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Epidemiologia de bactérias Gram-negativas multirresistentes durante a pandemia de 

COVID-19 e avaliação de novas alternativas antimicrobianas 

RESUMO 

A resistência a antimicrobianos entre bactérias Gram-Negativas Multirresistentes (BGN-MR) 

representa um desafio global para a saúde, restringindo as opções terapêuticas para o tratamento 

das infecções. No Brasil, dados epidemiológicos sobre o impacto da ocorrência de BGN-MR 

em pacientes com doença do coronavírus de 2019 (COVID-19) são limitados. Desse modo, 

objetivou-se avaliar o desfecho clínico e os fatores associados a BGN-MR em 280 pacientes 

hospitalizados com ou sem COVID-19, através de um estudo de caso-controle, realizado entre 

de março/2020 a dezembro/2021. O grupo caso (COVID-19-BGN-MR) foi definido como 

pacientes positivos para COVID-19, com cultura clínica para uma BGN-MR. O controle 1 

(COVID-19) foi definido como pacientes positivos para COVID-19, sem cultura para BGN. O 

controle 2 (BGN-MR) incluiu pacientes com cultura para BGN-MR e sem evidência clínica de 

COVID-19. O controle 3 (GNB) incluiu pacientes com cultura para uma BGN suscetível a 

carbapenêmicos e sem evidência clínica de COVID-19. O estudo envolveu controles não-

probabilísticos, recrutados aleatoriamente em uma proporção de 1:1:1:1 para os casos. Estes 

grupos foram submetidos a análise estatística univariável e multivariável e foram identificados 

como fatores de risco associados à mortalidade o uso de cateter urinário e cateter venoso central; 

insuficiência renal; amostra clínica de secreção traqueal, uso de carbapenêmicos e polimixina. 

A mortalidade foi significativamente maior em pacientes do grupo caso COVID-19-BGN-MR 

em comparação com os três grupos controles COVID-19, BGN-MR e BGN (p = ≤ 0,02). Os 

dados demonstram que a ocorrência de BGN-MR associada à COVID-19, tem um impacto 

expressivo no aumento da mortalidade. Com o propósito de contribuir no controle de BGN-MR 

foi investigado o potencial sinérgico de um composto bioativo (carvacrol) associado a um 

antibiótico (polimixina B), buscando contribuir no desenvolvimento de novos antimicrobianos 

contra K. pneumoniae resistente à polimixina. O composto apresentou efeito inibitório na 

formação de biofilme e demonstrou potencial antimicrobiano in vitro e in vivo, representando 

uma alternativa terapêutica a ser explorada no desenvolvimento de novos antimicrobianos. 

Visto que os peptídeos antimicrobianos têm se destacado no mercado farmacêutico, realizou-

se uma revisão de patentes sobre peptídeos antimicrobianos desenvolvidos e testados frente a 

K. pneumoniae resistente à polimixina, a fim de investigar o progresso no desenvolvimento de 

novos antimicrobianos peptídicos. Os resultados indicam que, embora muitos peptídeos sejam 

descritos como tendo atividade contra K. pneumoniae, uma minoria foi testada efetivamente 

contra cepas resistentes à polimixina. Adicionalmente, são necessários investimentos a fim de 

avançar nas etapas de desenvolvimento objetivando introduzí-los no mercado de 

antimicrobianos. Nesse contexto, o desenvolvimento deste estudo corrobora com as 

preconizações da Organização Mundial da Saúde, para contenção da resistência antimicrobiana, 

que incentiva estudos de epidemiologia e pesquisas no desenvolvimento de novos 

antimicrobianos, visando controlar a disseminação de microrganismos multirresistentes e 

melhorar o prognóstico dos pacientes. 

Palavras-chave: Fatores de risco; saúde pública; atividade antibacteriana; sinergismo; 

peptídeos. 



 Epidemiology of multidrug-resistant Gram-negative bacteria during the COVID-19 

pandemic and evaluation of new antimicrobial alternatives 

ABSTRACT 

Antimicrobial resistance among Multidrug-resistant Gram-Negative bacteria (MDR-GNB) 

represents a global health challenge, restricting therapeutic options for the treatment of 

infections. In Brazil, epidemiological data on the impact of MDR-GNB occurrence in patients 

with coronavirus disease 2019 (COVID-19) are limited. Thus, the objective was to evaluate the 

clinical outcome and factors associated with MDR-GNB in 280 hospitalized patients with or 

without COVID-19, through a case-control study, carried out between March/2020 and 

December/2021. The case group (COVID-19-MR-GNB) was defined as patients who were 

positive for COVID-19, with a clinical culture for an MDR-GNB. Control 1 (COVID-19) was 

defined as COVID-19 positive patients with no GNB culture. Control 2 (MDR-GNB) included 

patients with MDR-GNB culture and no clinical evidence of COVID-19. Control 3 (GNB) 

included patients cultured for a carbapenem-susceptible GNB and without clinical evidence of 

COVID-19. The study involved non-probabilistic controls, randomly recruited in a 1:1:1:1 ratio 

to cases. These groups were submitted to univariate and multivariate statistical analysis and the 

use of urinary catheter and central venous catheter were identified as risk factors associated 

with mortality; renal insufficiency; clinical sample of tracheal secretion, use of carbapenems 

and polymyxin. Mortality was significantly higher in patients in the COVID-19-MDR-GNB 

case group compared to the three COVID-19, MDR-GNB and GNB control groups (p = ≤ 0.02). 

The data demonstrate that the occurrence of MDR-GNB associated with COVID-19 has a 

significant impact on the increase in mortality. In order to contribute to the control of MDR-

GNB, the synergistic potential of a bioactive compound (carvacrol) associated with an 

antibiotic (polymyxin B) was investigated, seeking to contribute to the development of new 

antimicrobials against polymyxin-resistant K. pneumoniae. It was observed that it had an 

inhibitory effect on biofilm formation and demonstrated antimicrobial potential in vitro and in 

vivo, representing a therapeutic alternative to be explored in the development of new 

antimicrobials. Since antimicrobial peptides have stood out in the pharmaceutical market, due 

to their antimicrobial properties, a patent review was carried out on antimicrobial peptides 

developed and tested against polymyxin-resistant K. pneumoniae, in order to investigate 

progress in the development of new antimicrobials peptides. The results indicate that although 

many peptides are reported to have activity against K. pneumoniae, a minority have been tested 

effectively against polymyxin-resistant strains. Additionally, investments are needed in order 

to advance in the development stages with the aim of introducing them to the antimicrobial 

market. In this context, the development of this study corroborates the recommendations of the 

World Health Organization, for the containment of antimicrobial resistance, which encourages 

epidemiology studies and research in the development of new antimicrobials, in order to control 

the spread of multidrug-resistant microorganisms and improve the prognosis of patients. 

Keywords: Risk factors; public health; antibacterial activity; synergism; peptides   
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1. INTRODUÇÃO 

A resistência antimicrobiana constitui um problema de saúde pública global que 

afeta negativamente a saúde dos pacientes, aumentando o tempo de internação, os riscos 

de complicações e mortalidade (ARSLAN, 2022; FERNÁNDEZ-MARTÍNEZ et al., 

2022; ZHEN et al., 2019). Essa problemática foi potencialmente agravada pela doença do 

coronavírus 2019 (COVID-19), visto que houve o uso inadequado ou excessivo de 

antibióticos em muitos pacientes (DAMBROSO-ALTAFINI et al., 2022; HSU, 2020; 

LINGAS, 2022; RAWSON et al., 2020a). Além disso, os impactos da pandemia a longo 

prazo são desconhecidos e particularmente preocupantes, especialmente no que se refere 

à propagação da resistência e os fatores de riscos subjacentes ao paciente (KNIGHT et 

al., 2021; PÉREZ DE LA LASTRA et al., 2022). 

Nesse contexto, as BGN-MR destacam-se como patógenos prioritários, em razão 

da sua alta transmissibilidade e reduzidas opções terapêuticas, representando um desafio 

na clínica médica (GARCIA-VIDAL et al., 2021; MILLS; MARCHAIM, 2021). Somado 

a isso, estudos recentes revelaram que a ocorrência de infecção secundária bacteriana 

esteve presente em cerca de 50% dos pacientes com COVID-19 que não sobreviveram 

(ZHOU et al., 2020a). No entanto, os fatores relacionados à infecção secundária por 

BGN-MR permanecem, em grande parte, inexplorados (BAIOU et al., 2021; GARCIA-

VIDAL et al., 2021; GUO et al., 2021).  

No tratamento dessas infecções a polimixina é o antibiótico empregado como 

tratamento de último recurso (HUSSEIN et al., 2021; YANG et al., 2020). Entretanto, a 

utilidade clínica das polimixinas está ameaçada devido ao desenvolvimento de resistência 

por cepas pan-resistentes (NANG; LI; VELKOV, 2019). Dessa maneira, a busca por 

novas estratégias antimicrobianas é necessária e inclui otimização de dosagem de 

antimicrobianos a ser utilizada, desenvolvimento de peptídeos antimicrobianos e uso da 

polimixina em combinação com outros compostos bioativos, os quais representam 

alternativas terapêuticas na busca por novos antimicrobianos contra a resistência (SONG 

et al., 2020; TRAN et al., 2018; YANG et al., 2020).  

Diante do exposto, os objetivos deste estudo foram descrever os fatores preditivos 

associados à ocorrência de BGN-MR em pacientes com COVID-19; avaliar a atividade 

sinérgica do composto bioativo carvacrol em associação com polimixina; e investigar 

através de uma revisão na literatura de patentes para explorar tendências de inovação no 

desenvolvimento de peptídeos antimicrobianos frente a bactérias Gram-negativas (BGN) 

resistentes à polimixina.  
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2. REVISÃO BIBLIOGRÁFICA 

2.1 Infecções relacionadas à assistência a saúde (IRAS) 

As IRAS são definidas como qualquer manifestação clínica de infecção adquirida 

que se desenvolva após um procedimento de assistência à saúde, esteja o paciente 

internado ou não (ANVISA, 2021). As IRAS representam um dos problemas de saúde 

pública mais relevantes globalmente, uma vez que contribuem para o aumento da 

morbidade e mortalidade, aumento do tempo de internação, bem como dos custos para os 

pacientes e para o sistema de saúde, além de que contribuem significativamente para a 

transmissão da resistência antimicrobiana (FACCIOLÀ et al., 2019; FRASER et al., 

2021; NGUYEN; MEGIDDO; HOWICK, 2021; PROTANO; CAMMALLERI; 

ROMANO SPICA, 2019). 

Nos Estados Unidos as IRAS são a sexta principal causa de morte, com 99.000 

ocorrências anuais atribuídas (LIU; DICKTER, 2020). Na África, estima-se que a 

prevalência de IRAS entre todos os pacientes internados esteja entre 3% e 15% (FRASER 

et al., 2021). Na União Europeia e no Espaço Econômico Europeu (UE/EEE), estima-se 

que haja uma prevalência de 8,9 milhões de casos de IRAS ocorrendo anualmente 

(SUETENS et al., 2018). No Brasil, a prevalência média nacional de IRAS é de 10,8%, 

sendo que as porcentagens de resistência foram acima dessa taxa em todas as regiões 

geográficas: 13.2% no Centro Oeste, 12,5% no Norte, 11.7% no Sudeste, 9.8% no 

Nordeste e 8.7% no Sul (FORTALEZA et al., 2017), cenário que provavelmente foi 

agravado devido à pandemia de COVID-19 (ROSSATO et al., 2022).  

As IRAS são mais frequentemente descritas em pacientes internados em unidade 

de terapia intensiva (UTI), particularmente entre imunocomprometidos, uma vez que são 

particularmente suscetíveis, devido a procedimentos cirúrgicos e dispositivos médicos 

invasivos (PELEG; HOOPER, 2010; QUAINOO et al., 2017). Essas infecções causam 

aumento de tempo de internação hospitalar, representando um aumento significativo dos 

custos hospitalares, sendo responsável por aproximadamente 90% dos custos assistenciais 

totais (GIRALDI; MONTESANO; SANDORFI, 2019).  

Em processos infecciosos, os tratos respiratório e urinário são os sistemas mais 

frequentemente envolvidos, podendo haver uma evolução para um quadro de sepse 

(ESME et al., 2019). Além disso, os fatores de risco para a aquisição dessas infecções, 

incluem a imunossupressão, idade avançada, diabetes mellitus, intubação, ventilação 

mecânica > 48 horas, sonda nasogástrica, maior tempo de permanência no hospital, 

múltiplas comorbidades subjacentes, visitas frequentes a unidades de saúde, 
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procedimentos invasivos recentes, reoperação, exposição a cefalosporinas, dias de 

exposição ao cateter venoso central, admissão na unidade de terapia intensiva (UTI) e a 

permanência na UTI por maior tempo (DESPOTOVIC et al., 2020; RODRÍGUEZ-

ACELAS et al., 2017; SYDNOR; PERL, 2011). 

Logo, a infecção adquirida na UTI está associada a um maior risco de mortalidade 

em comparação com a infecção adquirida na comunidade (VINCENT et al., 2020).  

Adicionalmente, estima-se que a porcentagem de mortalidade em pacientes com infecção 

na UTI é 2 vezes maior, comparado a pacientes não infectados (25% vs 11%) (VINCENT, 

2009). Nesse panorama, a prevenção e o controle das IRAS tornaram-se, portanto, uma 

prioridade para a maioria dos sistemas de saúde, a fim de garantir a segurança do paciente 

e reduzir os custos associados aos serviços de saúde (NGUYEN; MEGIDDO; HOWICK, 

2021).  

Além disso, surtos de BGN-MR representam uma ameaça frequente para 

populações vulneráveis de pacientes em hospitais em todo o mundo (QUAINOO et al., 

2017). Na União Europeia (UE) as mortes atribuíveis a microrganismos multirresistentes 

foram estimadas em 33.110 por ano (CASSINI et al., 2016). Em análise global sobre a 

resistência, estimaram que haja anualmente cerca de 1,27 milhões de mortes atribuíveis à 

resistência bacteriana (MURRAY et al., 2022). 

Dentre os microrganismos epidemiologicamente relevantes, os bacilos Gram-

negativos aeróbios (incluindo a família de Enterobacteriaceae, Pseudomonas sp. e 

Acinetobacter sp.) são os principais causadores de IRAS (ANVISA, 2022; MEHRAD et 

al., 2015; TOMCZYK et al., 2019). Adicionalmente, a re-infecção em pacientes 

frequentemente hospitalizados, pode contribuir para as altas porcentagens de resistência 

a antibióticos observadas entre BGN (AGARWAL; SHIAU; LARSON, 2018). 

 

2.2 Bactérias Gram-negativas de importância clínica  

A prevalência de infecções resistentes a antibióticos entre BGN está aumentando, 

estando entre os mais significativos problemas de saúde pública no mundo (MIZRAHI et 

al., 2020; OLIVEIRA; REYGAERT, 2022). Mediante essa situação a Organização 

Mundial da Saúde (OMS) estabeleceu uma lista de microrganismos epidemiologicamente 

relevantes classificadas como patógenos prioritários, na qual Acinetobacter baumannii, 

Pseudomonas aeruginosa e Enterobacteriaceae foram listados como patógenos de alta 

prioridade devido à sua grande importância clínica em hospitais e à sua alta associação 
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com o aumento da mortalidade e morbidade (KOPOTSA; OSEI SEKYERE; MBELLE, 

2019; MICHEAL et al., 2017).  

No Brasil, dentre a distribuição dos microrganismos Gram-negativos notificados 

como agentes etiológicos de infecções em UTI adulto, as enterobactérias representam 

33,2% das infecções hospitalares (destacando-se Klebsiella pneumoniae (19%), 

Enterobacter spp. (4,2%), Escherichia coli (3,7%), Serratia spp. (3,4%) entre outras 

(2,9%)), seguido por A. baumannii com 10,7% e P. aeruginosa (9,6%) (Brasil, 2017). 

