintos mecanismos de resistencia antibiética, inutilizando gran cantidad de
moléculas previamente efectivas (Rather et al., 2017). Estos mecanismos incluyen la
limitacion de la concentracion intracelular del antibiotico, la degradacién enzimatica del
compuesto activo, el aumento en actividad y cantidad de bombas de eflujo, la
modificacion del blanco farmacoldgico, la formacién de biopeliculas y la liberacion de
vesiculas derivadas de la membrana externa (Sakalauskiené & RadzeviCiené, 2024).
Como respuesta, la Organizacion Mundial de la Salud (OMS) ha exhortado a la
comunidad cientifica a que se realice una mayor investigacion dirigida al desarrollo de

nuevos antibidticos efectivos (Sakalauskiené & Radzeviciené, 2024; WHO, 2017).

No obstante, la investigacion de nuevos antibiéticos continua siendo ineficiente,
lo cual se evidencia en la escasa cantidad de compuestos que avanzan en las fases
de investigaciéon y desarrollo, en contraste con el acelerado aumento en la resistencia
bacteriana. Este panorama ha llevado a vislumbrar una posible era post-antibiética,
acompafada por un gran aumento en la mortalidad por infecciones. De hecho, la OMS
ha estimado un aproximado de 10 millones de muertes por afo asociadas a
infecciones farmacorresistentes para el ano 2050 (Akram et al., 2023; OMS, 2019;
Stephens et al., 2020; WHO, 2017).



Ante esto, se destaca la relevancia de Staphylococcus aureus, una de las
principales causas de intoxicacion alimentaria (Ondusko & Nolt, 2018), y un agente
etiolégico de neumonia adquirida en la comunidad, cuya complicacién puede alcanzar
tasas de mortalidad de hasta 40% en pacientes que requieren ventilacibn mecanica
(Aryee & Edgeworth, 2017; Niederman & Torres, 2022; Pahal & Sharma, 2020).
Ademas, S. aureus ha sido reportada como la principal causa bacteriana de muerte en
135 paises (incluyendo México y Estados Unidos); y cuyos mecanismos de resistencia,
principalmente caracterizados por mutacion del sitio activo y presencia del gen mecA,
le han permitido ser una preocupacion constante en infecciones de piel, tejidos

blandos, neumonia y sepsis (Collaborators, 2022).

Frente a este escenario, es imprescindible intensificar la busqueda y el
desarrollo de compuestos con prometedores resultados como antibidticos, asi como
avanzar hacia su posible implementacion clinica. Esto impulsa una mayor exploracion
de nuevas estrategias y estructuras quimicas relevantes para la investigacion
(Stephens et al., 2020). Adicionalmente, es fundamental esclarecer los distintos
mecanismos de accion por los cuales un compuesto ejerce actividad antibacteriana,
ya que esto permite disefiar nuevas estrategias mas eficientes para la eliminacién de
microorganismos clinicamente relevantes, y posibilita identificar rutas alternas para
evadir distintos mecanismos especificos de farmacorresistencia desarrollada
previamente (Niu et al., 2022) (Khazaal et al., 2022).

En la investigacion de nuevas moléculas con potencial farmacolégico, diversas
estrategias permiten orientar el desarrollo hacia compuestos con mayor probabilidad
de éxito. Entre ellas destacan las simulaciones in silico, las cuales facilitan una
aproximacion preliminar a las propiedades farmacodinamicas, asi como la prediccién
de rutas metabdlicas y de la posible toxicidad asociada a sus metabolitos. Asimismo,
estas herramientas permiten estimar la afinidad de un compuesto por su sitio de accion
mediante analisis de docking molecular, lo que contribuye a identificar candidatos con
capacidad potencial para inhibir una diana terapéutica especifica, optimizando asi el

uso de recursos biolégicos y materiales.



Sin embargo, es fundamental corroborar las evidencias generadas por estas
aproximaciones computacionales mediante estudios in vitro y, en ultima instancia,
mediante modelos in vivo que confirmen la actividad biologica de los compuestos en
un entorno fisioldgico. Esta integracion metodologica resulta esencial para validar la

viabilidad de nuevas entidades quimicas como futuros agentes terapéuticos.

En nuestro grupo de investigacion se han sintetizado diversos compuestos
derivados de quinolonas (Hernandez-Lépez et al., 2019; Socorro Leyva-Ramos &
Hernandez-Lépez, 2017), los cuales han demostrado actividad frente a cepas
sensibles. Entre estas estructuras, se seleccion6 una molécula activa denominada
FQB-9, una fluoroquinolona con un complejo de boro bifluorado debido a su potencia
y elevada efectividad antimicrobiana, evidenciada ante S. aureus y K. pneumoniae
(Medellin-Luna et al., 2023; Veyna-Hurtado et al., 2023). En este trabajo se evalué su
actividad frente a cepas resistentes y se determind su posible toxicidad mediante
estudios in vitro, in silico e in vivo. Se espera que esta estrategia contribuya al avance

en el desarrollo de nuevas moléculas con efectividad antibidtica.

2) Antecedentes

Las fluoroquinolonas constituyen una familia de antibiéticos caracterizada por la
presencia de un nucleo biciclico derivado de la estructura de la 4-quinolona. A partir
de la década de 1970, su desarrollo permitié la obtencion de compuestos con un
espectro antimicrobiano mas amplio y con propiedades farmacocinéticas
significativamente mejoradas, lo que favorecid su incorporacién extensiva en la
practica clinica para el tratamiento de infecciones en diversos niveles organicos (Dine
et al., 2023; Geremia et al., 2024). Su mecanismo de accién se fundamenta en la
inhibicion de dos enzimas esenciales para la replicacién del ADN bacteriano: la ADN
girasa y la topoisomerasa IV. La interferencia con estas topoisomerasas genera
complejos ternarios con el ADN, comprometiendo la progresiéon de la horquilla de
replicacion y conduciendo finalmente a un efecto bactericida caracteristico de este
grupo de compuestos. (Dine et al., 2023; Geremia et al., 2024; Pham et al., 2019).



En el grupo de investigacion se han sintetizado diversos derivados quinolonicos,
, entre ellos el difluoroboranilo 1-etil-6-fluoro-4-oxo-7-piperazin-1-il-1,4-dihidro-
quinolina-3-carboxilato, identificado como FQB-9, cuya estructura se ilustra en la
Figura 1 (Hernandez-Lépez et al., 2019; Leyva & Hernandez, 2010). La prediccion in
silico de la posible interaccién del FQB-9 con la estructura de la topoisomerasa IV
mediante docking ciego, resulté en una puntuacion de -7.36 Kcal/mol.
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Figura 1. Estructura quimica del compuesto FQB-9.
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Otras moléculas derivadas de quinolonas sintetizadas por nuestro grupo de
investigacion presentaron también puntuaciones adecuadas al evaluarse su
interaccién con topoisomerasas IIA de las bacterias S. aureus y K. pneumoniae
(Medellin-Luna et al., 2023; Veyna-Hurtado et al., 2023; Veyna-Hurtado et al., 2025).
No obstante, el FQB-9 se mostré orientada hacia las regiones superiores de la
subunidad ParC de K. pneumoniae y de la subunidad gyrA en S. aureus, como se
puede observar en la figura 2, evidenciando la posible interaccion directa con la diana
farmacolodgica caracteristica de las fluoroquinolonas. Asimismo, el FQB-9 presento el
mejor puntaje de afinidad entre las moléculas evaluadas, lo que permite inferir una

mayor probabilidad de inhibicion efectiva de la enzima blanco.



Figura 2. Analisis in silico del acoplamiento de FQB-9 con topoisomerasa IV bacteriana.
El compuesto experimental se situa en la parte superior de la enzima, en la subunidad parC
(Veyna-Hurtado et al., 2023).

Las simulaciones in silico de un compuesto nos permiten establecer
predicciones respecto a su capacidad para interactuar con un determinado blanco
farmacolégico. Es por esto, que el uso de herramientas digitales como el docking
molecular suministra una visualizacion sobre el posible mecanismo de accidon
esperado para nuevas moléculas, asi como discriminar entre aquellos que tendrian

mayor posibilidad de interaccion.