Enterobacteriaceae é um grupo heterogêneo de bactérias Gram-negativas, cujo 

habitat natural é o trato intestinal de humanos e animais (RAMOS-VIVAS et al., 2019; 

RICHTER et al., 2013). Refere-se a uma das famílias mais diversas taxonomicamente, 

suas características bioquímicas incluem fermentação da glicose, redução de nitratos a 

nitritos, oxidase negativos e em sua maioria anaeróbios facultativos (MARTINSON et 

al., 2019; MORALES-LÓPEZ et al., 2019; ROCK; DONNENBERG, 2014).  

Enterobacteriaceae estão entre os patógenos mais comuns que infectam seres 

humanos em todo o mundo, causando diversas infecções associadas aos cuidados de 

saúde (PATERSON, 2002, 2006). O grupo de importância clínica inclui muitos gêneros, 

como Escherichia, Proteus, Citrobacter Enterobacter, Salmonella, Shigella, Klebsiella, 

Morganela, Serratia, entre outros (OLIVEIRA; REYGAERT, 2022; PROTANO; 

CAMMALLERI; ROMANO SPICA, 2019; ROCK; DONNENBERG, 2014). 

Na clínica médica, o tratamento dessas infecções tem se tornado um desafio, uma 

vez que os carbapenêmicos, antibióticos β-lactâmicos usados para tratar infecções graves 

causadas por Enterobacteriaceae multirresistente, tem se tornado ineficazes (DING et al., 

2019; PEREZ; VAN DUIN, 2013; SHEU et al., 2019). Desse modo, as infecções 

causadas por Enterobacteriaceae resistentes a antimicrobianos representam uma 

preocupação global à saúde humana (DING et al., 2019; LOGAN; WEINSTEIN, 2017; 

TILAHUN et al., 2021). 

Na última década, a enterobactéria K. pneumoniae tem se destacado no cenário 

clínico, uma vez que este é um dos patógenos mais relevantes, responsáveis por infecções 

associadas à assistência à saúde, especialmente cepas multirresistentes produtoras de β-

lactamases e/ou carbapenemases de espectro estendido (KHODADADIAN et al., 2018; 

WYRES; LAM; HOLT, 2020). Causa uma variedade de doenças infecciosas, incluindo 

infecções do trato urinário, bacteremia, pneumonia e abscessos hepáticos (WANG et al., 

2020). 
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K. pneumoniae tem uma capacidade excepcional de adquirir elementos genéticos 

de resistência exógena (YANG et al., 2021). Desse modo, apresenta alta frequência e 

diversidade de genes de resistência antimicrobiana, possui uma distribuição ecológica 

mais ampla, composição de DNA significativamente mais variada e uma carga plasmidial 

maior do que outras BGN oportunistas, desempenhando um papel fundamental na 

disseminação da resistência entre patógenos clinicamente relevantes (WYRES; LAM; 

HOLT, 2020). 

O aumento da resistência antimicrobiana representa um desafio para os sistemas 

de vigilância e levanta preocupações sobre o impacto de organismos multirresistentes na 

segurança do paciente (GIRALDI et al., 2019).  

 

2.3 Resistência bacteriana  

A resistência bacteriana a antimicrobianos está em constante evolução e a 

transferência horizontal de genes através de plasmídeos favorece a disseminação entre os 

microrganismos (ROZWANDOWICZ et al., 2018). Assim, a resistência a múltiplos β-

lactâmicos dificulta o manejo clínico eficaz de infecções (KOPOTSA; OSEI SEKYERE; 

MBELLE, 2019).  

Multirresistência (MR) é definida como resistência a um ou mais antimicrobianos 

de três ou mais categorias antimicrobianas testadas (MAGIORAKOS et al., 2012). No 

Brasil, A. baumannii, K. pneumoniae, P. aeruginosa, Enterobacter spp, E. coli e Serratia 

spp. multirresistentes são frequentemente notificadas como agentes causadores de 

infecções em pacientes internados em UTIs. Na tabela 1, descreve-se as porcentagens de 

resistência entre amostras clínicas de BGN, no ano de 2020, nos estados brasileiros. No 

panorama nacional, esses microrganismos isolados nos estados do Amapá, Mato Grosso 

do Sul, Roraima, Acre, Tocantins, Pernambuco, Rio de Janeiro e Bahia apresentam 

elevadas porcentagens de resistência, excedendo as médias de resistência do país (Figura 

1).  Através da geração do mapa de calor referente às porcentagens de resistência em K. 

pneumoniae no ano de 2020, observa-se que os estados de Rondônia, Amapá, Mato 

Grosso do Sul, Disrito Federal e Roraima, apresentam as maiores porcentagens (> 75%) 

de resistência (Figura 2). 
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Tabela 1. Porcentagens de resistência entre isolados Gram-negativos em pacientes hospitalizados nas Unidades de Terapia Intensiva adulto, no 

ano de 2020 de acordo com a região geográfica. Fonte: ANVISA (2022).  Elaborado pelo autor. 

Estados 

Porcentagem (%) de resistência em bactérias Gram-negativas 

K. pneumoniae A. baumannii  P. aeruginosa Enterobacter spp E. coli Serratia spp. 

RO 84,91 57,14 77,78 37,5 55,56 33,33 

AP 81,48 66,67 58,33 72,73 66,67 100 

MS 78,91 61,11 52,78 50 31,25 66,67 

DF 78,64 74,71 43,1 21,21 16,67 31,48 

RR 78,57 87,5 80 - 100 - 

AC 75 85,71 66,67 50 - - 

TO 69,57 75 33,33 171,43 33,33 91,67 

PE 67,52 62,77 49,62 45,65 47,22 48,39 

SE 64 91,67 45 36,36 33,33 35,71 

ES 62,61 74,76 34,72 53,49 14,29 16 

RJ 61,42 59,2 38,49 45,8 28,57 50,62 

MT 60,32 60 40,54 40 42,11 41,67 

CE 59,7 45,24 33,33 22,22 19,05 53,33 

BA 59,14 60,49 29,65 45,67 33,33 54,81 

MG 57,96 64,38 23,35 26,09 28,48 53,76 

MA 56,16 40,91 46,15 75 41,67 36,36 

RS 53,51 67,93 27,78 22,33 15,66 34,09 

PB 52,94 46,94 48,15 50 43,48 40 

GO 51,97 51,15 37,29 21,05 37,14 30,43 

SP 50,91 44 18,07 19,56 19,29 33,55 

PI 50 60,98 44,83 61,54 33,33 16,67 

RN 49,64 57,14 43,75 57,14 77,08 35,71 

SC 49,41 34,78 28,57 30 17,95 25 

PA 45,78 57,89 45,83 25 20 75 

AL 43,59 50 20 23,08 25 - 

AM 33,33 37,5 20,83 30 36,36 50 

Brasil 53,68 54,35 26,04 29,59 26,16 41,68 
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Figura 1. Estados brasileiros com porcentagens de resistência maiores que a média nacional no ano de 2020. Fonte: ANVISA (2022).  Elaborado 

pelo autor. (ANVISA, 2022) 
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Figura 2. Mapa de calor com porcentagens de resistência em K. pneumoniae no ano de 2020. Fonte: ANVISA (2022). Elaborado pelo autor.
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2.3.1 Resistência a carbapenêmicos 

Enterobacteriaceae resistentes a carbapenêmicos (ERC), de acordo com o Centro 

de Controle e Prevenção de Doenças (CDC), são as bactérias que testam como resistentes 

a qualquer um dos agentes carbapenêmicos (doripenem, ertapenem, imipenem e 

meropenem) ou demonstram a produção de carbapenemase por meio de um ensaio 

fenotípico ou molecular (CDC, 2022). Infecções por ERC são reconhecidas como sendo 

uma ameaça à saúde pública, resultando em longos períodos de internação, aumento dos 

custos de saúde e maior mortalidade do que infecções por bactérias suscetíveis a 

carbapenêmicos (BARTSCH et al., 2017; CDC, 2013; HANSEN, 2021; LOGAN; 

WEINSTEIN, 2017; TAMMA et al., 2017). Entretanto, dados sobre a prevalência dessas 

infecções entre pacientes hospitalizados são insuficientes, devido à participação limitada 

do local e à disponibilidade de amostras clínicas (LODISE; YE; ZHAO, 2017). 

Os relatos de resistência aos carbapenêmicos em isolados de Enterobacteriaceae 

tiveram início na década de 1990 (LUTGRING, 2019). Entretanto, a primeira publicação 

sobre o mecanismo de resistência a carbapenêmicos, pela presença do gene Klebsiella 

pneumoniae carbapenemase (blaKPC) ocorreu somente em 2001 (YIGIT et al., 2001). 

Desde então, nos últimos 20 anos a resistência aos carbapenêmicos em 

Enterobacteriaceae tem sido descrita e recentemente emergiu como um problema de 

saúde global, uma vez que é relatada em um ritmo alarmante por todo o mundo, 

especialmente nas espécies E. coli e K. pneumoniae (ASLAM et al., 2020; LOGAN; 

WEINSTEIN, 2017). 

A epidemiologia das ERC varia de acordo com o país e localidade geográfica 

(ASLAM et al., 2020; ZAIDAH et al., 2017). Por exemplo, um estudo retrospectivo de 

larga escala, demonstrou que a prevalência de infecções por ERCentre pacientes adultos 

nos EUA foi de 2,3% (variando de 0,9% a 5,8% por região geográfica) (LODISE; YE; 

ZHAO, 2017). Já a incidência de ERC foi de 2,93 por 100.000 habitantes (GUH et al., 

2015).  

Enterobacteriaceae estão associadas a muitas infecções graves, como infecções 

da corrente sanguínea, pneumonias, do trato urinário e intra-abdominais (DE ANGELIS et 

al., 2020; LIU et al., 2020; SHEU et al., 2019). Pacientes infectados com ERC produtores de 

carbapenemases apresentam maior risco de morrer dentro de 14 dias após confirmada a 

infecção, em comparação com pacientes com ERC não produtora de carbapenemases 

(TAMMA et al., 2017). A ocorrência de ERC entre pacientes internados com infecção da 

corrente sanguínea esteve associada ao aumento na mortalidade intra-hospitalar (35%), 
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no tempo de internação hospitalar (3-7 dias), diminuindo em 40% a probabilidade do 

paciente sobreviver (STEWARDSON et al., 2019).  

Na Europa, um estudo observacional prospectivo de incidência foi realizado entre 

2018-2019, mostrando cerca de 250 casos de IRAS por 100.000 leitos-dias ocupados; 

dentre os Gram-negativos, E. coli (26,64%) foi o principal causador de infecções, seguido 

de K. pneumoniae (6,15%) (STEWARDSON et al., 2019). Na UE, há uma grande 

heterogeneidade entre países, com proporções de resistência a carbapenêmicos variando 

em isolados de A. baumannii (0 a 92%), K. pneumoniae (0 a 58%), P. aeruginosa (0 a 

55%;) e E. coli (0 a 1,6%) (ECDC, 2019). O número médio anual de mortes atribuíveis a 

infecções por P. aeruginosa, A. baumanni, K. pneumoniae e E. coli resistentes a 

carbapenêmicos foram estimados em 4155, 2363, 2118 e 141, respectivamente (CASSINI 

et al., 2016). 

Nos EUA, em um estudo retrospectivo, usando Premiere Health Database de 2009 

a 2013 as porcentagens de resistência a carbapenêmicos foram avaliadas para E. coli, K. 

pneumoniae, P. aeruginosa e A. baumannii, encontrando uma porcentagem geral de 

resistência de 4,5%. Dentre estes microrganismos, A. baumannii apresentou as maiores 

porcentagens de resistência aos carbapenêmicos em infecções da corrente sanguínea com 

40,1%, seguido por P. aeruginosa com 10,3% de resistência e ambos representam 80% 

de todas as infecções resistentes a carbapenêmicos (CAI et al., 2017).  

No Brasil, observa-se que a resistência média a carbapenêmicos aumentou entre 

isolados de K. pneumoniae nos anos de 2017 a 2020, com porcentagens de 44,1%, 44,3%, 

51,8% e 63,2% respectivamente (Figura 3). Esse aumento também é demonstrado entre 

isolados de A. baumannii, com porcentagens de 77,7%, 79%, 79,5% e 84,3%. 

Notavelmente, entre os isolados de E. coli, nos anos de 2017-2020 a porcentagem de 

resistência superou o dobro de valor (7,2% vs. 15,3%) (ANVISA, 2022).  

O conhecimento sobre a epidemiologia, natureza das infecções, juntamente com 

a susceptibilidade dos microrganismos causadores, é extremamente valioso para o 

tratamento empírico de infecções graves em ambientes hospitalares de terapia intensiva 

(PARAJULI et al., 2017). Adicionalmente, as condições de saúde dos pacientes, 

alterações no sistema imunológico, disfunção orgânica pré-existente e interações 

medicamentosas, dificultam o tratamento dessas infecções (VAN DUIN, 2017). 
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Figura 3. Percentual de Gram-negativos de importância clínica resistentes aos 

antimicrobianos carbapenêmicos, isolados no Brasil durante os anos de 2017-2020, em 

infecção de corrente sanguínea. Fonte: Anvisa. 

 

A propagação global da resistência a antibióticos em bactérias Gram-negativas 

nosocomiais, por meio de genes que codificam as betalactamases, constitui um problema 

de saúde significativo, uma vez que inutiliza a maioria dos antibióticos comerciais 

(penicilinas de amplo espectro, fluoroquinolonas, aminoglicosídeos e β-lactâmicos, tais 

como; monobactam, cefalosporinas e carbapenêmicos), resultando no ressurgimento das 

polimixinas (EL-SAYED AHMED et al., 2020; MELETIS, 2016).  

Atualmente, as opções de antibióticos para o tratamento de Enterobacteriaceae 

resistentes a carbapenêmicos são muito limitadas, incluindo polimixinas, tigeciclina, 

fosfomicina e aminoglicosídeos, sozinhos ou em combinação com outros antibióticos 

(ALOTAIBI, 2019; IOVLEVA; DOI, 2017; SHEU et al., 2019). Entretanto, a 

monoterapia com polimixina já tem sido associada ao surgimento de resistência 

(BERGEN et al., 2012). 

 

2.3.2 Resistência à polimixina 

As polimixinas (polimixina B e polimixina E - colistina) são antibióticos 

lipopeptídicos disponíveis comercialmente, que causam dano à membrana de bactérias 

Gram-negativas, devido à sua ligação seletiva ao lipopolissacarídeo (KADAR et al., 

2013; NANG; LI; VELKOV, 2019). Frequentemente prescritos na década de 1950, sua 

utilização foi limitada na clínica médica, devido aos efeitos colaterais e seu potencial 

nefrotóxico (EL-SAYED AHMED et al., 2020; SILVA et al., 2022; YANG et al., 2020). 
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Entretanto, o surgimento de BGN-MR renovou o interesse nesses antibióticos, 

havendo a reintrodução das polimixinas na prática clínica, a fim de serem utilizadas como 

terapia de último recurso ao tratamento de patógenos multirresistentes (MOFFATT; 

HARPER; BOYCE, 2019; NANG et al., 2021; YANG et al., 2020). Desde então, a 

resistência às polimixinas tem aumentado gradualmente em vários países do mundo, 

estima-se que a prevalência de resistência varie de 2.7% a >40% entre isolados clínicos 

de K. pneumoniae multirresistentes (BARON et al., 2016; POIREL; JAYOL; 

NORDMANN, 2017).  

Geralmente as porcentagens são inferiores a 10% (BIALVAEI; SAMADI KAFIL, 

2015). Tal como na China, onde apesar da recente aprovação do uso das polimixinas, 

identificaram que 3,8% das Enterobacteriaceae resistentes a carbapenêmicos, 

apresentavam resistência à polimixina (ZHANG et al., 2021a). Em K. pneumoniae a 

porcentagem de resistência à polimixina foi de 2,2% (CHEN et al., 2022). No entanto, 

em estudo de coorte observacional multicêntrica, realizado em hospitais dos Estados 

Unidos, foi documentada resistência a polimixinas em 13% dos isolados clínicos de K. 

pneumoniae (ROJAS et al., 2016). Enquanto que nos hospitais italianos, identificaram 

43% de resistência (MONACO et al., 2014). Adicionalmente, outros estudos no Nepal, 

Egito e Índia relataram a porcentagem de prevalência de resistência à polimixina entre 

isolados de K. pneumoniae em 10%, 18,9% e 32 %, respectivamente (ELMONIR et al., 

2021; KARKI et al., 2021; MANOHAR et al., 2017). 

No Brasil, a resistência antimicrobiana representa um grave problema de saúde 

pública (SAMPAIO; GALES, 2016). Entre 2011 a 2015, houve um crescimento 

alarmante nas porcentagens de resistência à polimixina B em K. pneumoniae (de 0% para 

27,1%) (BARTOLLETI et al., 2016; SAMPAIO; GALES, 2016). Entre 2010 a 2014, em 

São Paulo, 7% dos isolados de Enterobacteriaceae foram resistentes à polimixina (ROSSI 

et al., 2017). Ao analisar cepas de K. pneumoniae oriundas de 12 estados brasileiros, 

identificaram 15% de resistência (PEREIRA et al., 2013). Atualmente, estudo realizado 

no Rio de Janeiro, mostrou uma frequência de resistência à polimixina de 29,5% em 

isolados de K. pneumoniae (CONCEIÇÃO-NETO et al., 2022). 

O panorama de resistência à polimixina, de acordo com os indicadores de 

resistência microbiana da ANVISA (2022), para os principais patógenos Gram-negativos, 

está ilustrado na Figura 4. Ao avaliarmos os dados de porcentagens de resistência em 

isolados de K. pneumoniae, observa-se que houve um aumento de 127% entre 2018-2020 

(ANVISA, 2022).  
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Figura 4. Percentual de Gram-negativos de importância clínica resistentes à polimixina, 

isolados no Brasil durante os anos de 2018-2020. Fonte: Anvisa. 

 

A ocorrência de cepas resistentes a polimixinas estão associadas aos maiores 

números de letalidade hospitalar (ROJAS et al., 2016). Na Itália, identificaram que a 

porcentagens de mortalidade foram de 51% entre pacientes com K. pneumoniae resistente 

à polimixina (GIACOBBE et al., 2015). Enquanto que no Brasil, estavam associadas a 

60% de mortalidade (DA SILVA et al., 2020b). Desse modo, programas de vigilância 

epidemiológica e monitoramento de resistência antimicrobiana são incentivados, para 

coletar dados a fim de melhorar a compreensão sobre os mecanismos de resistência e 

produzir evidências que norteiam as ações ao enfrentamento da resistência (DIALLO et 

al., 2020; SILVA et al., 2020; YU et al., 2015) 

Os determinantes de resistência à polimixina estão relacionados a mecanismos 

intrínsecos, mutacionais e/ou adquiridos (EL-SAYED AHMED et al., 2020; 

MLYNARCIK; KOLAR, 2019). Os principais mecanismos descritos ocorrem através da 

transferência de plasmídeos, alteração do gene mgrB, modificação do lipídio A e a 

superexpressão de sistemas reguladores de dois componentes (PmrAB e PhoPQ) 

(HUANG et al., 2020b; MOFFATT; HARPER; BOYCE, 2019; POIREL; JAYOL; 

NORDMANN, 2017). 

Em estudos brasileiros de caracterização molecular dessas cepas de K. 

pneumoniae resistentes à polimixina, os mecanismos determinantes de resistência foram: 

presença do gene mcr-1, interrupção do gene mgrB por sequências de inserção e mutações 

missense em genes cromossômicos (AIRES et al., 2016; CONCEIÇÃO-NETO et al., 
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2022; DA SILVA et al., 2020b; ROCHA et al., 2020). Semelhantemente, na China, 

identificaram sequências de inserção (IS), mediando a ruptura de mrgB, como sendo o 

principal mecanismo de resistência à polimixina em isolados de K. pneumoniae (CHEN 

et al., 2022). Além disso, o complexo clonal (CC) 11 (incluindo os sequence types (ST) 

mais frequentes ST11, ST258 e ST437), representa o clone epidêmico de alto risco no 

Brasil, devido a resistência diversificada (CONCEIÇÃO-NETO et al., 2022).  

Compreender sobre os determinantes envolvidos na resistência e epidemiologia 

desses patógenos é essencial para a investigação de novos agentes antimicrobianos, 

regimes de combinação, dosagem e estratégias eficazes ao tratamento (MLYNARCIK; 

KOLAR, 2019; SILVA et al., 2022; YANG et al., 2020). Desse modo, novas estratégias 

de pesquisa devem ser exploradas, a fim de acelerar o processo de descoberta de novos 

antibióticos (MIETHKE et al., 2021). 

 

2.4 Estratégias terapêuticas contra K. pneumoniae resistentes à polimixina 

A Organização Mundial da Saúde (OMS), entre suas propostas para combater a 

resistência antimicrobiana, destaca a necessidade de intensificar pesquisas na área do 

desenvolvimento de novos antimicrobianos contra patógenos listados como prioridades 

globais, tais como K. pneumoniae (BARALDI et al., 2018; DUVAL; GRARE; 

DEMORÉ, 2019). O desenvolvimento de novas abordagens antimicrobianas, inclui 

identificar compostos existentes (bioativos ou produtos farmacêuticos reaproveitados e 

/ou reposicionados) que possam agir sozinhos ou sinergicamente com polimixina, para 

produzir opções terapêuticas efetivas ao tratamento de infecções bacterianas, nos quais a 

monoterapia de polimixina perdeu a eficácia (VASCONCELOS et al., 2020; 

ZIMMERMAN et al., 2020). Dessa maneira, novas abordagens ao tratamento de 

infecções resistentes são essenciais para diminuir os riscos de resistência futura 

(ARONICA et al., 2021). 

O efeito da plazomicina (novo aminoglicosídeo) foi avaliado in vitro contra 

vários isolados clínicos de enterobactérias resistentes à polimixina, incluindo K. 

pneumoniae com os seguintes mecanismos de resistência: mutações pmrA, mutações 

pmrB phoP, deleção de 25 nt mutação pontual phoQ, mutações pontuais no gene mgrB, 

gene mgrB truncado, sequências de inserção no gene mgrB, deleção parcial ou total do 

gene mgrB; K. oxytoca com sequências de inserção no gene mgrB;  E. coli carregando o 

gene mcr-1; e Salmonella enterica carregando o gene mcr-1. Serratia, Proteus, 

Morganella e Hafnia eram intrinsecamente resistentes e Enterobacter asburiae e E. 
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cloacae apresentaram mecanismos desconhecidos. Os resultados, demonstram que as 

CIMs de plazomicina foram ≤ 2 mg/L para todos as cepas com gene mcr-1 e ≤ 4 mg/L 

para as Enterobacteriaceae intrínsecamente resistentes; plazomicina ≤ 4 mg/L apresentou 

atividade potente, inibindo 93,7% dos isolados de enterobactérias (DENERVAUD-

TENDON et al., 2017).   

Ao explorar a atividade antimicrobiana in vitro do óleo essencial de Zingiber 

officinale, foi demonstrada a atividade frente a K. pneumoniae resistente à polimixina 

(alteração no gene mgrB) com CIM de 1,09 mg/ml, com morte celular após 8h de 

exposição ao óleo (VAZ et al., 2022). A investigação das propriedades antimicrobianas 

do composto bioativo monoterpenoide carvacrol, revelou atividade frente a K. 

pneumoniae resistente à polimixina (alteração no gene mgrB), na concentração de 130 

μg/mL, erradicando as células bacterianas em 4h (DE SOUZA et al., 2021). 

O nitrato de gálio III (GaN), ao ser investigado quanto a sua propriedade 

antimicrobiana, demonstrou atividade inibitória frente a isolados clínicos de K. 

pneumoniae resistentes à polimixina (alteração no gene mgrB). As CIM in vitro para GaN 

variam de 2 a 16µg/mL. O tratamento in vivo foi avaliado em modelo de infecção por K. 

pneumoniae resistentes à polimixina, em Caenorhabditis elegans, demonstrando 

aumento da sobrevida (>75%) (ROSSATO et al., 2022). 

Desse modo, a utilização desses compostos adjuvantes, co-administrados com 

antibióticos, podem restaurar a eficácia de anbióticos em cepas resistentes, diminuindo a 

CIM (BARKER et al., 2019). A terapia combinada de compostos associadas à polimixina, 

tem sido documentada como uma alternativa, apresentando efetividade bactericida, e 

potencial em contornar a resistência à polimixina (HUSSEIN et al., 2020a, 2020b, 2017; 

TRAN et al., 2018; VASCONCELOS et al., 2020).  

Assim, estudos de reposicionamento para fins antimicrobianos, buscando realizar 

triagem de fármacos de bibliotecas do FDA, representam uma estratégia para acelerar a 

descoberta de novas terapias contra a resistência a antibióticos (TRAN et al., 2018). A 

avaliação de 43 compostos bioativos em combinação com a polimixina B frente a 

patógenos Gram-negativos resistentes à polimixina, revelou 5 compostos (HTS03780, 

MGH00136, NH00518, CD04455 e JP00319) que apresentaram atividade sinérgica, 

reduzindo a concentração da polimixina a CIM < 2 μg/ml (ZIMMERMAN et al., 2020).  

Estudo que avaliou a combinação de polimixina com mitotano (antineoplásico), 

mostrou que a combinação de polimixina B (2 mg/L) e mitotano (4 mg/L) teve atividade 

in vitro contra estirpes de A. baumannii, P. aeruginosa e K. pneumoniae resistentes à 
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polimixina, causando morte bacteriana nas primeiras 6h, com potencial ação sobre a 

divisão celular (TRAN et al., 2018).  

A investigação da atividade antibacteriana da polimixina em combinação com 

sertralina (inibidor seletivo da recaptação de serotonina), mostrou ser sinérgica frente a 

isolados de A. baumannii, P. aeruginosa e K. pneumoniae resistentes à polimixina. A 

combinação de polimixina (4 mg/L) e sertralina (16 mg/L) mostrou morte significativa 

em 4h, seguida de recrescimento entre 8-24h, e o mecanismo de ação sugerido foi o dano 

à membrana bacteriana (HUSSEIN et al., 2020b). 

Combinações sinérgicas in vitro da polimixina B em combinação com 

moduladores seletivos do receptor de estrogênio (SERMs), tais como tamoxifeno, 

raloxifeno e toremifeno (foram encontradas para bactérias multirresistentes. A 

combinação de polimixina B (2 mg/L) com tamoxifeno (8 mg/L) apresentou atividade 

sinérgica frente isolados de P. aeruginosa, A. baumannii e K. pneumoniae resistentes à 

polimixina. Na curva de sobrevivência exibiram diminuição ≥ 2-3 log10 na contagem 

bacteriana (UFC/ml) ao longo de 1–2h, seguida de recrescimento. Evidenciaram que a 

combinação causa danos à membrana externa das células bacterianas (HUSSEIN et al., 

2017). Ao investigar a combinação do composto bioativo canabidiol com polimixina, 

identificaram atividade sinérgica contra patógenos Gram-negativos resistentes à 

polimixina (A. baumannii, K. pneumoniae e P. aeruginosa), exercendo ação sobre a 

perturbação nos lipídios da membrana bacteriana (HUSSEIN et al., 2022). 

Esses estudos, sugerem a possibilidade de reposicionamento de fármacos, 

demonstrando que a combinação de antibióticos com fármacos aprovados pela Food and 

Drug Administration (FDA) representa uma estratégia para o tratamento de infecções 

intratáveis por Gram-negativas resistentes à polimixina intratáveis (HUSSEIN et al., 

2020a, 2022; TRAN et al., 2018).  

O desenvolvimento de terapias seguras e eficazes é essencial ao tratamento de 

infecções por patógenos resistentes à polimixina, assim, combinações entre antibióticos 

comerciais também representam uma estratégia a ser investigada a fim de verificar 

potenciais sinérgicos. Desse modo, foram investigadas combinações duplas e triplas à 

base de polimixina B (com concentrações variando de 1 a 128 mg/L), associadas a 

rifampicina (2-16 mg/L) e meropenem (10-120 mg/L) frente a isolados clínicos de K. 

pneumoniae resistentes à polimixina. Nenhuma combinação de dois medicamentos 

apresentou atividade, mas os regimes de três medicamentos (polimixina B 1 mg/L em 
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combinação com meropenem 30 mg/L e rifampicina 2, 5 ou 16 mg/L) resultaram em 

atividade bactericida (DIEP et al., 2017). 

Adicionalmente, existe uma classe de moléculas que tem motivado o 

desenvolvimento de antibióticos, estes são os peptídeos antimicrobianos (AMPs), que 

consistem em peptídeos catiônicos curtos que podem apresentar uma diversidade de 

estruturas e alvos (ARONICA et al., 2021; BIN HAFEEZ et al., 2021). Além disso, 

existem ferramentas computacionais de simulação de dinâmica molecular usadas para 

prever a atividade e os mecanismos de ação desses AMPs (BIN HAFEEZ et al., 2021; 

PALMER et al., 2021). Os AMPs representam uma abordagem promissora, apresentam 

baixa toxicidade, diminuição da interação medicamentosa, alta especificidade, 

propriedades de ataque direto com maior eficácia e menor tendência a induzir resistência 

(BOPARAI; SHARMA, 2019; PALMER et al., 2021).  

Um novo lipopeptídeo sintético, estrutural e farmacologicamente distinto da 

polimixina B e colistina, denominado F365 (QPX9003), mostrou atividade 

antimicrobiana frente a P. aeruginosa, A. baumannii e K. pneumoniae resistentes à 

polimixina (ROBERTS et al., 2022). Estudo in vitro com 17 análogos de Paenipeptina, 

que são novos lipopeptídeos lineares sintéticos, mostrou que apenas um apresentou 

atividade contra cepas de E. coli e K. pneumoniae resistentes à polimixina. Os resultados 

revelam que a atividade bactericida das paenipeptinas está ligada à ruptura e dano das 

membranas citoplasmáticas e pela despolarização do potencial de membrana (MOON; 

HUANG, 2018). 

O peptídeo antibacteriano linear curto, designado SLAP-S25. (SLAP), testado 

in vitro apresentou CIM de 0,5–32 µg/mL. O efeito sinérgico do SLAP-S25 com fármacos 

antibacterianos (tetraciclina, vancomicina, ofloxacina, ampicilina, imipenem, rifampicina 

ou polimixina) foi avaliado contra K. pneumoniae resistente à polimixina (mcr-1, mcr-6) 

e demonstraram sinergismo (ΣFIC <0,5) para rifampicina (0,065), ofloxacina (0,127) e 

tetraciclina (0,129). O ensaio in vivo, usando modelo de infecção em camundongos, 

mostrou que o tratamento sinérgico reduziu significativamente o número de colônias em 

comparação ao grupo tratado com polimixina. No experimento de bacteremia em 

camundongos, o tratamento com SLAP-S25 aumentou a porcentagem de sobrevivência 

(SONG et al., 2020). A capacidade dos peptídeos em inibir o crescimento bacteriano 

demonstra seu potencial terapêutico como agentes antibacterianos contra patógenos 

multirresistentes (DA SILVA et al., 2021). 
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2.5 Resistência antimicrobiana (RAM) e a pandemia de COVID-19  

A resistência antimicrobiana é reconhecida como uma das principais prioridades 

à saúde pública global. Recentemente, foi publicado o mais abrangente relatório sobre 

ocorrência de RAM, no qual estimaram que globalmente 4,95 milhões de mortes 

estiveram associadas à RAM bacteriana em 2019 (MURRAY et al., 2022). Entretanto, os 

dados acerca da mortidade por RAM podem ter sido subestimados; e tendem a aumentar 

nos próximos anos (FERREYRA et al., 2022). A Organização Mundial da Saúde (OMS) 

alerta que até 2050, o número de mortes atribuíveis à resistência se aproximará de 10 

milhões de pessoas por ano (O’NEILL, 2016). Além disso, as estimativas foram feitas 

antes da pandemia de COVID-19 agravar essa problemática.  