El analisis de acoplamiento molecular in silico del compuesto FQB-9 evidencio
su interaccion con la topoisomerasa |V de K. pneumoniae, obteniendo una puntuacion
de -7.36 kcal/mol y mostrando afinidad por la subunidad A. Este comportamiento
resulta consistente con lo observado en otras moléculas de la misma subfamilia
previamente caracterizadas por nuestro grupo de investigacion, las cuales exhibieron
valores de docking entre —=9.1 y —=7.0 kcal/mol y demostraron adicionalmente actividad
efectiva en ensayos in vitro (Medellin-Luna et al., 2023). El FQB-9 por su parte mostrd
una amplia superficie de interaccion, siendo la mayoria de las interacciones
hidrofébicas y electrostaticas con diferentes aminoacidos alrededor de la molécula
como la Alanina, Glutamato, Lisina, y el principal enlace formado por puente de
hidrogeno con el nitrégeno del anillo de piperazina y los oxigenos del Aspartato;

podemos observar tales interacciones en su conformacion tridimensional en la figura
5



3. Ademas, en la posicidon C3 se presentan interacciones electrostaticas entre los
oxigenos de la cadena con la Leucina, y con los atomos finales de fluor de la
Fenilalanina (Veyna-Hurtado et al., 2023). Finalmente, los resultados de acoplamiento
permiten inferir que la molécula FQB-9 genera una estrecha interaccion con la cadena
de ADN.
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Figura 3. Interacciones in silico del compuesto FQB-9 con los aminoacidos del sitio de
interaccion en toposiomerasa |V (Veyna-Hurtado et al., 2023).

Se ha demostrado previamente que el compuesto FQB-9 posee actividad
antibidtica contra aislados clinicos sensibles de S. aureus y K. pneumoniae,
observandose resultados equivalentes entre el compuesto FQB-9 y el ciprofloxacino,
(halos de inhibicion de >8cm? para ambas cepas) (W. L. CLSI, 2018). Ademas, este
compuesto obtuvo la misma CMI que el ciprofloxacino contra cepas de S. aureusy K.
pneumoniae (0.25ug/mL y 1ug/mL respectivamente), evidenciando su potencia
antibidtica (CLSI, 2020). Correspondiente a la CMB, el FQB-9 es capaz de inhibir el
desarrollo posterior bacteriano con la misma dilucién que su CMI, a diferencia del
ciprofloxacino, que requiere el doble de concentracion para tal efecto (Veyna-Hurtado
etal., 2023).

Adicionalmente, y con el objetivo de determinar la posible toxicidad del
compuesto FQB-9, ya se ha realizado también un estudio de citotoxicidad en Células

de Carcinoma de Lewis (LLC), las cuales, tras ser tratadas e incubadas con el estimulo



del compuesto, se obtuvo un porcentaje de células inviables equivalente al control
negativo sin tratamiento, mostrando la baja actividad citotoxica que presenta el FQB-
9. Esto permitié proceder a la evaluacién del FQB-9 en un modelo in vivo de infeccion
intratraqueal, donde se observo la sobrevida de los ratones hasta los 6 dias, y tras el
analisis del tejido pulmonar, se evidencid la capacidad de las suspensiones
bacterianas para inducir neumonia en el modelo. Los grupos experimentales tratados
con FQB-9 mostraron un bajo porcentaje de tejido neumonico (5.83% infectados con
S. aureus y 5.96% con K. pneumoniae), significativamente menor que el grupo
infectado sin tratamiento, que generd un 60.51% de tejido neumonico con S. aureus 'y
un 71.70% con K. pneumoniae (Veyna-Hurtado et al., 2023). Se realizaron capturas
de imagenes representativas del parénquima pulmonar de los ratones en los grupos

experimentales, como se muestra en la figura 4.
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Figura 4. Areas neuménicas en cortes histoldgicos de pulmén con infeccion de S. aureus.
a) Sin tratamiento; b) Con tratamiento de ciprofloxacino; ¢) Con administracion de FQB-9; d)
Media y desviacion estandar del porcentaje de area de neumonia. Las flechas azules
senalan areas tipicas sanas del tejido; las flechas negras sefalan porciones con inflamacién



aguda. ANOVA de una via, post-test de Tukey, ns= no significativo, ****p<0.0001 (Veyna-
Hurtado et al., 2025).

La experimentacion con modelos in vivo permite obtener datos relevantes en la
investigacion farmacologica que de otra manera solo podriamos predecir, o bien,
evaluar en modelos celulares, pero que podrian no ser correspondientes a la actividad
posteriormente observada al administrarse en animales o humanos (Waack et al.,
2020).

Se ha reportado previamente que las células E. coliDH5a permiten su
transformaciéon mediante plasmidos aislados, lo cual posibilita que se inserte material
genético especifico para su posterior evaluacion en estudios moleculares que
determinen o aumenten la informacion relacionada a su mecanismo de accion (Niu et
al.,, 2022). En el caso especifico de las fluoroquinolonas, se ha demostrado la
posibilidad de desarrollar materiales de referencia de ADN plasmidico homogéneos y
estables para detectar los mecanismos de resistencia mediante células recombinantes
de Escherichia coli DH5a (Niu et al., 2022), la cual posee muchos genotipos de utilidad
para la investigacion (recA, deoR, gyrA y endA1) los cuales han sido utilizados en
distintos protocolos como clonacion de genes y la produccion de proteinas (Jung et al.,
2010). Se han descrito ensayos para determinar la inhibicion de la ADN girasa por
ciprofloxacino en cepas de E. coli (V. Aleixandre et al., 1991) donde se determiné que
los niveles bajos de ciprofloxacina condujeron a un aumento de la superhelicidad
negativa del ADN plasmidico, mientras que a concentraciones mas altas de
ciprofloxacina, el ADN se relajo, debido a la interaccién de la quinolona con la girasa,
evidenciado mediante el superenrollamiento de un plasmido. Para tal evaluacion, se
emplearon células E. coli K-12, siendo las células DH5a derivadas de tal cepa (Jung
et al., 2010).

De esta manera, el conjunto de las mencionadas evaluaciones previas del FQB-9
resaltan la actividad del compuesto ante cepas sensibles, lo cual permite que se

tengan altas expectativas para proceder a la realizacion de la experimentacion



posterior que se ha planteado, objetivando evidenciar propiedades adicionales y
efectividad sobre cepas que ya presenten resistencia a otros antibiéticos, asi como

dilucidar detalles importantes respecto a su mecanismo de inhibicidén bacteriana.

3) Justificacion
Durante décadas, ha sido ampliamente reportada la acelerada aparicion de
resistencia antibidtica en gran cantidad de cepas bacterianas, principalmente como
resultado del suministro y uso inadecuado de tratamientos farmacologicos. Este
constante fendmeno, ha conllevado que las infecciones actualmente involucren

especies bacterianas resistentes a distintos antibiodticos.

Se estima que 500 000 personas de 22 paises presentan infecciones
bacterianas resistentes, relacionadas a patdégenos comunes como: Escherichia coli,
Klebsiella pneumoniae, Staphylococcus aureus y Streptococcus pneumoniae de
acuerdo al Sistema Mundial de Vigilancia de la Resistencia a los Antimicrobianos de
la OMS (OMS, 2018). Las enfermedades farmacorresistentes causan mas de 700 000
muertes al afo, y la cifra podria aumentar a 10 millones de muertes para el afio 2050
de no generarse un aumento importante de nuevos tratamientos antibiéticos efectivos,
ademas de tomarse medidas adicionales como una regulacion mas estricta en la venta

y prescripcion de los mismos (OMS, 2019).

La tendencia a perder tratamientos efectivos en la clinica para infecciones
bacterianas conlleva un aumento exponencial en la morbilidad y mortalidad
correspondiente a patologias que solian ser tratadas sin complicaciéon en décadas
anteriores. Debido a esto, la OMS ha exhortado a la comunidad cientifica la necesidad
de aumentar la investigacion y desarrollo de nuevos compuestos activos ante las
cepas de mayor capacidad farmacorresistente (OMS, 2018, 2019, 2021). Por lo tanto,
es prioritario obtener nuevas moléculas como potenciales antibidticos, campo en el
cual se ha evidenciado la efectividad de las nuevas fluoroquinolonas, ya que presentan
amplio espectro antibacteriano, alta potencia, y se han disminuido las reacciones

adversas reportadas en anteriores generaciones.



En México, las enfermedades respiratorias agudas son de alta prioridad en la
clinica, representando la principal causa de morbilidad en la poblacién y de mortalidad
en nifios menores de 5 afos (Diego-Rodriguez et al., 2020). Ante esto, el compuesto
FQB-9 podria ser de utilidad en el tratamiento de infecciones causadas por cepas
bacterianas resistentes, para lo cual es necesario evaluar su efectividad antibacteriana
en un modelo in vivo y verificar la baja toxicidad, ampliando asi el conocimiento
respecto a las nuevas fluoroquinolonas con complejo de boro como potenciales nuevos

tratamientos.

4) Hipotesis
El compuesto FQB-9 inhibe el desarrollo de wun aislado clinico de
S. aureus resistente al ciprofloxacino in vitro e in vivo, presenta afinidad a la ADN-

girasa bacteriana, y posee una baja hepatotoxicidad en modelo murino.

5) Objetivo General

Evaluar las interacciones del compuesto FQB-9 con ADN-girasa y determinar su

efectividad sobre un aislado clinico de S. aureus resistente al ciprofloxacino.

6) Objetivos Especificos

1) Inducir farmacorresistencia a ciprofloxacino en un aislado de S. aureus.