A COVID-19 é uma doença que se manifesta após a infecção causada por um 

novo coronavírus denominado SARS-CoV-2 (que causa a síndrome respiratória aguda 

grave), cuja disseminação resultou em um surto global sem precedentes (HUANG et al., 

2020a; SOHRABI et al., 2020). Em janeiro de 2020, a Organização Mundial da Saúde 

(OMS) caracterizou propagação dos casos de SARS-CoV-2 como uma pandemia, 

representando uma emergência de saúde pública de importância internacional (WHO, 

2021). 

Até o momento (02 de fevereiro de 2023), 753.823.259 casos confirmados foram 

relatados globalmente, com 6.814.976 mortes, enquanto o Brasil ocupa o terceiro lugar 

no mundo em número de casos, com 36.824.580 notificações e 697.074 óbitos (WHO, 

2023). A experiência durante o enfrentamento do COVID-19, enfatizou a intensa pressão 

que uma pandemia exerce sobre os sistemas de saúde, os quais foram levados ao seu 

limite de funcionamento, com a demanda por leitos, ventiladores mecânicos e suporte de 

oxigênio excedendo sua disponibilidade; além da limitada experiência clínica quanto às 

opções terapêuticas com evidências científicas a serem instituídas no tratamento 

(GARCIA-VIDAL et al., 2021; REMUZZI; REMUZZI, 2020; WALKER et al., 2020).  

Como resultado, muitos pacientes hospitalizados com COVID-19 receberam 

prescrição empírica de antibióticos, resultando em um aumento global do uso desses 

medicamentos, principalmente em países em desenvolvimento (ARSHAD et al., 2021; 

KNIGHT et al., 2021; LANGFORD et al., 2021). Devido à gravidade da doença, 

associado à desinformação, à falta de outras opções terapêuticas, demora no diagnóstico 

combinado ao ímpeto de tratamento imediato e preventivo, os quais resultaram no uso 

contínuo desses medicamentos (ARSHAD et al., 2020; KNIGHT et al., 2021). 
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A maior parte dos pacientes não necessitava de tratamento antibacteriano 

empírico, uma vez que as porcentagens de coinfecção bacteriana e infecção bacteriana 

secundárias são baixas (3,5% e 14,3%, respectivamente), no geral, apenas 6,9% dos 

pacientes com COVID-19 apresentaram alguma infecção bacteriana (LANGFORD et al., 

2020). Assim, estudos demonstram a alta prevalência de prescrição de antibióticos 

durante a pandemia (72%) e consequentemente, os níveis de resistência a longo prazo 

podem aumentar, esse fato é particularmente preocupante, visto que pode resultar no 

agravamento das IRAS devido a microrganismos multirresistentes mais virulentos 

(ALSHAIKH et al., 2022; ARSHAD et al., 2021; HSU, 2020; RAWSON et al., 2020b; 

ROSSATO; NEGRÃO; SIMIONATTO, 2020).  

Entretanto, mais estudos são requeridos a fim de compreender a ocorrência das 

infecções, os principais patógenos e os fatores de risco subjacentes ao paciente (KNIGHT 

et al., 2021). Relatos recentes descrevem fatores associados ao aumento do risco de 

internação e óbito hospitalar por COVID-19, em pacientes do sexo masculino e com 

diversas comorbidades, como hipertensão, doenças cardiovasculares, obesidade, câncer 

ativo, etc (SEMENZATO et al., 2021). No entanto, poucos estudos avaliaram pacientes 

com COVID-19 associados a infecção secundária e coinfecção, principalmente quando 

causadas por bactérias Gram-negativas multirresistentes e os fatores que afetam o 

desfecho clínico (ZHOU et al., 2020b; ZHU et al., 2020). Em Wuhan, na China, local de 

origem do SARS-CoV-2, os estudos mostram que a infecção secundária estava presente 

em 50% dos pacientes que não sobreviveram (ZHOU et al., 2020a). Sabe-se que pacientes 

com infecção por bactérias Gram-negativas multirresistentes têm maior tempo de 

permanência em UTIs, apresentando maior risco de mortalidade (DA SILVA et al., 2018, 

2020b, 2020b; JIN et al., 2021a).  

Assim, estudos epidemiológicos são necessários para avaliar fatores de risco em 

pacientes com COVID-19 e infecção secundária, especialmente por bactérias Gram-

negativas multirresistentes, visto que a identificação de fatores de risco associados a 

resultados adversos nesses pacientes pode ser usada para melhorar os resultados clínicos 

por meio de reconhecimento precoce e tratamento adequado (BAIOU et al., 2021; 

IOANNOU et al., 2020). Nesta conjuntura, legitima-se a realização de estudos locais que 

determinem a prevalência das infecções em ambientes hospitalares, visando identificar 

fatores de risco em grupos de pacientes com infecções críticas (LODISE; YE; ZHAO, 

2017).Em muitos países os planos de ação nacional de resistência a antimicrobianos 
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foram afetados pela pandemia (incluindo atividades de monitoramento e coleta de dados, 

capacitação técnica; aumento do uso de antibióticos; regulamentos sobre o consumo e uso 

de antibióticos que não foram aplicados) (Figura 5) (PÉREZ DE LA LASTRA et al., 

2022). Uma vez que os esforços científicos para descobrir novos antimicrobianos e para 

combater a resistência foram redirecionados ao gerenciamento do COVID-19 

(BIRGAND et al., 2022).  

 

 

Figura 5. Mapa mundial representando os países em que o processo de desenvolvimento 

e implementação do Plano de Ação Nacional de RAM foram afetados pela pandemia de 

COVID-19. Em azul são os países que responderam “sim”, à pergunta “O seu processo 

de desenvolvimento e implementação do Plano de Ação Nacional de RAM foram 

afetados pela pandemia de COVID-19 durante 2020-2021? Fonte: (TRACSS, 2021). 

Nesse cenário, no qual os impactos da pandemia sobre os níveis gerais de 

resistência antimicrobiana ainda são desconhecidos, é imprescindível lançar planos de 

ação nacionais e internacionais para investimento na pesquisa e desenvolvimento de 

novos fármacos antimicrobianos (HSU, 2020; PÉREZ DE LA LASTRA et al., 2022; 

RAWSON et al., 2020b). A COVID-19 evidenciou que esforços globais, compromisso 

político em nível nacional e internacional e colaborações, são essenciais para enfrentar os 

principais desafios de saúde pública, inclusive a RAM, que mesmo não sendo 

caracterizada como um fenômeno pandêmico semelhante a COVID-19, requer medidas 

de enfrentamento na mesma magnitude, os quais têm de ser aplicados ao desenvolvimento 

de antimicrobianos e ao controle da resistência (FERREYRA et al., 2022; YAM, 2020). 
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3. OBJETIVOS 

 

3.1 GERAIS 

Descrever as características clínicas e fatores de risco associados a ocorrência de 

BGN-MR em pacientes críticos com ou sem COVID-19 internados em um hospital terciário 

de Dourados-MS, Brasil durante a pandemia de COVID-19. 

Avaliar a atividade antimicrobiana do carvacrol em associação a polimixina B frente 

à microrganismos multirresistentes. 

 

3.2 ESPECÍFICOS 

Caracterizar o perfil epidemiológico de BGN-MR isoladas de amostras clínicas de 

pacientes internados entre março/2020 a dezembro/2021. 

Identificar os fatores associados à infecção e/ou colonização por BGN-MR, estimar a 

porcentagem de mortalidade e fatores associados ao óbito em pacientes hospitalizados com 

ou sem COVID-19. 

Investigar o potencial antimicrobiano in vitro e in vivo do carvacrol em associação a 

polimixina B frente à Klebsiella pneumoniae multirresistentes. 

Realizar uma análise de revisão de patentes, a fim de identificar e explorar tendências 

da propriedade intelectual, referente a peptídeos antimicrobianos testados frente a K. 

pneumoniae resistentes à polimixina.  
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ABSTRACT 18 

Objectives: A case-control study was designed to determine factors associated with the 19 

occurrence of multidrug-resistant (MDR) Gram-negative bacteria (GNB) in patients with 20 

and without coronavirus disease (COVID-19) and describe the mortality rates.  21 

Methods: The data were collected from patients hospitalized in a public tertiary care 22 

hospital in Dourados, Brazil, between March 2020 and December 2021. 23 

Results: Of the 871 patients positive for COVID-19, 73 had secondary MDR-GNB 24 

infection, which represented 8.38% of documented community-acquired GNB-MDR 25 
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infections. The factors associated with patients COVID-19-MDR-GNB infections were 26 

obesity, heart failure, use of mechanical ventilation, urinary catheter, and previous use of 27 

β-lactams. Several factors associated with mortality were identified among patients with 28 

COVID-19 infected with MDR-GNB, including the use of a urinary catheter; renal 29 

failure; and the exposure to carbapenem antibiotics and polymyxin. Mortality was 30 

significantly higher in patients with COVID-19-MDR-GNB (68.6%) compared to three 31 

control groups, where COVID-19 was 35.7% (p = 0.000, odds ratio [OR] 392, 95% 32 

confidence interval [CI] 1.94–7.92), MDR-GNB was 50% (p = 0.002, OR 0.33, 95% CI 33 

0.16–0.67) and GNB was 21.4% (p = 0.000, OR 8.00, 95% CI 3.73–17.14).   34 

Conclusions: We demonstrate that MDR-GNB infection associated with COVID-19 has 35 

an expressive impact on increasing the case fatality rate, reinforcing the importance of 36 

minimizing the use of invasive devices and exposure to antimicrobials to control the 37 

bacterial spread in hospital to improve the prognosis among patients. 38 

 39 

Keywords: Healthcare-associated infections, antimicrobial resistance, public health, 40 

SARS-CoV-2, Multi-drug resistance. 41 

 42 

INTRODUCTION 43 

Antimicrobial resistance (AMR) is an emerging global public health challenge 44 

hampering the health of mainly critically ill patients [1,2]. An estimated annual 4.95 45 

million deaths are associated with bacterial resistance [3]. It is projected that by 2050, 46 

approximately 10 million individuals could die annually owing to ineffectiveness in 47 

controlling and combating AMR [4]. Long hospitalization, previous use of 48 

antimicrobials, and invasive and surgical procedures are some factors associated with the 49 

occurrence of AMR [5,6]. 50 
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These factors were likely exacerbated by the coronavirus disease (COVID-19), as 51 

increased rates of hospitalization and admission in intensive care units (ICUs), 52 

inappropriate or overuse of antibiotics in many patients, and growing global antibiotic 53 

use are observed. The long-term impact of the pandemic are still unknown. However, 54 

there is a particular concern, especially with regard to the spread of resistance and 55 

underlying patient risk factors [7–9]. 56 

Secondary infection was identified in 50% of deaths in patients with COVID-19 57 

[9]. Thereby, surveillance of patients with multidrug-resistant Gram-negative 58 

microorganisms (MDR-GNB) is essential in the healthcare environment to improve the 59 

prognosis of patients [5]. Therefore, containment and dispersion of MDR-GNB bacteria 60 

in critically ill patients, especially those with COVID-19, can be achieved by knowing 61 

the predicted factors related to their occurrence. Thus, these contribute to reducing 62 

unfavorable outcomes [10,11]. 63 

MDR-GNB are listed as resistant pathogens of the highest priority by the World 64 

Health Organization (WHO) owing to their dissemination in the hospital environment, 65 

causing a variety of infections associated with increased morbidity and mortality [7,12]. 66 

Nevertheless, investigating prediction factors associated with MDR-GNB infections in 67 

patients with COVID-19 is limited [10,13]. Thus, this case-control study aimed to 68 

investigate the factors associated with the occurrence of MDR-GNB in adults with and 69 

without COVID-19 admitted into Brazilian ICUs and to describe mortality rates and 70 

clinical characteristics of these infections. 71 

 72 

 73 

 74 

 75 
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MATERIAL AND METHODS 76 

Study site and patients  77 

The data were collected from patients hospitalized in a public tertiary care hospital 78 

in Dourados, Brazil, between March 2020 and December 2021. This hospital has 237 79 

beds, including infirmaries and the ICUs (adult, pediatric, and neonatal), with an average 80 

of 9,800 annual admissions. Patients with MDR-GNB isolated from clinical cultures from 81 

any source, such as tracheal aspirates, catheter tips, swabs (nasal and rectal), and blood 82 

and urine cultures, were included in this study. Patients under 18 years with incomplete 83 

records, those transferred to other hospitals before discharge from the ICU, or those who 84 

were not monitored for loss of data or incorrect records were excluded. The records of 85 

the same patient with different clinical sources of infection were also excluded, and only 86 

the first record was considered. 87 

 88 

Definitions 89 

MDR was defined as resistance to one or more antimicrobials from three or more 90 

tested categories [14]. Nosocomial infection was defined by the clinical diagnosis based 91 

on the clinical criteria (sepsis, fever, changes in the frequency or color of secretions, or 92 

new radiological findings), initiated >48 h after hospital admission or within 48 h after 93 

hospital discharge, associated with the occurrence of a carbapenem-resistant 94 

microorganism [15]. In contrast, other infections were considered community-acquired 95 

[13]. COVID-19 was defined as a positive real-time reverse transcriptase polymerase 96 

chain reaction (RT-PCR) for severe acute respiratory syndrome coronavirus 2 (SARS-97 

CoV-2) from a nasopharyngeal swab associated with suggestive clinical signs, symptoms, 98 

and/or radiological findings. The time from COVID-19 detection and initial presentation 99 

to culture time was used to assess likely community (<120 h from admission) or 100 
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healthcare-associated infection (>120 h from admission). This time point was agreed 101 

upon by the study team to define the pathogens associated with health in this study [16]. 102 

 103 

Study design 104 

A case-control study was performed to identify factors associated with the 105 

occurrence of MDR-GNB in patients with or without COVID-19. A case (COVID-19-106 

MDR-GNB) was defined as a patient positive for COVID-19 from whom an MDR-GNB 107 

was isolated from clinical cultures from any source during the study. Control 1 was 108 

defined as patients positive for COVID-19 admitted in the same study period. Control 2 109 

included patients admitted in the same study period from whom an MDR-GNB was 110 

isolated from a clinical culture at least 48 h after admission and no clinical or 111 

microbiological evidence of COVID-19. Control 3 included patients admitted in the same 112 

study period from whom a susceptible GNB was isolated from a clinical culture at least 113 

48 h after admission and there was no clinical or microbiological evidence of COVID-114 

19. Non-probabilistic controls, randomly recruited in a 1:1:1:1 ratio to cases. Case and 115 

controls were matched for age, clinical manifestations, pathogens, and hospital wards. 116 

The inclusion of a case or control was only possible once. A two-part analysis was 117 

performed as follows: i) a case-control study in which cases were compared with controls 118 

to identify potential factors associated with the isolation of MDR-GNB in adult ICU, and 119 

ii) a retrospective analysis to measure mortality associated with the isolation of MDR-120 

GNB. 121 

 122 

Clinical data 123 

The clinical, nursing, and microbiological records of hospitalized patients were 124 

reviewed retrospectively. The following data were recorded: demographics; medical 125 



52 

history; comorbidities; location before admission; ward of admission; hospital course 126 

(duration and ward location); invasive procedures; surgery; use of invasive medical 127 

devices (mechanical ventilation, total parenteral nutrition, urinary catheter, drainage tube, 128 

nasogastric tube, tracheal intubation); treatment with immunosuppressive drugs; and 129 

source of infection (blood, urinary tract, wound, respiratory source or other). All 130 

antibiotics administered for ≥24 h during the current hospitalization were recorded. The 131 

information collected included the drug name, start date, dose, route of administration, 132 

dosing frequency, and total duration of use. Data regarding the clinical outcome 133 

(recovery/death) were reviewed, and death owing to any cause or death attributable to 134 

infection was assessed. 135 

 136 

Bacterial identification and susceptibility testing  137 

The bacterial species identification and screening for antimicrobial resistance 138 

were performed using Phoenix® Automated System (BD Diagnostic Systems, Sparks, 139 

MD) according to the manufacturer’s instructions. After isolation, following the 140 

recommendations of the Clinical and Laboratory Standards Institute guidelines, the 141 

susceptibility profile was confirmed, and minimal inhibitory concentrations (MICs) of 142 

antimicrobials were determined using broth microdilution (CLSI, 2021).  143 

 144 

Statistical analysis 145 

The Research Electronic Data Capture (Redcap) was used for the database, and 146 

statistical analysis was performed by SAS v.19.0 (SAS Institute, Cary, NC, USA) using 147 

univariate and multivariate models. Dichotomized and categorical data were analyzed 148 

using the Chi-squared test or Fisher’s exact test. For continuous variables, a t-test or 149 

analysis of variance was used. Univariate analyses were performed to verify associations 150 
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between the dependent and independent variables, and those achieving a prespecified 151 

level of significance (P <0.2) were included in the multivariable analysis. P <0.05 was 152 

considered to indicate statistical significance. To evaluate the strength of associations, a 153 

logistic regression analysis was used to estimate crude, adjusted odds ratios (OR), and 154 

95% confidence intervals (CIs). Additionally, we performed Kaplan-Meier plot analysis 155 

to visualize survival curves, cox regression, and log-rank test to compare survival curves. 156 

 157 

RESULTS 158 

Patient characteristics 159 

During the study, 906 GNB were identified, of which 422 were MDR-GNB 160 

isolates, representing a 46.58% of resistance rate. Additionally, 151 patients carrying 161 

carbapenem-resistant strains were admitted to adult ICUs, of which 70 patients were 162 

included to compose the MDR-GNB control group (Suplementary Figure 1). 163 

Furthermore, in the MDR control group, 62 strains were identified as community-164 

acquired. In total, 280 adult patients (compared data from the 70 cases with 210 controls) 165 

were included, the median age was 56 years (range 18 to 92 years), and the majority were 166 

women (n = 143; 51%) with 22.07 days (range 1 to 102 days) of mean length of hospital 167 

stay. In the sample studied, there were no significant differences (p > 0.05) between cases 168 

and controls with respect to baseline demographics. Pseudomonas aeruginosa, Klebsiella 169 

pneumoniae, and Acinetobacter baumannii are the main MDR-GNB species (68%) 170 

isolated in the present hospital during the period studied. For diagnosing COVID-19, 171 

1,953 patients were tested for SARS-CoV-2 infection in the hospital, and 871 had a 172 

positive test. Among these, 73 patients had secondary infections with MDR-GNB, which 173 

represents a rate of 8.38%. Among these, 70 patients were included to compose the 174 

COVID-19-MDR-GNB case group; 22 strains were identified as nosocomial and 48 175 
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strains as community-acquired. In patients with COVID-19-MDR-GNB and MDR-GNB, 176 

the most prevalent microorganism identified was K. pneumoniae, representing 31.4% and 177 

41.4%, respectively (Figure 1). 178 

 179 

Figure 1. Total number of MDR-GNB species isolated from study patients: A) COVID-180 

19-MDR-GNB case group (n = 70); B) MDR-GNB control group (n = 70). 181 

 182 
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Factors associated with MDR-GNB 183 

Case patients (COVID-19-MDR-GNB) were compared to the control group 184 

(COVID-19), aiming to analyze the factors associated with the occurrence of MDR-GNB 185 

in hospitalized patients with confirmed COVID-19 diagnosis. Renal failure, use of 186 

mechanical ventilation, central venous catheter, nasoenteral tube, and length of stay up to 187 

30 days were identified as factors associated with the acquisition of MDR-GNB among 188 

patients with COVID-19 in a univariate analysis. Among COVID-19-MDR-GNB, the 189 

majority of patients were men; and use of antimicrobials (β-lactams, aminoglycosides, 190 

carbapenems, cephalosporins, quinolones, and polymyxins) was associated with the 191 

occurrence of MDR-GNB in patients with COVID-19. Multivariate analysis revealed that 192 

renal failure, hospital stay longer than 30 days, and use of carbapenems and β-lactams 193 

were all independently associated with MDR-GNB isolation. Additionally, the outcome 194 

of death was independently associated with an increased risk of death by 3.29 in patients 195 

with MDR-GNB (Table 1). 196 

To analyze the factors associated with COVID-19 among patients with MDR-197 

GNB, case patients (COVID-19-MDR-GNB) were compared to control group 2 (MDR-198 

GNB). Univariate analysis demonstrated that obesity, cardiac insufficiency, mechanical 199 

ventilation, central venous catheter, age between 23 and 60 years, age over 60 years, β-200 

lactam and polymyxins antimicrobials use were identified as factors associated with 201 

MDR-GNB in patients with COVID-19 (Table 2). Additionally, in the multivariate 202 

analysis cardiac insufficiency and mechanical ventilation use were associated with MDR-203 

GNB and COVID-19-MDR-GNB patients, respectively. The mortality rates of COVID-204 

19-MDR-GNB patients were increased 2.47 when compared with MDR-GNB. 205 

Additionally, the use of polymyxin was a protective factor for the occurrence of MDR-206 

GNB in patients with COVID-19. 207 



56 

Case patients (COVID-19-MDR-GNB) were compared with the control group 208 

(GNB) to analyze the associated factors to secondary MDR-GNB infection in patients 209 

with COVID-19. In the univariate analysis, several covariates showed statistically 210 

significant associations, including systemic arterial hypertension; diabetes; renal 211 

insufficiency; acute respiratory failure; smoking; mechanical ventilation; urinary 212 

catheter; central venous catheter; nasoenteral tube; use of antimicrobials (β-lactams, 213 

aminoglycosides, carbapenems, cephalosporins, and polymyxins); and age between 18 214 

and 60 and over 60 years (Table 3). Furthermore, in the multivariate analysis, systemic 215 

arterial hypertension, renal insufficiency, mechanical ventilation, use of polymyxins and 216 

outcomes in deaths were associated with secondary MDR-GNB infection in patients with 217 

COVID-19, with an increase of 3.44 in the mortality rates. Additionally, the use of β-218 

lactams was a protective factor for the occurrence of MDR-GNB in patients with COVID-219 

19. 220 

 221 

 Outcome study 222 

Mortality was significantly higher in patients with COVID-19-MDR-GNB 223 

compared with COVID-19 controls (68.6% vs. 35.7%, respectively; p = 0.000, odds ratio 224 

[OR] 392, 95% confidence interval [CI] 1.94–7.92), MDR-GNB (68.6% vs. 50%, 225 

respectively; p = 0.002, OR 0.33, 95% CI 0.16–0.67) and GNB (68.6% vs. 21.4%, 226 

respectively; p = 0.000, OR 8.00, 95% CI 3.73–17.14). Overall, mortality at 30 days for 227 

patients with COVID-19-MDR-GNB was recorded at 57.1% (n = 40/70). A Kaplan–228 

Meier survival analysis showed the cumulative probability of death in the 30 days was 229 

significantly different among the COVID-19-MDR-GNB, MDR-GNB, GNB, and 230 

COVID-19 patient groups (P = 0.008) and higher among patients infected with COVID-231 

19-MDR-GNB strains (Figure 2). Additionally, this study also aimed to identify factors 232 
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associated with mortality. In a multivariate analysis of patients with COVID-19-MDR-233 

GNB, the use of a urinary catheter and exposure to polymyxin were associated with 234 

mortality. In contrast, systemic arterial hypertension and surveillance swabs were 235 

protective factors. While for patients with MDR-GNB, the use of carbapenems and the 236 

origin of the bacterial culture as tracheal secretion were factors associated with mortality. 237 

For patients with COVID-19, age over 60 years, renal failure, and central venous catheter 238 

use were associated with mortality (Table 4). 239 

 240 

Figure 2. Kaplan–Meier cumulative (cum) survival curve for 30-day mortality of MDR-241 

GNB infection by log-rank test (p = 0.008). The red line represents patients with COVID-242 

19 and infection caused by MDR-GNB strains, the green line represents patients with 243 

infection caused by MDR-GNB strains, the blue line represents patients with infection 244 

caused by GNB strains, and the black line represents patients with COVID-19. 245 

 246 

 247 
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DISCUSSION 248 

Even before the COVID-19 pandemic, infections caused by MDR-GNB, 249 

including Enterobacteriaceae, P. aeruginosa, and A. baumannii, represented a global 250 

public health concern owing to antimicrobial restriction and increased lethality [12,17]. 251 

This problem was probably exacerbated during the pandemic since hospitalized patients 252 

with COVID-19 were generally vulnerable, staying hospitalized for long periods in ICU, 253 

requiring a greater number of invasive procedures, mechanical ventilation: factors that 254 

contribute to the risk of acquiring MDR-GNB [9,10]. 255 

The ecology of microorganisms and their resistance patterns reflects the 256 

institutional epidemiological situation [13]. Our study showed that in the study, P. 257 

aeruginosa (29.4%), K. pneumoniae (22.7%), and A. baumannii (15.9%) were the main 258 

MDR-GNB species isolated in the hospital. In contrast, as per the reported data described 259 

in Taiwan,  the most common isolates were E. coli (45,1%), K. pneumoniae (17.3%), and 260 

Acinetobacter spp. (14.3%) [7]. The pattern of resistance distribution among pathogens 261 

varies geographically, reinforcing the need for local estimates to adapt local responses to 262 

the control of MDR-GNB [3]. 263 

Additionally, when analyzing the pathogens among patients with COVID-19-264 

MDR-GNB, we identified K. pneumoniae (31.4%), A. baumannii (29.1%), and P. 265 

aeruginosa (16.6%) as the main pathogens isolated in patients who died. This same 266 

pattern of main pathogens was observed among patients with MDR-GNB, although with 267 

non-identical rates, namely, K. pneumoniae (42.8%), A. baumannii (20%), and P. 268 

aeruginosa (11.4%). Infections caused by resistant Enterobacteriaceae are associated 269 

with increased mortality [13,18]. Previous studies described that the mortality rate among 270 

patients with resistant K. pneumoniae infections is high, ranging from 28.6% to 66.6% 271 

[6,19]. 272 
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In our study, MDR-GNB isolation in patients with COVID-19 was associated with 273 

mortality. In addition, in Qatar, mechanical ventilation (p = 0.015, OR 1.06, 95% CI 1.01–274 

1.11) was described as a risk factor associated with the isolation of MDR-GNB in patients 275 

with COVID-19-MDR-GNB (n=78) [10]. Additionally, in Spain, a retrospective case-276 

control study assessed patients with COVID-19 and carbapenem-resistant 277 

Enterobacteriaceae (CRE) infection (n = 30), compared to patients without COVID-19 278 

and CRE (n = 24) and identified a 30-day mortality rate of 30% and 16.7%, respectively 279 

(p = 0.25). Additionally, K. pneumoniae (80.8%), Serratia marcescens (11%), and 280 

Enterobacter cloacae (4.1%) were the most frequent bacteria isolated in these groups 281 

[13]. 282 

Several risk factors have been described associated with MDR-GNB, including 283 

previous use of antibiotics, use of carbapenem, mechanical ventilation, intubation, 284 

previous hospitalization, dialysis, use of invasive devices, longer ICU stay, and presence 285 

of underlying comorbidities [20]. Additionally, in patients with COVID-19, risk factors 286 

associated with mortality have been described associated with men; smokers; age ≥60 287 

years, and comorbidities such as hypertension, cardiovascular disease, diabetes, chronic 288 

obstructive pulmonary disease, cancer, hypercholesterolemia; and ICU admission 289 

[21,22]. Thus, the occurrence of these factors is determinant, making patients subject to 290 

risks of acquiring MDR-GNB infections and/or greater complications owing to COVID-291 

19. 292 

Hypertension and cardiovascular disease were described as risk factors associated 293 

with the progression of COVID-19 [23]. However, in our study systemic arterial 294 

hypertension was a protective factor against mortality in patients with COVID-19-MDR-295 

GNB. The underlying effects of antihypertensive treatments, including angiotensin-296 

converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs), have 297 

been investigated and shown to increase intrinsic antiviral cellular responses and the cell-298 
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epithelial-immune interactions, respectively [24]. Thus, further studies are needed to 299 

improve the understanding of these variables. 300 

Furthermore, 30-day mortality rates for patients with COVID-19-MDR-GNB and 301 

COVID-19 were 57.1% and 34.2%, respectively. The worrying mortality rates identified 302 

in our study highlight the need for isolation and identification of the early susceptibility 303 

profile of these microorganisms to initiate adequate treatment against these MDR-GNB, 304 

which can be potentially fatal in patients with COVID-19. In Taiwan, the 30-day mortality 305 

rate among patients with MDR-GNB bacteremia versus patients without MDR-GNB was 306 

27.4% and 13%, respectively [25]. Thus, in our study, the occurrence of MDR-GNB 307 

negatively impacted the prognosis of patients with COVID-19, increasing the 30-day 308 

mortality. This data is particularly important for hospital infection control services, 309 

reinforcing the need for measures to prevent and control the transmission of MDR-GNB, 310 

especially among critically ill patients, to improve outcomes and hospital survival. 311 

Our findings demonstrate polymyxin exposure and urinary catheter were 312 

independently associated with mortality in patients with COVID-19-MDR-GNB, 313 

increasing the risks by 5.7 and 6.0-fold, respectively. In contrast, in patients with MDR-314 

GNB, the use of carbapenems and bacterial origin of tracheal secretion are factors 315 

associated with mortality, increasing the risks by 3.9 and 7.7-fold, respectively. 316 

Additionally, in patients with COVID-19, age over 60 years, use of polymyxin, central 317 

venous catheter use, and renal failure are factors associated with mortality, increasing the 318 

risks by 4.5, 6.7, 21.3, and 24.5 times, respectively. In the United States and Taiwan, the 319 

mortality predictors in patients with MDR-GNB include longer hospital stay, surgical re-320 

exploration, urinary catheter as a source of infection, exposure of antibiotics, and use of 321 

carbapenems and fluoroquinolones that are independent factors associated with MDR-322 

GNB infection [7,26]. Reinforcing procedures to prevent MDR-GNB infection in patients 323 

with COVID-19 should include minimizing the use of invasive devices to improve the 324 
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prognosis [10]. Thus, despite all the control measures instituted in hospitals, patients with 325 

COVID-19 may be at increased risk of secondary bacterial infections with MDR 326 

pathogens, as they are often exposed to risk factors such as invasive devices, mechanical 327 

ventilation, prolonged ICU stay, and extensive use of broad-spectrum antimicrobials 328 

[27,28]. 329 

In a systematic review, with 42 studies and more than 400 thousand patients, the 330 

risk factors related to mortality in patients with COVID-19 were evaluated, identifying 331 

that chronic comorbidities, acute kidney disease, diabetes, hypertension, cancer, male sex, 332 

advanced age, current smoking, and obesity are factors associated with lethality [29]. In 333 

these circumstances, previous studies demonstrate that secondary bacterial infection has 334 

been associated with a negative impact on prognosis in patients with COVID-19 [30–32]. 335 

In our study, the percentage of mortality among patients with COVID-19 was 35.7, 336 

corroborating the literature [21]. Mortality among patients with MDR-GNB and GNB 337 

was 50% and 21.4%, respectively. Thus, our findings demonstrate that secondary MDR-338 

GNB infection in patients with COVID-19 increases the case fatality rate to 68.7%, 339 

imposing a huge burden on healthcare facilities, particularly for patients with 340 

comorbidities. These results highlight the need to improve awareness and early 341 

recognition, as the occurrence of MDR-GNB infection can be potentially fatal in such 342 

patients. These findings assist in identifying patients at a higher risk to improve the 343 

prognosis, and surveillance and prevention strategies must be developed to limit the 344 

impact of these pathogens. 345 

In contrast, our study had some limitations. First, this is a retrospective study 346 

performed in a single hospital. Thus, a prospective and multicenter studies are needed 347 

since microbiological epidemiology may vary according to geographic locations. 348 

However, we demonstrate that the occurrence of MDR-GNB increases mortality among 349 
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patients, especially those with COVID-19. To the best of our knowledge, this is the first 350 

study to describe the factors of the occurrence of MDR-GNB in patients with COVID-19 351 

in Brazil. Our data reinforce the need to prevent the spread of these strains within the 352 

hospital environment, aiming to minimize these risks. Thus, these findings are important 353 

health indicators for hospitalized patients with COVID-19, emphasizing the need of 354 

surveillance and strategies to reduce the impact of MDR-GNB, especially in critically ill 355 

patients.  356 
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Table 1. Univariate and multi-variate analysis between COVID-19-MDR-GNB patients compared to COVID-19 control groups. 