2) Evaluar el efecto antibacteriano in vitro del FQB-9 contra un aislado clinico de
S. aureus resistente a ciprofloxacino.

3) Analizar las interacciones in silico del FQB-9 con ADN-girasa mediante
docking molecular.

4) Determinar la hepatotoxicidad in vivo del compuesto FQB-9 mediante analisis
histopatolégico y cuantificacion sérica de DHL, AST, ALT por colorimetria
enzimatica.

5) Establecer la efectividad del FQB-9 en un modelo in vivo de infeccién
intratraqueal de S. aureus resistente a ciprofloxacino.

6) Evidenciar la posible inhibicion de la ADN-girasa con el compuesto FQB-9
mediante ensayo electroforético de superenrollamiento.

10



7) Metodologia

7.1 Generacion de resistencia bacteriana

La induccion de resistencia a ciprofloxacino en Staphylococcus aureus se llevd
a cabo mediante un esquema de exposicion adaptativa seriada. Una alicuota de un
cultivo nocturno de S. aureus se inoculd en una microplaca de 96 pozos que contenia
caldo Muller-Hinton suplementado con concentraciones subinhibitorias de
ciprofloxacino (por debajo de la CMI previamente determinada), por triplicado. Tras 24
horas de incubacion a 37 °C bajo condiciones aerdbicas, el sedimento bacteriano
visible se transfiri6 a medio fresco con la misma concentracion subinhibitoria del
antibiético (0,5X CMI). Este proceso de resiembra se repitidé diariamente durante 14
pasajes consecutivos. Posteriormente, se reevalué la CMI de ciprofloxacino para
confirmar el desarrollo de resistencia en la poblacion bacteriana adaptada. Esta
metodologia, basada en una exposicion progresiva al antibidtico, ha sido descrita como

una estrategia eficaz para generar cepas resistentes. (Yasir et al., 2021).

7.2 Determinacion de la Concentraciéon Minima Inhibitoria(CMI) por
microdiluciones

Se realizaron una serie de microdiluciones en placas de 96 pocillos, utilizando
concentraciones entre 64 pug/mL y 0.125 pg/mL del compuesto FQB-9 en caldo
nutritivo. A cada dilucion se le agregé un inéculo estandar correspondiente a 5 x 10°
UFC/mL de S. aureus. Se incubaron durante 24 horas, a 37°C en un ambiente aerobio,
y posteriormente se observo el desarrollo bacteriano mediante la generacion de
turbidez, seleccionando la menor concentracion sin desarrollo bacteriano como la
minima inhibitoria. Adicionalmente, se realizaron resiembras de 10 uL a partir de las 3
menores diluciones sin desarrollo bacteriano en placas con agar Muller-Hinton; tras su
incubacion durante 24 horas a 37°C, se establece que aquella concentracién que no
presente UFC representa la Concentracién Minima Bactericida (CMB).
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7.3 Analisis de docking molecular

Seleccionamos y descargamos la proteina cristalizada del RSCB Protein Data
Bank (PDB) con el ID 2xct, una estructura de 3,35 A de la girasa de S. aureus co-
cristalizada con ciprofloxacino. Las estructuras adyacentes a la proteina se eliminaron
con UCSF Chimera (1.16), excepto la doble cadena de ADN y el ion Mg?+. En este
software se realizé una minimizaciéon energética de la proteina con el conjunto de
parametros PDB2PQR. Mediante el software AutoDock Tools (1.5.7) se da el estado

de protonacion al receptor.

Se llevo a cabo la optimizacion geométrica de la estructura de FQB-9 en el
software Avogadro (1.2.0) utilizando el campo de fuerza UFF mediante el algoritmo de
descenso mas pronunciado. AutoDock Tools (1.5.7) permitié establecer el arbol de
torsion del ligando y disenar la caja de interaccién a utilizar en el receptor. Se utilizé
AutoDock Vina (1.1.2) para realizar el docking de FQB-9 frente a la proteina girasa.
Los resultados post-docking se analizaron y visualizaron utilizando las funcionalidades

Receptor-Ligando en Discovery Studio Visualizer (21.1.0).

7.4 Modelo in vivo de hepatotoxicidad

Se emplearon 20 ratones Balb/C, distribuidos en cuatro grupos experimentales
de cinco individuos cada uno: control sin tratamiento, control con vehiculo (solucion
inyectable), tratamiento con paracetamol (300 mg/kg) y tratamiento con FQB-9. Los
animales fueron sometidos a ayuno durante 3 horas, posteriormente se registré su
peso y se administro el tratamiento correspondiente. Tras 24 horas, los ratones fueron
anestesiados con sevoflurano por via inhalada, sacrificados y se procedio a la
diseccion de higado y rifones, ademas de la recoleccidon de sangre por puncion
cardiaca. La dosis de paracetamol utilizada se seleccion6 conforme a modelos
experimentales previamente descritos (Cayuela et al., 2020; Mossanen & Tacke,
2015).

La sangre obtenida fue centrifugada durante 15 minutos a 956xg para la
separacion del suero, el cual se empled para la determinacion mediante quimica seca
de los marcadores enzimaticos: ALT, AST, LDH, proteinas totales, bilirrubinas totales
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y fosfatasa alcalina (Shen et al., 2023). Los 6rganos disecados fueron incluidos en
parafina y, posteriormente, se realizaron cortes histoldgicos que fueron tefiidos con

hematoxilina y eosina para su evaluacion histopatologica.

7.5 Modelo in vivo de neumonia aguda

Se estableciéo un modelo in vivo utilizando ratones Balb/c infectados por via
intratraqueal con una suspension de Staphylococcus aureus resistente a ciprofloxacino
(9 x 10" UFC). Los animales infectados se distribuyeron en cuatro grupos
experimentales (n = 5 por grupo): control sin infeccion ni tratamiento; control infectado
sin tratamiento; tratamiento con ciprofloxacino (80 mg/kg/dia); y tratamiento con FQB-
9 (80 mg/kg/dia). Durante los cinco dias posteriores a la infeccion, los ratones fueron
monitoreados y pesados diariamente, y recibieron las administraciones
correspondientes cada 24 horas. En el sexto dia, los animales fueron sacrificados y se
procedid a la diseccidn de los pulmones. El tejido pulmonar se procesé mediante
tincion con hematoxilina y eosina y se obtuvieron imagenes digitales con un
microscopio invertido. A partir de dichas imagenes, se determiné el porcentaje de area
neumonica empleando el software Imaged, el cual permite cuantificar regiones
afectadas mediante la correlacion de pixeles con una escala métrica previamente

calibrada.

7.6 Evaluaciéon molecular del mecanismo de accion

El mecanismo de accion del compuesto FQB-9 podria ser similar al presentado
por otras fluoroquinolonas previamente reportadas (Lapointe et al., 2021; Pham et al.,
2019). Con el fin de corroborar si la actividad antibacteriana presentada por el FQB-9
tiene su origen en la inhibicion de la girasa, se busca la sobreexpresion de esta enzima
en la cepa competente DH5-a de E. coli, la cual permite a su vez ser transformadas

con alta eficiencia tras la insercidon de plasmidos (Khazaal et al., 2022; Niu et al., 2022).

Se llevo a cabo la insercion del plasmido pGLO, iniciando con una unica colonia
bacteriana portadora del plasmido de interés, la cual se inocul6 en un volumen
adecuado de caldo LB. El cultivo se incubd durante la noche a 37 °C con agitacion

constante. Posteriormente, las células bacterianas se sedimentaron mediante
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centrifugacion a 5000 x g durante 10 min a 4 °C. Se descarté el sobrenadante vy el

pellet se resuspendid en un volumen equivalente de solucion buffer TE.

Para lisar las células, se afadio lisozima hasta una concentracion final de 1
mg/mL y se incubd a 37 °C durante 30 min. Posteriormente, se agregé SDS a una
concentracion final de 0.2% y ARNasa A a 10 pug/ml, incubandose nuevamente a 37
°C por 30 min. La digestion de proteinas se realiz6 afiadiendo proteinasa K (20 pg/ml)
y manteniendo la mezcla a 55 °C durante 2 h, o hasta que la solucién adquirié una

apariencia transparente.

La extraccion del ADN plasmidico se efectué mediante la adicion de un volumen
igual de fenol:cloroformo:alcohol isoamilico, seguido de agitacion y centrifugacién a 10
000 x g durante 10 min. La fase acuosa se transfirié a un tubo limpio y se realizé una
segunda extraccion con cloroformo:alcohol isoamilico. EI ADN se precipité anadiendo
0.6 volumenes de isopropanol y centrifugandolo a 10 000 x g durante 15 min. El pellet
obtenido se lavd con etanol al 70%, se dejo secar al aire y se resuspendidé en un
volumen apropiado de agua libre de ARNasa. El ADN purificado se almacend a —20

°C para conservacion a corto plazo o a —-80 °C para almacenamiento prolongado.