 

Factors 

COVID-19-MDR-GNB 

n = 70 (%) 

COVID-19 

n = 70 (%) 

Univariable analysis Multi-variable analysis 

OR (95% CI) P-Value OR (95% CI) P-Value 

Age (years)  58.0 (26-86) 56.3 (36-90)      

Comorbidities       

Renal insufficiency  23 (32.9) 8 (11.4) 3.79 (1.55-9.22) 0.002 2.84 (1.03-7.80) 0.043 

Hospitalization       

Mechanical ventilation 56 (80)  43 (61.4) 2.51 (1.17-5.36) 0.016   

Central venous cateter 37 (52.9)  17 (24.3) 3.49 (1.70-7.18) 0.001   

Nasoenteral tube 6 (8.6) 0 0.91 (0.85-0.98) 0.028*   

Length of stay 28.0 16.0     

Up to 30 days 53 (75.7) 63 (90) 0.34 (0.13-0.89) 0.025 3.69 (1.25-10.91) 0.018 

Use of antimicrobials       

Carbapenems 39 (55.7) 22 (31.4) 2.74 (1.37-5.47) 0.004 3.48 (1.37-8.80) 0.008 

Cephalosporin 27 (38.5) 40 (57.1) 0.47 (0.24-0.92) 0.028   

Aminoglycosides 16 (22.8) 5 (7.14) 3.85 (1.32-11.19) 0.009   

Polymyxins 29 (41.2) 10 (14.2) 4.24 (1.86-9.64) 0.001   

β-lactams 33 (47.1) 48 (68.6) 0.40 (0.20-0.81) 0.010 4.11 (1.63-10.33) 0.003 

Deaths 48 (68.6) 25 (35.7) 3.92 (1.94-7.92) 0.000 3.29 (1.45-7.49) 0.004 

*Fisher's Exact Test.  
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Table 2. Univariate and multi-variate analysis between COVID-19-MDR-GNB case patients compared to MDR-GNB control groups. 

 

Factors 

COVID-19-MDR-GNB 

n = 70 (%) 

MDR-GNB 

 n= 70 (%) 

Univariable analysis Multi-variable analysis 

OR (95 % CI) P-Value OR (95 % CI) P-Value 

Age (years)  58.0 (26-86) 64.7 (23-92)      

23-60 37 25 2.01 (1.02-3.97) 0.041   

> 61 33 45 0.45 (0.25-0.97) 0.041   

Comorbidities       

Obesity 10 (14.3) 2 (2.9) 5.66 (1.19-26.89) 0.031*   

Cardiac insufficiency 7 (10) 23 (32.9) 4.40 (1.74-11.12) 0.001 4.68 (1.59-13.73) 0.005 

Hospitalization 28.0 29.5     

Mechanical ventilation 56 (80) 38 (54.3) 3.36 (1.58-7.13) 0.001 3.05 (1.28-7.26) 0.011 

Central venous cateter 37 (52.9) 24 (34.3) 2.14 (1.088-4.24) 0.027   

Use of antimicrobials       

Polymyxins 29 33 0.79 (0.40-1.54) 0.496 0.41 (0.17-0.97) 0.045 

β-lactams 33 51 0.33 (0.16-0.67) 0.002 4.22 (1.75-10.14) 0.001 

Origin of culture       

Tracheal secretion 35 (50) 12 (17.6) 4.83(2.21-10.52) 0.000   

Swabs retal 17 (24.6) 38 (55.9) 0.27(0.13-0.55) 0.000   

Microorganisms       

Burkholderia cepacia 7 0 2.11 (1.76-2.52) 0.013*   

Deaths 48 (68.6) 35 (50) 2.18 (1.09-4.34) 0.025 2.47 (1.07-5.68) 0.033 

*Fisher's Exact Test.  
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Table 3. Univariate and multi-variate analysis between COVID-19-MDR-GNB patients compared to GNB control groups.  

 

Factors 

COVID-19-MDR-GNB   

n = 70 (%) 

GNB 

n= 70 (%) 

Univariable analysis Multi-variable analysis 

OR (95% CI) P-Value OR (95% CI) P-Value 

Age (years) 58.0 (26-86) 43.9 (18-91)     

18-60 37 51 0.41 (0.20-0.84) 0.014   

> 61 33 19 (11.4) 2.39 (1.18-4.84) 0.014   

Gender       

Male 47 (67.1) 18 (25.7) 5.90 (2.83-12.27) 0.000   

Comorbidities       

Systemic arterial hypertension 33 (47.1) 16 (22.9) 3.01 (1.45-6.24) 0.003 3.03 (1.09-8.38) 0.032 

Diabetes 23 (32.9) 12 (17.1) 2.36 (1.06-5.24) 0.032   

Renal insufficiency 23 (32.9) 11 (15.7) 2.62 (1.16-5.92) 0.018 5.54 (1.29-23.82) 0.021 

Acute respiratory failure  10 (14.3) 1 (1.4) 11.50 (1.43-92.47) 0.009*   

Smoking 0 6 (8.6) 1.09 (1.01-1.17) 0.028*   

Hospitalization 28.0 17.1     

Mechanical ventilation 56 (80) 18 (25.7) 11.55 (5.22-25.56) 0.000 17.85 (5.07-62.85) 0.000 

Urinary cateter 27 (38.6)  9 (12.9) 4.25 (1.82-9.95) 0.001   

Central venous cateter 37 (52.9)  12 (17.1) 5.41 (2.48-11.80) 0.000   

Nasoenteral tube 6 (8.6) 0 0.91 (0.85-0.98) 0.028*   

Use of antimicrobials       

Carbapenems 39 20 3.14 (1.56-6.34) 0.001   

Cephalosporin 27 41 0.44 (0.22-0.87) 0.018   

Polymyxins 29 6 7.54 (2.88-19.75) 0.000 3.24 (0.97-10.83) 0.055 

β-lactams 33 46 0.46 (0.23-0.91) 0.027 0.08 (0.02-0.32) 0.000 

Deaths 48 (68.6) 15 (21.4) 8.00 (3.73-17.14) 0.000 3.44 (1.22-9.67) 0.019 

 *Fisher's Exact Test.  
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Table 4. Summary of factors associated with mortality in cases patients with COVID-19-MDR-GNB and COVID-19, MDR controls groups.  

  

Factors 

Deaths  

n (%) 

Survivors  

n (%) 

Univariable analysis Multi-variable analysis 

Groups OR (95% CI) P-

Value 

OR (95% CI) P-

Value 

 Total 48 (68.5) 22 (31.4)     

C
O

V
ID

-1
9
-M

D
R

-G
N

B
 

Comorbidities       

Systemic arterial hypertension 18 (37.5) 15 (68.1) 0.28 (0.09- 0.81) 0.017 0.15 (0.04-0.60) 0.007 

Hospitalization       

Urinary cateter 23 (47.9) 4 (18.1) 4.14 (1.21- 14.05) 0.020 6.00 (1.30-27.65) 0.021 

Central venous cateter 30 (62.5) 7 (31.8) 3.57 (1.22- 10.41) 0.017   

Length of stay (days) 20.5  37.8     

Up to 30 days 40 (83.3) 13 (59.0) 3.46 (1.10-10.81) 0.028   

Use of antibiotics       

Polymyxins 25 (52.0) 4 (18.1) 4.89 (1.44-16.60) 0.009 5.76 (1.36-24.42) 0.017 

Origin of culture       

Swabs 10 (20.8) 9 (81.8) 0.33 (0.10-1.01) 0.049 0.23 (0.06-0.93) 0.040 

       

 Total 35 (50) 35 (50)     

M
D

R
-

G
N

B
 

Use of antibiotics       

Carbapenems 23 (32.8) 15 (21.42)  2.55 (0.97-6.72) 0.055 3.92 (1.27-12.11) 0.017 

Origin of culture       

Tracheal secretion 10 (14.2) 2 (2.85) 6.60 (1.32-32.84) 0.023 7.70 (1.40-42.45) 0.019 

C
O

V
ID

-1
9

 Total  25 (35.7) 45 (64.2)     

Age (years)       

>60 15 (60) 15 (60) 3.00 (1.09-8.25) 0.031 4.59 (1.06-19.77) 0.041 

Comorbidities       

Renal insufficiency  6 (24) 2 (4.4) 6.78 (1.25-36.75) 0.021 24.50 (2.96-202.54) 0.003 
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Acute respiratory failure 10 (40) 2 (4.4) 14.33 (2.81-73.00) 0.000   

Hospitalization       

Urinary cateter 13 (52) 4 (8.8) 11.10 (3.05-40.42) 0.000   

Central venous catheter 14 (56) 3 (6.6) 17.81 (4.33-73.17) 0.000 21.32 (4.29-105.82) 0.000 

Use of antibiotics       

 Cephalosporin 9 (36) 31 (68.8) 0.25 (0.09-0.71) 0.012   

 Polymyxins 6 (24) 4 (8.8) 3.23 (0.81-12.82) 0.151 6.71 (1.06-42.46) 0.043 
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Supplementary Figure 1. Flowchart of definition and selection of cases and controls included in the study of factors associated. Abbreviations: 

Severe Acute Respiratory Syndrome (SARS); COVID-19, coronavirus 19; GNB, Gram-negative bacillus; MDR, multidrug resistant; susceptible 

to carbapenems Gram-negative bacterium (GNB)
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 14 

 Abstract 15 

Polymyxin-resistant Klebsiella pneumoniae infections represent a health challenge because of 16 

the limited treatment options for the patient. Thus, the development of antimicrobial alternatives 17 

is necessary. This study aimed to investigate the synergistic activity of carvacrol with 18 

polymyxin B against polymyxin-resistant K. pneumoniae. The checkerboard method evaluated 19 

the synergism of 48 combinations of carvacrol plus polymyxin B, of which 23 combinations 20 

indicated synergistic action (fractional inhibitory concentration index: 0.125–0.500). 21 

Evaluation of the time–kill of the synergistic combinations showed that carvacrol 70 µg/mL 22 

plus polymyxin B 1–0.001 µg/mL, carvacrol 35 µg/mL plus polymyxin B 2–0.06 µg/mL, and 23 

carvacrol 17 µg/mL plus polymyxin B 2–0.25 µg/mL exhibited in vitro bactericidal effect 24 

against polymyxin-resistant K. pneumoniae, killing all cells within 2 h after treatment. Of 23 25 

combinations, 18 and 11 showed bactericidal and inhibitory effects on biofilm formation, 26 

respectively. The antimicrobial effect in vivo was determined using polymyxin-resistant K. 27 

pneumoniae in mice model of infection. Carvacrol 10 mg/kg plus polymyxin B 2 mg/kg was 28 

associated with increased survival and a significant reduction in bacterial load in the blood. To 29 

the best of our knowledge, this is the first study examining the combinations of carvacrol and 30 

polymyxin and their synergistic effects, which showed bactericidal activity against planktonic 31 

cells of polymyxin-resistant K. pneumoniae and biofilm, demonstrating its potential to be 32 

explored by the pharmaceutical industry. 33 

 34 

Keywords: Multidrug-resistant; Gram-negative; synergy effect; monoterpene; natural product. 35 
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INTRODUCTION 36 

Klebsiella pneumoniae is distinguished in the hospital environment as an opportunistic 37 

pathogen and could acquire resistance to multiple antimicrobials [1–3]. The spread of 38 

polymyxin resistance among clinical isolates threatens public health because it restricts 39 

available therapeutic options [4,5]. An estimated 4.95 million deaths annually are associated 40 

with bacterial resistance [6]. In 2050, approximately 10 million people could die because of 41 

ineffectiveness in controlling and combating antimicrobial resistance [7]. Thus, to combat 42 

antimicrobial resistance, the World Health Organization (WHO) has published a list of critical 43 

priority pathogens (including multidrug-resistant K. pneumoniae) to encourage research and 44 

development of new antibiotics. 45 

In these circumstances, polymyxins are no longer used in medical clinics due to their 46 

side effects and nephrotoxic potential; however, they have re-emerged as the last option in 47 

treating infections caused by carbapenem-resistant K. pneumoniae [8,9]. Afterward, resistance 48 

to polymyxins gradually increased, with an estimated prevalence varying from 2.7% to >40% 49 

among clinical isolates of multidrug-resistant K. pneumoniae, resulting in therapeutic 50 

ineffectiveness [10,11]. Consequently, polymyxin-resistant K. pneumoniae infections are 51 

associated with high mortality [12,13]. The mechanisms of resistance to polymyxin have been 52 

associated with intrinsic, transferable, and mutational mechanisms [14]. One of the main 53 

mechanisms of resistance in K. pneumoniae is mrgB gene alteration [12,15]. 54 

Currently, where pan-resistant strains represent an emerging threat, research should 55 

prioritize developing new antimicrobials and synergistic use of combination therapies [16,17]. 56 

In this context, new therapeutic approaches have been considered, including investigating the 57 

antimicrobial potential of natural products, especially essential oils (EOs) [18].  58 

Additionally, the investigation of synergistic interactions between EOs, EO 59 

constituents, and antibiotics has been recommended to contribute to determining new 60 

combinations with antimicrobial potential that can minimize the development of resistance 61 

[19,20]. 62 

Carvacrol (a phenolic monoterpenoid), the major constituent in the EO of Origanum 63 

vulgare and Thymus vulgaris, possesses antimicrobial properties [21,22]. However, to the best 64 

of our knowledge, this is the first study evaluating the in vitro and in vivo antibacterial effects 65 

of synergistic combinations of carvacrol and polymyxin B against polymyxin-resistant strains 66 

of K. pneumoniae. 67 

 68 
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MATERIALS AND METHODS 69 

Bacterial isolates 70 

Bacterial strains of K. pneumoniae resistant-polymyxin B were obtained from patients 71 

admitted to a tertiary hospital in Dourados, Mato Grosso do Sul, Midwest, Brazil. Bacterial 72 

species were identified using the Phoenix 100® automated system (BD Diagnostic Systems, 73 

Sparks, MD, USA) and confirmed by matrix-assisted desorption time-of-flight mass 74 

spectrometry by using Microflex Spectrometer LT (Bruker Daltonics, Massachusetts, USA) as 75 

previously described [12].  Minimum inhibitory concentrations (MICs) were determined by 76 

broth microdilution according to the Clinical and Laboratory Standards Institute [23].  Genomic 77 

DNA was extracted from fresh cultures using QIAamp® DNA Mini Kit (Qiagen, Hilden, 78 

Germany) to investigate molecular events related to polymyxin resistance. Sequencing libraries 79 

were prepared using the Nextera library kit (Illumina, San Diego, CA, USA). The prepared 80 

libraries were sequenced with 150-bp paired-end reads by using the Illumina MiSeq Platform 81 

(Illumina, San Diego, CA, USA), as previously described [12]. The whole-genome sequences 82 

described were deposited in the European Nucleotide Archive (Project: PRJEB25746; 83 

accession numbers in supplementary Table 1).  84 

 85 

Antimicrobial susceptibility tests  86 

Antimicrobial susceptibility tests for carvacrol were performed by a microdilution 87 

method using 96-well polystyrene microtiter plates in Mueller Hinton broth [24].  Briefly, 88 

cultures were grown overnight at 37 °C with constant agitation at 200 rpm. The next day, optical 89 

density was measured at 600 nm, and cultures were adjusted to match the 0.5 McFarland 90 

standard (1 × 108 CFU/mL, absorbance is 0.08–0.10 at 600 nm and a 1-cm path). Each 91 

microplate well was inoculated with bacterial concentration of 5 × 105 colony-forming units 92 

(CFU)/mL. Serial dilutions contained final concentrations from 8 to 0.06 µg/mL for polymyxin 93 

B and from 18 to 0.017 mg/mL for carvacrol. The plates were incubated at 37 °C (stationary) 94 

for ~18 h. Amikacin (16 mg/L) (Sigma-Aldrich Co., St Louis, MO, USA) was used as control 95 

for assays with polymyxin-resistant K. pneumoniae strains. Escherichia coli strain ATCC 96 

25922 was used for quality control. The experiment was performed in triplicate, and the results 97 

were averaged. 98 

 99 

 100 

 101 
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Combinatorial assays between carvacrol and polymyxin B 102 

Combinations of carvacrol and polymyxin B against polymyxin-resistant strains of K. 103 

pneumoniae were evaluated using the checkerboard assay. Double serial dilutions of the oils 104 

and antibiotics were prepared in the horizontal and vertical lines using a microtiter plate. Both 105 

antimicrobial agents were cross-diluted. The inoculum used was 5 × 105 CFU. The plates were 106 

incubated at 37 °C (stationary) for ~18 h. Subsequently, resazurin was used as a cell viability 107 

indicator [24]. The experiment was performed in triplicate, and the results were averaged and 108 

expressed as the fractional inhibitory concentration index (FICI). Each combination was 109 

calculated as the ratio of the MIC of the antimicrobial agent in combination versus the MIC of 110 

the antimicrobial agent alone. FICI is calculated using the following formula: 111 

FICI = MIC of polymyxin B in combination/MIC of polymyxin B alone + MIC of 112 

carvacrol in combination/MIC of carvacrol alone.  113 

The result interpretations were grouped into synergistic (ΣFICI ≤ 0.5), additive 114 

(0.5 < ΣFICI < 1.0), indifferent (1.0 < ΣFICI ≤ 2.0), and antagonistic effects for FICI ≥ 2 115 

(FICI > 4.0) [9]. The checkboard results were analyzed using the zero-interaction potency 116 

model for synergy [25] by using the free and open source SynergyFinder Software available at 117 

https://synergyfinder.fimm.fi. 118 

 119 

Time–kill kinetics 120 

Bacterial cultures and time–kill kinetics were performed as described for combination 121 

and checkerboard experiments, respectively. Aliquots (1 µL) were obtained from each well at 122 

0, 2, 4, 6, and 12 h of incubation, then seeded onto Mueller Hinton agar plates and cultured at 123 

37 °C [26]. Subsequently, the plates were examined for growth. Independent assays were 124 

performed in duplicate. Bacterial count values were transformed into CFU/mL and expressed 125 

as logs to ensure normal data distribution [27]. Negative controls (water, culture medium, and 126 

0.5% Tween 80) and bacterial cultures (water, culture medium, 0.5% Tween 80, and bacterial 127 

suspension) were included. Amikacin was used as a positive standard. 128 

 129 

Cell membrane integrity 130 

Bacterial cell membrane integrity was monitored by the release of proteins from the cell 131 

to the supernatant after exposure to synergistic combinations based on the checkerboard 132 

method. The microplate was incubated at 37 °C for 4 h. The contents of each microplate were 133 

centrifuged at 2500 rpm for 5 min at 4 °C. The protein concentration released from the 134 
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cytoplasm was assessed in the supernatant using the PierceTM BCA Protein Assay kit (Thermo 135 

Scientific, MA USA). Optical absorbance was read at 595 nm using the iMarkTM Microplate 136 

Absorbance Reader (Bio-Rad, São Paulo, SP, Brazil). 137 

 138 

Assessment of the antibiofilm activity of carvacrol and polymyxin B compounds  139 

The concentrations of the checkboard test were used to evaluate biofilm formation 140 

inhibition. The plates were incubated for 24 h at 37 °C under static conditions to allow bacterial 141 

growth and biofilm maturation, as described accordingly (RIBEIRO et al., 2015). A microplate 142 

reader was used to measure absorbance up to 595 nm. Biofilm inhibition ratio was calculated 143 

in relation to the amount of biofilm grown in the presence of synergism (defined as 100% 144 

biofilm) and the sterility control of the medium (defined as 0% biofilm) [28]. 145 

 146 

Intraperitoneal infection in mice and antimicrobial assay 147 

All in vivo experiments used female Swiss mice (Mus musculus), aged 8–12 weeks, 148 

weighing approximately 20–30 g. The animals were kept in polypropylene cages with 149 

controlled temperature (22 ±3 °C), humidity (40%–60%), and light (12 h light–dark cycle), 150 

receiving standard commercial feed and water ad libitum. We assessed the survival, lethal dose, 151 

and longevity of infected animals, so humane endpoints were not used, and ensuring suffering 152 

was minimized. To evaluate the antibacterial activity of carvacrol and polymyxin B 153 

combinations, a murine infection model induced by polymyxin-resistant K. pneumoniae was 154 

developed, as previously described [21,26], with the following modifications. In brief, mice 155 

were randomly divided into treatment groups (n = 6 animals in each group) with the following 156 

regimens: polymyxin B (2 mg/kg, intraperitoneal [i.p.], 12/12 h), carvacrol 10 mg/kg plus 157 

polymyxin B at 2 mg/kg (12/12 h), and infected control, untreated, and naïve groups (without 158 

infection to assess the baseline indices). Amikacin (7.5 mg/kg every 12 h) was used as positive 159 

controls. 160 

All animals infected with polymyxin-resistant K. pneumoniae strain (except the naive 161 

group) were injected with a 0.2 mL i.p. aliquot of 8.0 × 108 CFU/mL (median lethal dose: 162 

LD50). Treatments were performed 1 h after bacterial inoculation. The animals were observed 163 

for 24 h, and each group’s mortality percentage was calculated. After 24 h of treatment, xylazine 164 

and ketamine (10 and 60 mg/kg, i.p., respectively) were injected muscularly to anesthetize the 165 

animals. Blood samples were collected (by cardiac puncture) to assess bacterial colonization, 166 

and they were plated on MacConkey agar to count CFU. 167 
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Statistical analysis 168 

Data were expressed as a percentage and mean ±standard error (SE). One-way analysis 169 

of variance was used to assess the differences among the groups. Bacterial counts were 170 

transformed to log10 values. The data were analyzed using GraphPad Prism 7.0 (GraphPad 171 

Software, San Diego, CA, USA). P-value of ≤0.05 was considered significant.  172 

 173 

Ethical standards 174 

The Ethics Committee of the Federal University of Grande Dourados (UFGD) (numbers 175 

877.292/2014 and 4.014.325/2020), the Ethics Committee on the Use of Animals of UFGD (n° 176 

25/18), and Centro Universitário da Grande Dourados (Unigran) (n° 080/18) approved this 177 

study. In vivo tests were performed according to the norms of the National Council for the 178 

Control of Animal Experiments (CONCEA, 2016). 179 

 180 

RESULTS  181 

The bacterial strains evaluated were resistant to polymyxin, carbapenem, ceftazidime, and 182 

aztreonam, with sensitivity to tigecycline and amikacin (MICs described in Supplementary 183 

Table 1). Whole-genome sequencing showed that all isolates had several antimicrobial-resistant 184 

genes encoding resistance against beta-lactams, aminoglycosides, fluoroquinolones, 185 

tetracyclines, and mutational events related to polymyxin-resistance in the mgrB gene. The in 186 

vitro activity of carvacrol and different antibiotics were estimated in seven polymyxin-resistant 187 

K. pneumoniae strains. The MICs of carvacrol alone ranged from 140 to 280 µg/mL 188 

(Supplementary Table 1). The multilocus sequence typing technique, sequence type (ST) 11, 189 

was described as the most common among the samples. The results are summarized in the 190 

supplementary material (Supplementary Table 1).  191 

 192 

Drug combination assay 193 

In vitro evaluation of 48 polymyxin B/carvacrol combinations (Figure 1) showed that 194 

23 combinations indicated a synergistic action (FICI range: 0.125–0.500) (Table 1). These data 195 

indicated that carvacrol MIC 70, 35, or 17.5 µg/mL when combined with decreasing 196 

concentrations of polymyxin B MIC (range, 2–0.003 µg/mL), exhibited a synergistic effect in 197 

vitro to combat strains of K. pneumoniae multidrug-resistant (MDR). Additionally, 8, 1, and 16 198 

combinations indicated an additive (FICI range, 0.515–1.000), indifferent (FICI: 1.001), and 199 

16 antagonistic actions (FICI: 2.000–4.02), respectively. 200 
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Table 1. Determination of FIC, FIC index and outcome of the interactions of the combination 201 

of carvacrol (A) and polymyxin B (B) (μg/ml) against polymyxin-resistant K. pneumoniae. 202 

MIC (A) 

Combination 

MIC (B) 

Combination 

FIC (A) 

  

FIC (B) 

  

FICI 

  

Effect 

  

Outcome 

  

562 2 4.0143 0.0156 4.0299 Antagonism Inhibition 

562 1 4.0143 0.0078 4.0221 Antagonism Inhibition 

562 0.5 4.0143 0.0039 4.0182 Antagonism Inhibition 

562 0.25 4.0143 0.0020 4.0162 Antagonism Inhibition 

562 0.125 4.0143 0.0010 4.0153 Antagonism Inhibition 

562 0.06 4.0143 0.0005 4.0148 Antagonism Inhibition 

562 0.003 4.0143 0.0000 4.0143 Antagonism Inhibition 

562 0.001 4.0143 0.0000 4.0143 Antagonism Inhibition 

281 2 2.0071 0.0156 2.0228 Antagonism Inhibition 

281 1 2.0071 0.0078 2.0150 Antagonism Inhibition 

281 0.5 2.0071 0.0039 2.0110 Antagonism Inhibition 

281 0.25 2.0071 0.0020 2.0091 Antagonism Inhibition 

281 0.125 2.0071 0.0010 2.0081 Antagonism Inhibition 

281 0.06 2.0071 0.0005 2.0076 Antagonism Inhibition 

281 0.003 2.0071 0.0000 2.0072 Antagonism Inhibition 

281 0.001 2.0071 0.0000 2.0072 Antagonism Inhibition 

140 2 1 0.0156 1.0156 Indifferent Inhibition 

140 1 1 0.0078 1.0078 Additive Inhibition 

140 0.5 1 0.0039 1.0039 Additive Inhibition 

140 0.25 1 0.0020 1.0020 Additive Inhibition 

140 0.125 1 0.0010 1.0010 Additive Inhibition 

140 0.06 1 0.0005 1.0005 Additive Inhibition 

140 0.003 1 0.0000 1.0000 Additive Inhibition 

140 0.001 1 0.0000 1.0000 Additive Inhibition 

70 2 0.5 0.0156 0.5156 Additive Inhibition 

70 1 0.5 0.0078 0.5078 Synergistic Inhibition 

70 0.5 0.5 0.0039 0.5039 Synergistic Inhibition 

70 0.25 0.5 0.0020 0.5020 Synergistic Inhibition 

70 0.125 0.5 0.0010 0.5010 Synergistic Inhibition 

70 0.06 0.5 0.0005 0.5005 Synergistic Inhibition 

70 0.003 0.5 0.0000 0.5000 Synergistic Inhibition 

70 0.001 0.5 0.0000 0.5000 Synergistic Inhibition 

35 2 0.25 0.0156 0.2656 Synergistic Inhibition 

35 1 0.25 0.0078 0.2578 Synergistic Inhibition 

35 0.5 0.25 0.0039 0.2539 Synergistic Inhibition 

35 0.25 0.25 0.0020 0.2520 Synergistic Inhibition 

35 0.125 0.25 0.0010 0.2510 Synergistic Inhibition 

35 0.06 0.25 0.0005 0.2505 Synergistic Inhibition 

35 0.003 0.25 0.0000 0.2500 Synergistic Inhibition 

35 0.001 0.25 0.0000 0.2500 Synergistic Growth 
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17.5 2 0.125 0.0156 0.1406 Synergistic Inhibition 

17.5 1 0.125 0.0078 0.1328 Synergistic Inhibition 

17.5 0.5 0.125 0.0039 0.1289 Synergistic Inhibition 

17.5 0.25 0.125 0.0020 0.1270 Synergistic Inhibition 

17.5 0.125 0.125 0.0010 0.1260 Synergistic Growth 

17.5 0.06 0.125 0.0005 0.1255 Synergistic Growth 

17.5 0.003 0.125 0.0000 0.1250 Synergistic Growth 

17.5 0.001 0.125 0.0000 0.1250 Synergistic Growth 

FIC (A) = MIC of the combination/MIC (A) alone (140 μg/ml); FIC (B) = MIC of the 203 

combination/ MIC (B) alone (128 μg/ml) and FICI = FIC (A) + FIC (B). A = Carvacrol; B = 204 

Polymyxin B.  The FICI was interpreted as follows: (1) a synergistic effect when FICI ≤0.5; (2) 205 

an additive effect when FICI >0.5 and 1; (3) a indifferent effect FICI >1.0 and ≤ 2.0 and 206 

antagonism as FICI >2. The outcome of the bactericidal effect of the combination were 207 

evaluated, such as inhibition (no microbial growth) and growth. 208 

 209 

The analysis to verify the dose–response association of inhibition showed that 210 

polymyxin B >1 µg/mL increased inhibition (Figure 1.A), whereas carvacrol >200 µg/mL 211 

decreased the percentage of inhibition (Figure 1.B). 212 

 213 

 214 

Figure 1. Dose-response matrix representing the percent inhibition percentage of the studied 215 

combinations. Inhibition curve for drugs: A) Polymyxin B; B) Carvacrol. 216 
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In the landscapes generated by this model (Figures 2A–2B), red and green indicated 217 

synergistic and additive interactions, respectively. In this model, synergistic, additive, and 218 

antagonistic interactions between drugs had a score of >10, between −10 to 10, and <−10, 219 

respectively. The landscapes for the interaction of carvacrol with polymyxin B were red, 220 

denoting synergism.  221 

 222 

 223 

Figure 2. Calculation of synergy scores (A) and synergy maps for dose combinations (B). 224 

 225 

Time–kill curves 226 

Kinetic time-to-kill assays assessing synergies showed that carvacrol MIC 70 µg/mL 227 

combined with polymyxin B MIC 1–0.001 µg/mL eradicated all bacterial cells within 2 h. 228 

Carvacrol MIC 35 µg/mL combined with polymyxin B MIC 2–0.06 µg/mL exhibited an in vitro 229 

bactericidal effect against polymyxin-resistant K. pneumoniae, killing all cells within 2 h after 230 

treatment (Figure 3.A). A similar effect was observed in the combinations of carvacrol MIC 17 231 