Posteriormente, el material genético purificado se incubé con el compuesto FQB-9
a 37 °C durante 30 min, con el propoésito de evitar la eliminacion bacteriana (Morgan-
Linnell et al., 2007), y evaluar si la presencia del derivatizado inhibia la actividad de la
ADN girasa. Se realizaron ensayos electroforéticos para detectar posibles deleciones
o fragmentacion del ADN (Khazaal et al., 2022). Para ello, se preparé un gel de
agarosa al 1%, en el cual se cargd un volumen equivalente de ADN en cada pozo,
ejecutando la electroforesis a 80 V durante 60 min. El gel se tifié con bromuro de etidio
y finalmente se visualizé bajo luz UV mediante el sistema DNR MiniBIS Pro, lo que
permiti6 comparar los patrones de migracién del plasmido pGLO en funcién de su

grado de relajacién o linealizacion.
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5

During the last decades, most bacterial strains have become increasingly resistant to
antibiotics. This has led the WHO to declare a global emergency in 2017 to develop
new active compounds. Some families of antibiotics still show high antibacterial
efficacy, as is the case of fluoroquinolones, which have a broad spectrum of action. For
this reason, our research group derived several compounds from fluoroquinolones,
selecting a compound with good antibacterial activity for further evaluations, a
difluoroboranil-fluoroquinolone complex labeled 7a. Antibacterial activity was evaluated
by the Kirby-Bauer method against S. aureus (clinical isolate HGZ2201#ID); the MIC
and MBC were obtained by macrodilutions and reseeding; /In vivo antimicrobial activity
was evaluated in a Balb/c mice model infected intratracheally with S. aureus and
subsequently treated with ciprofloxacin or 7a (80 mg/kg/day) during five days. A mean
of 8.55+0.395 cm? inhibition area was observed using 7a while ciprofloxacin generated
a mean inhibition of 7.86+0.231 cm?; 7a showed a MIC and MBC of 0.25 yg/mL; and
reduced to 5.83% the generation of pneumonic lung tissue, while the untreated infected
group generated 60.51 % of pneumonic tissue. Compound 7a proved to be an
antimicrobial agent capable of inhibiting in vitro development of S. aureus. Furthermore,
7a showed effectiveness decreasing the progression of acute pneumonia induced by
S. aureus in a murine model.

Keywords: Fluoroquinolone, S. aureus, antimicrobial, molecular docking, pneumonia,
histopathology.
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1. Introduction

The WHO has published reports stating that the large increase in drug resistance
could lead to a post-antibiotic era by 2050, while it has also been established that by
that year there will be 10 million deaths per year from antibiotic-resistant infections
(Akram et al., 2023; O’Neill, 2015; OMS, 2019; Stephens et al., 2020). One of the most
problematic bacteria-related diseases, acute respiratory infections (ARI) cause millions
of deaths worldwide, representing the first leading cause of death in children and the
sixth leading cause of death in adults (Ballarini et al., 2022; Diego-Rodriguez et al.,
2020; Hakansson et al., 2018; Kumar, 2020; Munoz et al., 2021). Staphylococcus
aureus is one of the main causes of food poisoning in industrialized countries (Ondusko
& Nolt, 2018), and a causal agent of pneumonia due to its infectious capacity.
Regarding Community-Acquired Pneumonia (CAP), about 5-10 % of patients end up in
the intensive care unit. Severe CAP represents the most complicated subgroup to treat
in this pathology, whose mortality can reach 40 % in patients who had septic shock and
require mechanical ventilation (Aryee & Edgeworth, 2017; Niederman & Torres, 2022;
Pahal & Sharma, 2020).

In a global review about mortality from bacterial infections, it is reported that S.
aureus was the leading bacterial cause of death in 135 countries (including Mexico and
the USA) and was also associated with most deaths in individuals over 15 years of age,
worldwide. In 2019, more than 6 million deaths resulted from three bacterial infectious
syndromes, of which lower respiratory infections and bloodstream infections each
caused more than 2 million deaths (Collaborators, 2022).

The fluoroquinolone family have an extended use in the clinics for complicated
infections, and the recent derivatized structures show high activity and broad
antibacterial spectrum, being effective against S. aureus, K. pneumoniae and E. coli,
even presenting a high utility against difficult treatment bacteria, such as Y.
enterocolitica, Mycobacteria, Salmonella, Shigella, Campylobacter (Carrillo-Alduenda
et al, 2018; Socorro Leyva-Ramos & Hernandez-Lépez, 2017). These
fluoroquinolones have evidenced a decreased bacterial resistance, phototoxicity has
been eliminated, and they are effective in methicillin-resistant S. aureus strains (Cho et
al., 2018; Ocheretyaner & Park, 2018). Previously, our research group have
synthesized and characterized several fluoroquinolone compounds in complex with
boron atom (Leyva & Hernandez, 2010) in order to increase the antibacterial activity
and improve the physicochemical and pharmacokinetic properties (Hernandez-Lépez
etal., 2019).

In the organic synthesis of the compounds, the addition of functional groups that
improve the overall potency were considered, such as the addition of cyclopropyl in
position N-1, also achieved by the addition of an ethyl group (Pham et al., 2019). In
turn, a fluorine group was added at position 6, which has traditionally been reported to
increase the activity against gram-negative bacteria, activity that is also enhanced by
the piperazine at C-7 position of the quinolone ring, compared to other compounds
lacking such a structure (Laws et al., 2020; Norouzbahari et al., 2020; Pham et al.,
2019).
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Boron-fluoroquinolone derivatives are obtained by incorporating the boron atom at
positions 3 and 4 through keto and carboxylic groups. Currently, there are few reports
of boronated fluoroquinolones, with a small number of examples with inhibitory activity
in cancer cell lines or bacterial (Hernandez-Lopez et al., 2019; Li et al., 2013; Lin et al.,
2016; Sayin & Karakas, 2017), so it is required to expand the libraries of boron
derivatives and their conjugates, and elucidate their mechanism of action. In addition,
molecular docking studies have been described using norfloxacin-boron complexes as
ligand, resulting in an increase in the interaction obtained when boron was bound to
fluoride atoms (Sayin & Karakas, 2018).

Boron has unique chemical properties, such as its ability to form stable complexes
with biomolecules, which can enhance antibacterial activity and modulate target
specificity and reduce the cytotoxicity of some organic structure moieties. It has also
been reported to have antibacterial activity on its own, boosts the immune system,
possesses activity in vaginal infections, and has even been described to be useful in
cancer treatment (boron neutron capture therapy [BNCT]) )) by minimizing the number
of healthy cells affected (Chatterjee et al., 2021; Delgado, 2022; Khaliq & Ke-Mei, 2018;
Lesnikowski, 2021), however, there are few reports of fluoroquinolone derivatives
containing boron-based substituents reported.

An in vitro screening revealed the compound difluoroboranyl 1-ethyl-6-fluoro-4-
oxo-7-piperazin-1-il-1,4-dihydro-quinoline-3-carboxylate, later labelled as "7a" (showed
in Figure 1. a) as one of the best inhibitors against S. aureus and K. pneumoniae. Our
research team has already exhaustively evaluated 7a in the gram-negative strain
Klebsiella pneumoniae, demonstrating a notorious antibacterial activity (Veyna-
Hurtado et al., 2023), therefore our main objective in this research was to evaluate the
antimicrobial effect in vitro of 7a against gram-positive bacteria strain S. aureus and
determine its activity in an acute pneumonia model in mice (the experimental design is
shown in Figure 1. b).

Treatment administration
Intratracheal Sacrifice and lung
infection | I | Procurement

~e - ! | ! I | | | !
N 1 1 | 1 1 1 \ 1

|
|
o] 0 1 2 3 4 5 6 7 8

| r :

Bacterial suspension Days
o] 5. aureus 9x10” CFU

‘ Administered treatments at 24 hours

post-infection for 5 days
K\N N
Positive Negative
HN \) k control control Treatment

Ciprofioxacin Distilled 7a
80 mg/kg water 80 mg/kg
(a) (b)

Figure 1. Structure of the 7a compound and experimental treatment design. a) Chemical
structure of the 7a compound synthesized by our research group. b) Experimental treatment
design. Infection was performed at day zero, with 9x10” CFU of S. aureus. Treatments were
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administered 24 hours post-infection for 5 consecutive days, sacrificing the mice and removing
the lungs on day 6.