µg/mL and polymyxin B MIC 2–0.25 µg/mL (Figure 3.B). Therefore, 18 of the 23 synergistic 232 

combinations tested had a bactericidal outcome. 233 



81 
 

 234 

 235 

Figure 3. Time-kill curves of polymyxin-resistant K. pneumoniae. (A) Carvacrol (Carv) at a 236 

concentration of 35 μg/mL combined with decreasing concentrations of polymyxin B (PMB) 2 237 

- 0.001 μg/mL; (B) Carvacrol at a concentration of 17.5 μg/mL combined with decreasing 238 

concentrations of polymyxin B 2 - 0.001 μg/mL; C+: positive control (K. pneumoniae in 239 

Mueller Hinton broth). 240 

 241 

The cells externalized the proteins when K. pneumoniae was treated with carvacrol plus 242 

polymyxin B. Higher doses of carvacrol showed higher levels of protein extravasation (Figure 243 

4). 244 

 245 

Figure 4. Quantification of K. pneumoniae proteins after 2 hours of exposure to synergistic 246 

combinations of carvacrol and polymyxin B. 247 

 248 

Synergistic combinations of carvacrol 17.5 and 35 µg/mL combined with decreasing 249 

concentrations of polymyxin B 2–0.001 µg/mL were evaluated for their potential to inhibit 250 
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biofilm formation of polymyxin-resistant K. pneumoniae. Inhibitory action was observed in 251 

carvacrol 70, 35, and 17.5 µg/mL plus polymyxin B 2–0.25 µg/mL (Figure 5). Therefore, 11 of 252 

the 23 synergistic combinations showed antibiofilm action. 253 

 254 

 255 

Figure 5. Effects of synergistic combinations on biofilm formation: (A) Carvacrol 256 

concentration of 70 μg/mL combined with decreasing concentrations of polymyxin B 1-0.001 257 

μg/mL; (B) Carvacrol concentration of 35 μg/mL combined with decreasing concentrations of 258 

polymyxin B 2-0.001 μg/mL; (C) Carvacrol concentration of 17.5 μg/mL combined with 259 

decreasing concentrations of polymyxin B 2 - 0.001 μg/mL. 260 

 261 

In vivo antibacterial activity 262 

A polymyxin-resistant K. pneumoniae (KP10/ST11) infection model was used to 263 

evaluate in vivo antimicrobial activity for 24 h. All mice were infected with 8.0 × 108 CFU/mL 264 

(LD50). The mice were observed for 24 h after infection, and 50% of the bacterial control group 265 

(untreated) died. However, all mice treated with carvacrol and polymyxin B, alone or in 266 

combinations, remained alive (Figure 6.A). 267 

The number of CFUs in the blood was determined to better characterize the observed 268 

difference in mortality rates between the bacterial control and treatment groups. The number of 269 

CFUs was significantly different for the following treatments: combination of carvacrol 10 270 

mg/kg plus polymyxin B 2 mg/kg (p < 0.01) and amikacin 7.5 mg/kg was used as control 271 

(p < 0.01)  (Figure 6.B). 272 
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 273 

Figure 6. Antimicrobial activity in vivo: A) Survival curves of mice infected with polymyxin-274 

resistant K. pneumoniae (8 × 10 8 CFU/mL) treated with amikacin (7.5 mg/kg) and 275 

combinations of carvacrol (10 mg/kg) plus polymyxin B (2 mg/kg); B) Effects of treatments on 276 

the number of CFUs in the blood. Differences between groups were analyzed by one-way 277 

ANOVA followed by Tukey's test. ***p<0.001, **p<0.01 and *p<0.05 in relation to the 278 

bacterial control (positive control). 279 

 280 

DISCUSSION 281 

Considering the increasing dissemination of polymyxin resistance in K. pneumoniae, 282 

especially the ST11 clone, this strain poses a potential threat to anti-infective treatment. Thus, 283 

developing alternatives to treat these infections is a global necessity [29–31]. Additionally, new 284 

antimicrobial approaches have been investigated to reduce the risks of resistance, including 285 

identifying bioactive compounds that can act alone or synergistically with antibiotics, 286 

producing effective therapeutic options in treating bacterial infections, wherein polymyxin 287 

monotherapy is ineffective  [24,32,33]. 288 

Carvacrol has been emphasized as a bioactive compound due to its antimicrobial 289 

potential against a wide range of Gram-negative, Gram-positive, and mycobacteria [21,34,35]. 290 

Effective carvacrol–antibiotic combinations should be investigated because they are a potential 291 

therapeutic strategy against multidrug-resistant bacteria [35]. We evaluated the synergism of 292 

carvacrol plus polymyxin B combinations against polymyxin-resistant K. pneumoniae (by the 293 

mgrB alteration, belonging to the ST11 clone). The MICs of polymyxin B and carvacrol alone 294 

were 128 µg/mL and 140 µg/mL, respectively. However, combinations evaluated using the 295 

checkerboard method showed that MIC was remarkably reduced for carvacrol 70, 35, or 17.5 296 
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µg/mL and polymyxin B 2–0.003 µg/mL, of which 23 combinations showed synergistic results 297 

(0.125–0.500).  298 

Considering the importance of polymyxin, combination therapy has been used as an 299 

antimicrobial strategy to circumvent resistance in the treatment of infections, wherein 300 

polymyxin monotherapy is ineffective [24,33,36]. Previous studies have also demonstrated the 301 

activity of carvacrol alone or in combination with meropenem against carbapenem-resistant K. 302 

pneumoniae [21,22].  However, to the best of our knowledge, this is the first study that 303 

described antimicrobial activity of polymyxin-associated carvacrol against polymyxin-resistant 304 

bacteria. 305 

Other studies have reported the combination of polymyxin B with adjuvant compounds 306 

as an alternative in restoring antibiotic efficacy, decreasing MIC against resistant strains, and 307 

eliminating microorganisms [24,37–41]. Corroborating our findings, the time–kill curves 308 

showed synergistic combinations of carvacrol 70, 35, and 17.5 µg/mL with decreasing 309 

polymyxin B 2–0.003 µg/mL concentrations, which exhibited a bactericidal effect against 310 

polymyxin-resistant K. pneumoniae within 2 h after treatment. 311 

Many studies suggested that carvacrol's mechanisms of action occur through 312 

compromised cell membrane integrity, leading to extravasation of intracellular content resulting 313 

in bacterial death [22,42,43]. In this context, we hypothesized that carvacrol could be involved 314 

in bacterial membrane rupture. Thus, quantitative assays of proteins were performed to 315 

elucidate the mode of action. We demonstrate that carvacrol's potential mechanism of action 316 

occurs through compromised membrane integrity and leakage of cytoplasmic content, including 317 

quantified proteins. We also confirmed dose-dependent disruption. Thus, additional studies 318 

using transmission electron microscopy are required. Similar findings demonstrated that the 319 

cell membrane in carbapenem-resistant K. pneumoniae was damaged after exposure to 320 

carvacrol plus meropenem combination [22].  321 

Additionally, few studies examined the effect of new antimicrobials on biofilm 322 

formation, especially against polymyxin-resistant K. pneumoniae strains [44,45]. In our study, 323 

we investigated whether synergistic combinations of carvacrol and polymyxin B exhibit 324 

antibiofilm properties, of 11 combinations completely prevented biofilm formation, 325 

constituting a promising approach against biofilms formed by polymyxin-resistant K. 326 

pneumoniae. Carvacrol monotherapy showed antibiofilm action against strains of 327 

Pseudomonas aeruginosa, Staphylococcus aureus, and Salmonella Typhimurium, including 328 

Gram-negative carbapenem producers [46–48]. However, additional studies should be 329 
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conducted to evaluate the mechanisms by which the compound acts on the biofilm and the use 330 

of these combinations in topical treatment [49,50]. 331 

We used a mouse model of peritonitis to assess the effect of carvacrol 10 mg/kg plus 332 

polymyxin B 2 mg/kg on polymyxin-resistant K. pneumoniae. The carvacrol and polymyxin B 333 

combination effectively reduced the number of CFUs in the blood and increased the survival of 334 

infected mice compared with the control (untreated) group, indicating a potential strategy for 335 

this combination. Further, additional studies should be conducted confirming that this 336 

combination is an alternative to the treatment of intractable polymyxin-resistant Gram-negative 337 

infections. 338 

Our study has some limitations. We evaluated only one strain. Despite similar MICs, 339 

differences between strains could affect the results. In addition, a pharmacokinetic evaluation 340 

of the combination of carvacrol and polymyxin B in mice was not performed, which could help 341 

understand their mechanism of action. 342 

 343 

CONCLUSIONS  344 

The findings were promising and of great clinical importance. We demonstrate a 345 

synergistic combination of a safe bioactive compound associated with a commercial antibiotic 346 

that is effective in the in vitro eradication of planktonic cells and biofilm formation. 347 

Furthermore, we demonstrate the antimicrobial potential of carvacrol and polymyxin B 348 

combination in in vivo infection caused by polymyxin-resistant K. pneumoniae. In summary, 349 

our data suggest that carvacrol plus polymyxin B acts synergistically, showing potential to be 350 

explored by the pharmaceutical industry. 351 
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Supplementary material  363 

Supplementary Table 1. Molecular characterization and susceptibility profile of polymyxin-364 

resistant K. pneumoniae strains. 365 

 

K. pneumoniae 

strains 

Molecular characterization MIC (mg/L) 

Relevant 

genotype 

mgrB status Run Accession 

in ENA 

CARV PXB 

 

CTZ AZT IMI/ 

MEM 

ERT AMK TGC 

KP-RP03 ST11 mgrB repeated sequence 

at nt 89 

ERR2743730 0,140 32 >254 >32 >16 >32 <64 <0.5 

KP-RP05 ST11 Insertional inactivation, 

ISEcp1at nt 124 

ERR2743731 0,140 16 >254 >32 >16 >32 <64 <0.5 

KP-RP10* ST11 mgrB repeated sequence 

at nt 89 

ERR2743734 0,140 32 >254 >32 >16 >32 <64 <0.5 

KP-RP12 ST345 Insertional inactivation, 

ISKpn13 at nt 75  

ERR2743736 0,140 16 >254 >32 >16 >32 <64 <0.5 

KP-RP20 ST11 Insertional inactivation, 

ISKpn18 at nt 122 

ERR2743738 0,140 32 >254 >32 >16 >32 <64 <0.5 

KP-RP25 ST11 Insertional inactivation, 

IS903at nt 89 

ERR2743739 0,280 16 >254 >32 >16 >32 <64 <0.5 

KP-RP29 ST11 Insertional inactivation, 

IS5-like element at nt 89  

ERR2743743 0,280 16 >254 >32 >16 >32 <64 <0.5 

Abbreviations: KP: K. pneumoniae; ST: sequence typing; ENA: European Nucleotide 366 

Archive; CARV–Carvacrol; PR–polymyxin-resistant, CTZ–ceftazidime; AZT– aztreonam; 367 

IM/ME– imipenem and meropenem; ERT– ertapenem; AMK–amikacin; PXB – Polymyxin 368 

B; TGC – Tigecycline. *Strain used in synergistic in vitro and in vivo experiments 369 
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CONCLUSÕES 

 

Esse estudo permitiu que tivéssemos a seguintes conclusões:  

I. No que tange ao estudo de caso-controle, descrevemos dados epidemiológicos 

sobre o impacto do isolamento de BGN-MR em pacientes com COVID-19 no Brasil, os quais 

aumentaram a porcentagem de letalidade. Além disso, descrevemos fatores associados à 

ocorrência de BGN-MR e a mortalidade em pacientes com e sem COVID-19. Os resultados, 

nessa amostra populacional, reforçam a necessidade de minimizar o uso de dispositivos 

invasivos e a exposição previa a antimicrobianos, a fim de contribuir na contenção de BGN-

MR, com o intuito de melhorar o prognóstico dos pacientes. 

II. As combinações sinérgicas de carvacrol associado a polimixina B, 

demonstraram potencial antimicrobiano in vitro e in vivo frente a K. pneumoniae resistente à 

polimixina, representando uma alternativa a ser explorada no desenvolvimento de novos 

antibacterianos e/ou adjuvantes. 

III.  Ao revisar os depósitos de patentes, sobre peptídeos antimicrobianos testados 

frente a K. pneumoniae resistente à polimixina, identificou-se que os peptídeos testados 

efetivamente frente a K. pneumoniae resistente à polimixina, estavam em fase experimental ou 

pré-clínica, sendo necessários investimentos adicionais, a fim de progredir nos estágios de 

desenvolvimento, para que sejam introduzidos no mercado farmacêutico.  

IV.  Portanto, este estudo corrobora com as preconizações da Organização Mundial 

da Saúde e do plano de ação global para contenção da resistência antimicrobiana, contribuindo 

para monitoramento da resistência a nível local, a fim de mitigar riscos assistenciais, com o 

intuito de melhorar a compreensão sobre o impacto da resistência antimicrobiana.
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ANEXOS A: CONTRIBUIÇÕES EM ARTIGOS CIENTÍFICOS 

 

Artigo 1 

✓ Revista: Revista do Instituto de Medicina Tropical de São Paulo (Impact Factor (IF) 

2.160) 

✓ Carbapenem-resistant Pseudomonas aeruginosa strains: a worrying health problem in 

intensive care units 

✓ DOI: http://doi.org/10.1590/S1678-9946202163071 

 

Artigo 2 

✓ Revista: Industrial Crops and Products (IF 6.4) 

✓ Zingiber officinale Roscoe essential oil: An alternative strategy in the development of 

novel antimicrobial agents against MDR bacteria 

✓ DOI: https://doi.org/10.1016/j.indcrop.2022.115065 

 

Artigo 3 

✓ Revista: Scientific Data (IF 8.0) 

✓ Large Scale Genome-Centric Metagenomic Data from the Gut Microbiome of Food-

Producing Animals and Humans 

✓ DOI: https://doi.org/10.1038/s41597-022-01465-5  

 

Artigo 4  

✓ Revista: Microbiology spectrum (IF 9.0) 

✓ Panorama Exploring the Bacteriome and Resistome of Humans and 

Food-Producing Animals in Brazil 

✓ DOI: https://doi.org/10.1128/spectrum.00565-22 

 

Artigo 5  

✓ Revista: Antibiotics (IF 5.22) 

✓ Genetic Diversity of Virulent Polymyxin-Resistant Klebsiella aerogenes Isolated from 

Intensive Care Units 

✓ DOI: https://doi.org/10.3390/antibiotics11081127 

http://doi.org/10.1590/S1678-9946202163071
https://doi.org/10.1016/j.indcrop.2022.115065
https://doi.org/10.1038/s41597-022-01465-5
https://doi.org/10.1128/spectrum.00565-22
https://doi.org/10.3390/antibiotics11081127
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Capítulo de livro 

✓ Livro: 365 DIAS DE PANDEMIA DE COVID-19 E A REALIDADE BRASILEIRA: 

PESQUISAS E REFLEXÕES 

✓ Capitulo 41: DIFICULDADES DA PESQUISA CIENTÍFICA NO CONTEXTO DO 

ENFRENTAMENTO A PANDEMIA DE COVID-19: UM RELATO 

✓ DOI: 10.36926/editorainovar-978-65-86212-89-1 

 

Artigo 6: Status submetido 

✓ Revista: Diagnostic Microbiology & Infectious Disease 

✓ Antimicrobial activity of cinnamaldehyde against multidrug-resistant Klebsiella 

pneumoniae: in vitro and in vivo study 
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ANEXO B: APROVAÇÃO DO COMITÊ DE ÉTICA EM PESQUISA (CEP)  
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ANEXO C: APROVAÇÃO DO COMITÊ DE ÉTICA NO USO DE ANIMAIS (CEUA)
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