2. Materials and Methods
2.1. Synthesis of difluoroboranyl 1-ethyl-7-fluoro-4-oxo-7-piperazin-1-il-1,4-dihydro-
quinoline-3-carboxylate, 7a

The compound 7a derived from fluoroquinolone, which, by forming a complex with
boron, increases the biological activity (Veyna-Hurtado et al., 2023) was synthesized
according to Hernandez-Lopez et al method (Hernandez-Lépez et al., 2019), with some
modifications. In a reflux system was added 1.5 mL of acetonitrile, 69.4 uL (0.5 mmol)
of triethylamine (TEA), 100 mg (332.85 umol) of difluoroboryl 1-ethyl-6,7-difluoro-4-
oxo-1,4-dihydro-quinoline-3-carboxylate, and 43 mg (0.5 mmol) of piperazine at 80 °C
for 10 h with constant stirring. After that, 1 mL of ethanol was added to the mixture of
reaction, resulting in a light-yellow solid that was separated by vacuum filtration and
washed with ethanol until a yellow solid was obtained, with 79 % reaction yield and a
melting point (obtained by using a Fisher-Johns melting point apparatus) of 230-231
°C. The spectroscopy characterization of 7a, was in accordance with to reported (Leyva
& Hernandez, 2010): "H NMR (Varian Mercury plus 400 MHz spectrometer using TMS
as the internal control, DMSO-ds) 6 (ppm): 9.25 (s, 1H), 8.05 (d, JHForto = 13.48 Hz, 2H),
7.31 (d, JHF meta = 7.31 Hz, 2H), 4.82 (¢, Jun = 7.11 Hz, 2H), 3.38 (m, 4H), 2.89 (m, 4H),
1.46 (t, Jun = 7.11Hz, 3H).

2.2. Molecular Docking

First, a molecular docking evaluation was carried out (Eberhardt et al., 2021), in
order to determine whether the molecule 7a would have interactions with DNA gyrase
(the usual target of fluoroquinolones). We selected and downloaded the crystallized
protein from RSCB Protein Data Bank (PDB) with the ID 2xct, a 3.35 A structure of S.
aureus gyrase co-crystalized with ciprofloxacin.

The active sites of the protein were predicted in the Protein Plus server
(https://proteins.plus/#dogsite). Structures adjacent to a single protein, such as the
solvent, were removed with UCSF Chimera (1.16), except for the DNA double strand
and the Mg?* ion, which were retained. The same software allowed us to carry the
energy minimization of the protein, whose computations were performed with the
PDB2PQR parameter set. We used the AutoDock Tools software (1.5.7) to give the
receptor the protonation state.

The structure of 7a was drafted in BIOBIA Draw software (19.1.0) and later opened
in Avogadro (1.2.0) to conduct geometrical optimization using UFF force field by using
steepest descent algorithm with 4 steps by update. AutoDock Tools (1.5.7) allowed us
to set the torsion tree of the ligand (molecule 7a), and to design the grid center to be
used in the receptor. AutoDock Vina (1.1.2) was used to carry out the docking of 7a
against the gyrase protein. The post-dock results were analized and visualized using
Receptor—Ligand interactions on Discovery Studio Visualizer (21.1.0).

2.3. Kirby Bauer Evaluation
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The Kirby-Bauer technique was performed to evaluate the sensibility of the strain
to the compound (W. L. CLSI, 2018). An isolate of Methicillin Resistant Staphylococcus
aureus (MRSA) susceptible to fluoroquinolones, obtained from respiratory tract
infection (HGZ2201#ID), was used for this experiment. Clinical isolates were obtained
from the strain collection of the Universidad Autbnoma de Zacatecas, where it was kept
frozen at -80°C until use. A 0.5 McFarland bacterial suspension of S. aureus (from the
clinical isolate HGZ2201#ID) was inoculated on Mueller-Hinton agar plates (MH)
(Bioxon, no. cat. 211667). Discs impregnated with the 7a (with 0.1, 1, 5 or 10 pg) diluted
in DMSO were placed over the MH medium. Ciprofloxacin 5 pug (Ciproxin®, Bayer) was
used as a positive control, dimethyl sulfoxide (DMSO) [10% concentration in aqueous
dilution] (Sigma-Aldrich, cat. no. 472301) as a vehicle control. The inoculated growth
medium plates were incubated for 24 h at 37 °C in an aerobic environment. Digital
photographs of the petri dishes were taken and analyzed with ImagedJ (1.52) software
with a reference metric scale, obtaining a pixel/mm ratio, using then the “polygon”
functionality to select the inhibition halo and finally select the Analyze-Measure options
that allowed us to obtain results in mm? of inhibition.

2.4. Minimum Inhibitory Concentration

The Minimum Inhibitory Concentration (MIC) was determined by macrodilutions,
using serial dilutions of 7a compound, between 32 ug/mL and 0.0625 pug/mL in Muller-
Hinton nutrient broth (Bioxon, cat. no. 210300), and a standard inoculum of 5x104
CFU/mL of S. aureus was added. The tubes were then incubated for 24 hours at 37 °C
in aerobic medium, and bacterial growth was evidenced by opacity development. Tubes
without visible turbidity were reseeded in MH medium to determine the Minimum
Bactericidal Concentration (MBC) defined as the plate/concentration on which no CFU
grew after incubation for 24 hours at 37°C.

2.5. Acute pneumonia in vivo model

The murine acute pneumonia model consisted of sixteen male and female BALB/c
albino mice between 10 and 12 weeks of age (age range in accordance with values
reported in other models (Dietert et al., 2017; Draxler et al., 2019)), divided into 4
experimental groups with 4 mice per group, denominated as: control group without
infection; S. aureus infection without treatment; S. aureus infection and administration
of ciprofloxacin; S. aureus infection and administration of 7a. All of them were housed
in a pathogen-free environment with 12-hour light/dark periods and received sterile food
and water ad libitum. The animals were handled in accordance with the NOM-062-
Z00-1999 “technical specifications for the production, care, and use of laboratory
animals” and the evaluations were accepted by the Institutional Ethics Committee of
the Autonomous University of Zacatecas with acceptance code SACS/UAZ/308/2020.
Mice were anesthetized using 1.5 mL / 5 kg of sodium pentobarbital intraperitoneally
(Cheminova, cat. no. 30375-B) and then inoculated with 50 pl of S. aureus bacterial
suspension with 9x10” CFU resuspended in distilled water through a 22-gauge cannula
intratracheally, according to reported methods (Morton et al., 2001).

Compound 7a was administered intraperitoneally 24 hours after infection (route
suitable for administration in small rodents) (Morton et al., 2001) with a dosage of 80

19



mg/kg/day during 5 consecutive days, The same treatment scheme was performed for
ciprofloxacin, consistent with other models (Rodriguez-Martinez et al., 2008; Thadepalli
et al., 1988). The mice body weight were measured daily (Yamashita et al., 2019). The
experimental animals were euthanized  on the sixth day using a CO2 chamber. The
lungs were perfused with 10% formalin by intratracheal inoculation, preserving their
morphology (Aeffner et al., 2015), and then the right lung of each mouse was dissected.
The lungs were embedded in paraffin and cut into 2 um thick sections, Hematoxylin
and Eosin (H & E) staining was subsequently performed. Microscopic histopathological
analysis was performed on the sections at 40x on Olympus® inverted microscope
(Dietert et al., 2017; Draxler et al., 2019; Yamashita et al., 2019). Digital photographs
of lung morphology were taken and then analyzed using Imaged software (1.52), which
allowed us to establish a metric scale by obtaining a pixel/mm ratio using the “polygon”
functionality, selecting the pneumonic areas/foci, identified as those in which the
alveolar spaces were reduced and cellular infiltration in the lung tissue was evident;
then the Analyze-Measure options allowed us to obtain results in cm2 to calculate the
percentage of tissue area with pneumonia (Hraiech et al., 2015; Mizgerd & Skerrett,
2008).

2.6. Statistical analysis

The normality of the data was evaluated by the Shapiro-Wilk test. The data
presented normal distribution, and was analyzed with one-way ANOVA and Tukey's
post-test, values of p < 0.05 were considered significant. Mean and standard deviation
are used as descriptive statistics and in the categorical concentration experiments,
mode was used. Graphs were performed in GraphPad Prism (8.0.2) software.

3. Results

As already established by the WHO, research and discovery into new antibiotic
drugs must be a priority (OMS, 2018, 2019, 2021). In this work we evaluated the
antimicrobial efficacy of 7a, showing strong antimicrobial activity.

3.1. Compound 7a interacts in silico with S. aureus DNA gyrase

The molecular docking of 7a with DNA gyrase of the S. aureus bacteria was
performed, and the best position found got the binding energy score of -10.1 kcal/mol.
The interactions are represented in the Figure 2a, where we can observe electrostatic
and some hydrophobic interactions with different amino acids or nucleotides, showing
a probable inhibition of the enzyme. We can observe hydrogen bonding and van der
Waals interactions between 7a and adenine (DA1368), guanine (DG1353),
phenylalanine (PHE970), aspartate (ASP21), glycine (GLY20 and GLY260) among
others. In Figure 2b, we can observe that the amino acids in the interactions are
presented close to the binding site of other fluoroquinolones, but they are not exactly
the same. This is a therapeutic advantage, since the fact that the mechanism of action
is different means that the use of this new class of antibiotics developed by our group
could be used independently of the novel fluoroquinolones. We observed that molecule
7a is oriented towards the upper part in the Gyr-A subunit of DNA gyrase and
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interactions of the fluorine groups in the boron complex with histidine (HIS259) and
arginine (ARG969).

Moreover, the same methodology was applied to the structure of ciprofloxacin,
finding a score of -8.9 kcal/mol, highlighting electrostatic interactions such as van der
Waals and hydrogen bonds, with proline (PRO504) and asparagine (Asn447)
respectively, among other interactions. Interactions with thymine (DT1340), adenine
(DA1375) and guanine (DG1339) near the target site are also present, as can be seen
in Figure 2c. Likewise, the most stable position of interaction of ciprofloxacin is located
in the GyrA subunit, which is consistent with the preferred site of interaction for this
drug in bacterial inhibition, as depicted in Figure 2d.
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Figure 2. In silico analysis of structure 7a docking with S. aureus gyrase using AutoDock Vina
software. a) Interactions predicted for the molecule 7a with the gyrase aminoacids, resulting in
the score -10.1 kcal/mol. b) Structure of DNA gyrase (2xct) with the best orientation found for
the 7a molecule was marked with a black rectangle, emphasizing the relevant interactions. ¢)
Interactions predicted for the Cpx with the gyrase, resulting in the score -8.9 kcal/mol. d)
Structure of DNA gyrase (2xct) with the best orientation for the Cpx molecule.

3.2. Compound 7a shows antimicrobial activity by Kirby Bauer assay

In order to provide experimental evidence of antimicrobial effects, 7a was added to
S. aureus HGZ2201#ID strain plated on solid agar. The areas of inhibition in S. aureus
were measured using Image J software (1.52) and graphically represented in Figure.
3. After the statistical analysis, equivalence was observed in the use of ciprofloxacin
and 7a (using the same concentration of 5 pg), having obtained 8.549+0.395 cm? of
mean inhibition in S. aureus. This result evidenced the activity of the compound,
equivalent to the activity of the control ciprofloxacin that generated a mean inhibition of
7.86+0.231 cm?, so we proposed to continue the evaluations of this quinolonic
derivative. The other concentrations of 7a also evidenced antibacterial activity,
obtaining mean areas of inhibition of 1.86 cm? with 0.1 ug (p<0.0001, 95% CI: -0.16,
3.88); 4 cm? with 1 ug (p<0.0001, 95% CI: 3.04, 4.97); 8.55 cm? with 5ug (not
significant, 95% Cl: 7.57, 9.53); and 6.71 cm? with 10 ug (not significant, 95% CI: 3.77,
9.66).
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Figure 3. Average inhibition area of 7a compound against S. aureus, Kirby-Bauer evaluation.
The mean and standard deviation of the inhibition area of 3 triplicate experiments of compound
7ain S. aureus culture was plotted. DMSO (vehicle) and 5ug ciprofloxacin (Cpx) as antibacterial
positive control were added. Statistical analysis one-way ANOVA and Tukey's post-test were
performed, ns: not significant, ****p<0.0001 significant differences respect to Cpx result.
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3.3. 7Ta antimicrobial activity by MIC and MBC shows non-inferiority to ciprofloxacin

Regarding the MIC determination, ciprofloxacin was used as a control, resulting in
0.25 yg/mL against the strain of S. aureus, Subsequently, in the reseeding of the
suspensions, the MBC resulted in 0.5 ug/mL. Derivatized 7a obtained the same MIC of
0.25 pg/mL, matching its MBC of 0.25 pg/mL, as shown in Table 1. Compound 7a
exhibits a MIC characteristic of a compound active against S. aureus (<1 ug/mL),
according to CLSI guidelines (CLSI, 2020).

Table 1. MIC and MBC results for 7a

MIC MBC
Bacterial strain Compound (ng/mL)
(ng/mL)
S. aureus Ciprofloxacin 0.25 0.5
7a 0.25 0.25

3.4. Acute pneumonia in vivo model

Subsequently, the in vivo acute pneumonia model was set. The bacterial
suspension administered to the mice contained 9x107 CFU of S. aureus, a close
concentration to that reported by Esposito et al (3x108 CFU) (Esposito & Pennington,
1983), and by Kim y Missiakas (de 2 - 4x108 CFU) (Kim et al., 2014). The suspensions
were optimal for our experimental development, as they allowed for the survival of
biological reagents (Hraiech et al., 2015). The suspension concentration in our model
of pneumonia (higher than some reported concentrations), and the route of
administration contributes to did not require an immunosuppressive treatment to
generate infection in healthy mice. Other authors have used 100-250 mg of
cyclophosphamide to establish a pneumonia model (Ku et al., 2019; Sheppard et al.,
2006).

The in vivo model implemented was intended to be carried out without using other
concomitant drugs such as cyclophosphamide, used to cause neutropenia in some
pneumonia models, but that can diminish the classical signs of acute inflammation
(Dudis et al., 2023; Hraiech et al., 2015; Hu et al., 2020; Ku et al., 2019). Therefore, we
generated the infection only with the bacterial suspension, achieving a more
homogeneous state among the experimental groups, as reported in the literature
(Anand et al., 2020; Dietert et al., 2017; Wasbotten et al., 2022).

No significant change was observed in the daily weight of the groups. The
uninfected group recorded increases of 0.5 g on day 4, and 1.16 g by day 7 of the
experiment. In the untreated S. aureus infected group, a decrease of 1.56 g on average
was recorded for day 4, and an increase of 1.93 g on day 7, due to the immune
response (Altamirano-Lagos et al., 2019). Mice given ciprofloxacin tended to lose
weight until the end of the experiment, without regaining it completely. This may be due
to adverse reactions, such as nausea vomiting, diarrhea, abdominal pain, hemolytic
anemia, among others (Blondeau, 1999; Martinez et al., 2018; Zhanel et al., 1999).
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Contrary to that, mice infected and treated with 7a showed weight patterns very similar
to healthy mice, although no significant differences are observed in these measures
between the groups.

The weight loss in mice models administered with ciprofloxacin was already
reported by Zhu et al (Zhu et al., 2020) and suggesting that this drug induced anorexia.
The 7a may achieve the weight maintenance due to bactericidal capacity upon the
infection, and it is probably does not induce anorexia. Further evaluations are needed
to detail the phenomenon of weight changes during the experimentation.

Once the lung tissues were obtained at the end of the in vivo evaluation, they were
observed in its entirety and 8 digital image fields per mouse were taken and analyzed.
The pneumonic percentage value in every lung were averaged per experimental group,
with an n=4 mice per group. A representative image of lung tissue is presented in
Figure. 4. a. to 4. d., the blue arrowheads show the alveolar tissue without immune cell
infiltration. Figure. 4. a. shows the healthy lung tissue of mice without infection, being
the pneumonic areas significantly lower than the group with untreated S. aureus. These
showed an average of 60.74 % pneumonic area (indicated by the black arrowheads)
as shown in Figure. 4. b. (****p<0.0001, 95% CI: 57.10, 64.38). The significant
decrease in the percentage of pneumonia in the mice infected with S. aureus and
treated with ciprofloxacin (where 16.06% of pneumonic areas were obtained in Figure.
4. c. (***p<0.0001, 95% CI: 8.95, 23.17)), is reduced compared to the infected group
without a treatment. In addition, the analysis of mice lung tissue, infected with S. aureus
and treated with 7a, we obtained an average of 5.84 % of pneumonic areas
(****p<0.0001, 95% CI: 2.90, 8.77) (Figure. 4. d.), significantly less than the infected
mice without treatment. A tendency to a lower pneumonia generation in the mice that
received 7a, with respect to those treated with ciprofloxacin can be seen in Figure 4.
e.
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Figure 4. Pneumonic areas in histological lung sections after S. aureus infection.
Representative images of H & E-stained lung tissue from Balb/c mice n=4 per experimental
group. a) Control mice without infection; b) S. aureus infection without treatment; ¢) S. aureus
infection with ciprofloxacin treatment; d) S. aureus infection with 7a administration; e) Mean
and standard deviation of the percentage of S. aureus area determined in experimental groups
were plotted. Blue arrowheads point to healthy alveolar tissue, while black arrowheads point to
areas of pneumonic injury. Statistical analysis of one-way ANOVA and Tukey post-test were
performed, where significant differences are expressed as follows: ns= not significant, *p<0.05,
****n<0.0001.

The results in the described model evidenced the capability of reducing the
percentage of pneumonia after administration of 7a in these conditions, equivalent to
that of ciprofloxacin.

4. Discussion

The obtained results in the in-silico evaluation suggest that 7a would exhibit
antimicrobial activity against S. aureus by inhibition of the A subunit of DNA gyrase,
which is critical to enzymatic activity (Eberhardt et al., 2021; Hirsch & Klostermeier,
2021; Norouzbahari et al., 2020). As we can observe, the most stable binding site
predicted for compound 7a is not the same as the one expected for ciprofloxacin,
allowing to expect activity even in strains showing resistance (Huynh et al., 2023), this
allows us to expect an inhibitory activity by molecule 7a, which in turn would have
advantages over the use of other traditional fluoroquinolones that present resistance
due to mutations in their specifical pharmacological target.
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The exact mechanism of action of 7a against S. aureus has not yet been fully
elucidated, but docking evaluations show possible agreement with that reported in the
literature for other fluoroquinolones, regarding QRDR binding differences (Uivarosi,
2013). The interaction of this compounds with bacterial gyrase leads to bacteriostasis,
DNA double helix breaks, chromosomal fragmentation, formation of reactive oxygen
species, and finally cell death (Maciuca et al., 2020; Nedeljkovi¢ et al., 2021). However,
further experimental evidence is still needed in other strains as well as mechanistic
experiments.

Regarding in vitro evaluations, (according to CLSI guidelines), areas of inhibition in
S. aureus >21 mm show a strong antimicrobial activity against a sensitive strain (CLSI,
2020). It is noteworthy that compound 7a has both MIC and BMC found at the same
concentration. This could be evidence of a slightly higher bactericidal activity by
compound 7a relative to that of Cpx. We observed a tendency of higher inhibition with
5 pg, than with 10 pg, probably due to the lower diffusion of the compound 7a in the
agar by having higher concentration in the disk (Taroco et al., 2006). In evaluations
performed against wild strains of S. aureus where the effect of norfloxacin was
evaluated, MICs up to 49.87 ug/mL were obtained (S. Leyva-Ramos et al., 2017), while
7a has a lower MIC possibly due to an increase in its activity by the addition of the
boron ion. Compounds like the nemonoxacin, have MICs reported as below 8 ug/mL
(Yang et al., 2020). Besides, the MBC of 7a against S. aureus (0. 25 uyg/mL) was lower
than that of ciprofloxacin (0.5 ug/mL); as well as the MBC of fluoroquinolone derivatives
reported by Watanabe et al. MBC of 37.5 uyg/mL against the same bacteria (Watanabe
et al., 2019). And these results are even similar to delafloxacin, a drug used in clinical
practice and evaluated by Thabit et al (Thabit et al., 2016), who report an MIC for S.
aureus of 0.25 pg/mL. Taken together, the data suggest a comparable or stronger
activity of 7a compared to some of the commercially available quinolones.

On the other hand, the antofloxacin, an antibiotic present in the new generation of
quinolones was evaluated against S. aureus obtaining MICs of <0.25 pg/mL (Zhou et
al., 2020). This compound was also evaluated in a murine model of pneumonia, where
it was reported that >10 mg/kg every 12 hours was required to obtain bactericidal
results against S. aureus. In comparison, in our investigation 80 mg/kg of 7a was
administered, although only once per day. This indicates that 7a could have a highly
effective profile, without the need to administer repeated doses.

Other new generation antibiotics have been evaluated in these murine models of
pneumonia. For delafloxacin, to achieve a bactericidal elimination of K. pneumoniae in
1-Log with respect to the initial bacterial load, an average of 235 mg/kg/day of
delafloxacin was required (Zhao et al., 2019). This indicates that 7a could have a highly
effective profile and antimicrobial potency having used a dosage of 80 mg/kg/day.

The addition of the boron complex was very useful for the quinolonic structure,
evidenced by less pneumonic tissue generation, that may explain differences in the
binding region outside of the QRDR and suggesting important differences in the
mechanism of action of 7a. This will merit further experimental and theoretical analysis
due to retained antimicrobial activity even in strains that have developed resistance on
QRDR related selection pressure and where other fluoroquinolones fail as antimicrobial
since these also target the QRDR. Although no cytotoxicity data was generated for this
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compound 7a, the pharmacodynamics and other important pre-clinical data are now
essential to move forward this new molecule beyond preclinical testing and into feasible
human trials, given the similar or even improved efficacy compared to well-established
and widely used antibiotics. This is also in light of the negative in silico assay score and
decreased MBC, as has also been observed with other similar modifications at the
same structural position. (Maciuca et al., 2020; Nedeljkovic et al., 2021; Saleh et al.,
2022).

The obtained results highlight the compound 7a inhibition of the acute respiratory
infection caused by S. aureus in mice, consequently, there are positive expectations
concerning its possible future use in therapeutics.

5. Conclusions

The molecular docking results revealed the probable inhibition of bacterial DNA gyrase
of S. aureus, which is consistent to the established mechanism of action for
fluoroquinolones, even if the boron complex is added at sites usually unmodified in
quinolones. Concerning the in vitro and in vivo results, we clearly observed that the
boronated fluoroquinolone 7a is a promising compound with a potent bactericidal effect
on S. aureus strains. Furthermore, its effectiveness in decreasing the progression of S.
aureus-induced acute pneumonia was demonstrated in the murine model of
intratracheal infection, which allows us to broaden our knowledge of this subfamily of
quinolones and to expand our research on this and similar compounds.
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8.2 The difluoroboranil-norfloxacin derivative “7a” inhibits bacterial DNA
gyrase and exhibits potent activity against ciprofloxacin-resistant S. aureus in
vitro and in vivo using an acute pneumonia model
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Abstract: According to the World Health Organization, antibiotic research remains
insufficient, emphasizing the urgent need for new active molecules, particularly against
resistant bacteria. Based on known antibacterial scaffolds, new fluoroquinolone
derivatives have been synthesized by our research group, including compound 7a, a
difluoroboranyl-fluoroquinolone that previously demonstrated activity against sensitive
strains. Methods: The minimum inhibitory (MIC) and bactericidal (MBC) concentrations
of compound 7a were determined against S. aureus, K. pneumoniae, and E. coli.
Ciprofloxacin resistance was induced in S. aureus using sub-inhibitory concentrations.
Pharmacokinetic and toxicological properties were predicted using SwissADME,
Way2Drug, and molecular docking (AutoDock Vina). In vivo toxicity was evaluated in
BALB/c mice through histopathological liver and kidney analysis and serum
biochemical markers. The antibacterial efficacy of 7a (80 mg/kg/day) was assessed in
a murine pneumonia model induced by ciprofloxacin-resistant S. aureus. DNA gyrase
inhibition was confirmed through plasmid electrophoresis assays in E. coli DH5-a cells.
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9) Conclusiones
Las estudios realizados permitieron corroborar la hipétesis planteada, asi como el

cumplimiento de los objetivos establecidos al inicio de la investigacion.

Fue posible inducir la resistencia bacteriana al ciprofloxacino en un aislado de S.
aureus , la cual fue utilizada para las evaluaciones del compuesto FQB-9, y poder
comparar los resultados respecto a la quinolona control.

El FQB-9 mostrod interacciones relevantes a la girasa de S. aureus mediante la
evaluacion in silico, inclusive con una mayor afinidad respecto al ciprofloxacino; estos
resultados fueron posteriormente corroborados con el ensayo electroforético, donde
se pudo comprobar que FQB-9 es capaz de inhibir la ADN girasa bacteriana.

Respecto a las evaluaciones in vitro, el FQB-9 presentd inhibicidn en las cepas
resistentes a ciprofloxacino, siendo ademas capaz de presentar efectividad en un
modelo in vivo de neumonia, evidenciando asi la capacidad del compuesto para actuar
en un proceso patoldgico en tales niveles sistémicos ante bacterias de alto interés
clinico.

Las evaluaciones realizadas para determinar la posible toxicidad del compuesto
FQB-9 mostraron resultados favorables. Tanto las simulaciones in silico como el
modelo in vivo de toxicidad aguda evidenciaron efectos poco significativos, lo que
permite considerar a FQB-9 como una molécula segura en su administracion.

En conjunto, los resultados obtenidos posicionan a FQB-9 como un compuesto
prometedor para el tratamiento de infecciones bacterianas resistentes a otros
antibioticos. Ademas, su estudio contribuye a ampliar el conocimiento sobre nuevas

estructuras de interés en la investigacion antibacteriana.
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10) Perspectivas
Los resultados obtenidos en las distintas experimentaciones aqui desarrolladas

para el compuesto FQB-9 permiten ampliar las lineas de investigacion que consoliden
su potencial antibiético, asi como utilizar compuestos con similares modificaciones
estructurales en evaluaciones farmacoldgicas.

Respecto al FQB-9, la evaluacién de la cinética de inhibicion de girasa bacteriana,
y la consecuente determinacion del impacto sobre los procesos de replicacion del ADN
contribuiran en establecer su perfil farmacodinamico.

Adicionalmente, puede evaluarse el efecto del FQB-9 sobre otras cepas
bacterianas multirresistentes de importancia clinica, como Streptococcus pneumoniae,
Pseudomona aeruginosa o Acinetobacter baumannii, ademas de la posibilidad de
evaluar la efectividad sobre especies de micobacterias. De igual forma, podria
analizarse el desarrollo de resistencia inducida por FQB-9 en comparacioén con la
generada por el ciprofloxacino.

Respecto a la farmacocinética, pueden plantearse modelos animales que definan
la absorcion, distribucion metabolismo y excrecion, ademas de poderse evaluar la
toxicidad cronica en conjunto con estudios de genotoxicidad y cardiotoxicidad, lo que
permitira establecer su seguridad a largo plazo.

Finalmente, la evaluacion en otros modelos animales de distintas infecciones, asi
como la generacion de formulaciones y métodos de distribucion de farmacos, como
nanoparticulas o sistemas de liberacién prolongada, podrian potenciar la eficiencia

farmacoldgica.
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Anexos

¢ Anexo A: Caracterizaciones de las cepas utilizadas

Cliente de bioMérieux:

Nombre del paciente:
Localizacion:
N° de examen: 1-SA

HOSPITAL GENERAL DE ZACATECAS

Informe clinico

Editado 09-jul-2021 08:09 VET

N° paciente:
Médico:
N° de aislamiento: 1

Cantidad de organismo:

Organismo seleccionado: Staphylococcus aureus

Origen: Recogida:
Comentarios:
Informacién de identificacion Tiempo de analisis: 4,80 horas Estado: Final
. — d 96% Probabilidad Staphylococcus aureus
e Bionumero: 050402072763231
Mensajes de analisis de ID
Informacion de i :
. T:alr:!pio .de 13,35 horas Estada Final
sensibilidad anaTsss
Antibiotico CMI Interpretacion Antibiotico CMI |interpretacién
Deteccion de cefoxitina NEG - Clindamicina 0,25 S
Ampicilina Linezolid 2 S
Oxacilina <=0,25 S Daptomicina >=8
Gentamicina de nivel alto (sinergia) \Vancomicina 4 |
Estreptomicina de nivel alto o
(sinergia) Doxiciclina <=0,5 S
Gentamicina 4 S Tetraciclina <=1 S
Ciprofloxacino <=0,56 S Tigeciclina <=0,12 S
Levofloxacino <=0,12 S Nitrofurantoina <=16 S
Moxifloxacino <= 0,25 S Rifampicina <=0,5 S
Resistencia inducible a clindamicina NEG - l’lrlmetoprlma/Squametoxaz <=10 S
Eritromicina <=0,25 S

+= Antibiético deducido *= AES modificado **= Usuario modificado

Conclusiones de AES

Nivel de confianza:

Coherente

Fenotipos marcados para
revision:

MACROLIDOS/LINCOSAMINAS/ESTREPTOG
RAMINAS

RESISTENTE A ESTREPTOGRAMINAS
(SGA-SGB)

GLICOPEPTIDOS

VISA
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¢ Anexo B. Material Suplementario de articulos de investigacion

The difluoroboranil-norfloxacin derivative “7a” inhibits bacterial DNA gyrase
and exhibits potent activity against ciprofloxacin-resistant S. aureus in vitro
and in vivo using an acute pneumonia model

Luis Angel Veyna-Hurtado, Hiram Hernandez-Lopez, Denisse de Loera-Carrera, Juan
Manuel Vargas-Morales, Martin Munoz-Ortega and Alberto Rafael Cervantes-Villagrana

Ade1368

Thy1345

Hydrophobicity

3.00
2.00
1.00
0.00
-1.00
-2.00
-3.00

Figure S1. Hydrophobic surface of position 1 of 7a in the interaction pocket.
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Table S1. Most probable interaction positions with S. aureus DNA gyrase through molecular
docking.

Conformation | 7a affinity Main interactions in pocket
mode
1 -10.0
arsss
Interactions
- Conventional Hydrogen Bond |:| Halogen (Fluorine)
[[] carbon Hydrogen Bond [ Piistacked
E:DT:1340
[B:SER508
H:DAI1375
2 -9.9
Epeissg E:DG:1341
Interactions
- Conventional Hydrogen Bond |:| Halogen (Fluorine)
|:| Carbon Hydrogen Bond - Pi-Pi T-shaped
3 -9.8
| B:GLY:20
Interactions
D Carbon Hydrogen Bond - Pi-Sigma
[ Halogen (Fiuorine) [ PiPistacked
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Interactions
I conventional Fiydrogen Bond [ pisigma
|:| Carbon Hydrogen Bond - Pi-Pi Stacked
[ Helogen (Fuorine) [ prat

[ Pi-Doner Hydrogen Bond

-9.5

BiALA:23

' vl

; v
J B:HI5:255

Interactions
I Conventonal Hydrogen Bond [ Picarion
:| Carbon Hydrogen Bond - PiPi T-shaped
- Halogen (Fluorine) |:| Ayl

-9.4

G:DC:1363

D:ASN:1029 F:DC:1347

Interactions
I conventional Hydrogen Bond [ #islogen (Fluorine)
[] carben tydrogen Bond [ Pr-Donor Hydrogen Bond

F:DG:1246
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B:ASN:360

Interactions
- Conventional Hydrogen Bond Halogen (Fluorine)
[[] carbon Hydrogen Bond B PipiTshaped

-9.3

(EERSE) B:ASN:360
:DC:1374 .
[ B:SER:08 | —
B:THR:S07 — _ BIGLN:445
|
honiss, (DA
Interactions
[ ven der waals [ Helogen (Fluorine)
[ Conventonal Hydrogen Bond [ PPiTsheped

[ carbon Hydragen Bond

-9.1

F:DC:1348

F:DC:1347

G:DC:1363

D:VAL:1115
Interactions

[] Carbon HycrogenBond B Fesome
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Table S2. Predicted metabolites of 7a through Way2drug platform

Metabolite | Formation Metabolite structure
number | probability
H4C
F N
2 0.997 g—>0C. / N//\N/OH
F \//
0]
© F
CH,
H3C-\-"H <N \ @ .
3 0.97 N\’\ ’{ﬁ% /
o—
AN
v o :
F
F F
\ o) NH,
B"“‘O /\./
F/ N
4 0.91
2w .
HQC>
. N
g—70 / Nr\ NH
5 0.9954 F/ \//

o F
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0.99 \/B_.—-—O N["'\N
F
0.76
0.62
H,C
H
N
0.59
N
H
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10

0.59

Table S3. Pharmacokinetic parameters of 7a simulated using the SwissAMDE platform.

(mg/ml)

Molecule 7a Ciprofloxacin

Canonical CCn1cc2C(=0)0[B- Fc1cc2c(ccIN1CCNCC1)n(c

SMILES 1([O+]=c2c2c1cc(N1CCNCC c(c2=0)C(=0)0)C1CCA1
1)c(c2)F)(F)F

Formula C16H17BF3N303 C17H18FN303

MwW 367.13 331.34

#Heavy atoms 26 24

#Aromatic heavy 10 10

atoms

Fraction Csp3 0.38 0.41

#Rotatable 2 3

bonds

#H-bond 7 5

acceptors

#H-bond donors 1 2

MR 98.98 95.25

TPSA 63.57 74.57

iLOGP 0 2.24

XLOGP3 2.79 -1.08

WLOGP 2.15 1.18

MLOGP 1.28 1.28

Silicos-IT Log P 0.2 1.9

Consensus Log 1.28 1.1

P

ESOL Log S -4.03 -1.32

ESOL Solubility 3.45E-02 1.57E+01
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ESOL Solubility 9.41E-05 4.74E-02
(molll)

ESOL Class Moderately soluble Very soluble
AliLog S -3.78 0

Ali Solubility 6.07E-02 3.34E+02
(mg/ml)

Ali Solubility 1.65E-04 1.01E+00
(molll)

Ali Class Soluble Highly soluble
Silicos-IT LogSw -4.96 -3.5
Silicos-IT 4.07E-03 1.04E-01
Solubility

(mg/ml)

Silicos-IT 1.11E-05 3.13E-04
Solubility (mol/l)

Silicos-IT class Moderately soluble Soluble
Gl absorption High High
BBB permeant Yes No
Pgp substrate Yes Yes
CYP1A2 inhibitor Yes No
CYP2C19 No No
inhibitor

CYP2C9 inhibitor No No
CYP2D6 inhibitor Yes No
CYP3A4 inhibitor No No
log Kp (cm/s) -6.56 -9.09
Lipinski 0 0
#violations

Ghose 0 0
#violations

Veber #violations 0 0
Egan #violations 0 0
Muegge 0 0
#violations

Bioavailability 0.55 0.55
Score

PAINS #alerts 0 0
Leadlikeness 1 0
#violations

Synthetic 3.51 2.51

Accessibility
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e Anexo C. Certificados de publicacion de articulos de investigacion
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