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RESUMO

A sepse é definida como uma disfungdo organica causada por uma
resposta desregulada do hospedeiro a uma infecgdo. A sua forma mais grave, o
choque séptico, é caracterizado como sendo o subgrupo da sepse no qual as
anormalidades circulatérias e metabdlicas associadas a infecgédo sédo profundas
o suficiente para aumentar substancialmente a mortalidade destes pacientes.
Isso acontece devido ao desenvolvimento de faléncias multiorganicas, as quais,
atualmente, sdo reconhecidas como sendo em decorréncia, principalmente, de
uma disfungcdo metabdlica; cenario no qual se destaca a ineficiéncia na produgao
de ATP via fosforilagdo oxidativa. Este estudo, realizado com pacientes com
choque séptico, propde mudancas no metabolismo mitocondrial de linfécitos
como biomarcador clinico. Considerando este contexto, investigamos: i. uma
coorte prospectiva avaliando o papel da disfungdo mitocondrial em linfécitos
isolados de pacientes com choque séptico, sua evolugdo temporal e a sua
associagdo com o prognoéstico destes pacientes; ii. um estudo avaliando a
associagao entre a bioenergética mitocondrial, as variaveis perfusionais e os
niveis de lactato numa populagao de choque séptico, na fase pds-ressuscitagao
volémica; iii. um estudo analisando as diferentes assinaturas metabdlicas da
mitocéndria e sua possivel modulagao por antimicrobianos usados na rotina da
UTI; iv. a associagado entre o metabolismo mitocondrial dos linfécitos e a
atividade de interleucinas pré- e anti-inflamatérias no choque séptico; e
finalmente, v. realizamos uma revisdo sobre o estado da arte da disfungcao

mitocondrial na sepse e sua importancia na fisiopatologia, as possiveis técnicas



para avaliacdo do metabolismo mitocondrial no ambiente clinico, e o seu valor

prognastico.



ABSTRACT

Sepsis is defined as an organ dysfunction caused by a dysregulated host
response to an infection. Its most severe form, septic shock, is characterized as
the sepsis subgroup in which the circulatory and metabolic abnormalities
associated with infection are profound enough to substantially increase the
mortality of these patients. This evolves through the development of multiorgan
failures, which are currently recognized as being mainly due to metabolic
dysfunction; scenario in which the inefficiency in the production of ATP via
oxidative phosphorylation stands out. This work carried out with patients with
septic shock proposes that changes in the mitochondrial metabolism of
lymphocytes may serve as a clinical biomarker. Taking into account this context,
we performed: i. a prospective cohort evaluating the role of mitochondrial
dysfunction in lymphocytes isolated from patients with septic shock, its temporal
evolution, and its association with the prognosis of these patients; ii. a study
evaluating the association between mitochondrial activity, perfusion variables,
and lactate levels in a population with septic shock, in the post-volemic
resuscitation phase; iii. a study analyzing the different metabolic signatures of
mitochondria and their possible modulation by antimicrobials routinely used in the
ICU; iv. a study on the association between the mitochondrial metabolism of
lymphocytes and the activity of pro and anti-inflammatory interleukins in septic
shock; and finally, v. we performed a review of the state of the art of mitochondrial
dysfunction in sepsis and its importance in pathophysiology, possible methods to

assess mitochondrial metabolism in the clinical settings, and its prognostic value.
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Capitulo 1 - Introducao

A sepse € uma das sindromes cujo relato € um dos mais antigos da
medicina, ja sendo descrita desde Hipocrates (Angus DC, van der Poll T, 2013).
Atualmente, a sepse € definida como “uma disfung&o organica causada por uma
resposta desregulada do hospedeiro a uma infec¢gado” (Singer M, Deutschman
CS, Seymour CW, 2016). A sua forma mais grave, o choque séptico, &
caracterizado como sendo o subgrupo da sepse no qual as anormalidades
circulatérias e metabdlicas associadas a infecgcdo sdo profundas o suficiente
para aumentar substancialmente a mortalidade (Singer M, Deutschman CS,
Seymour CW, 2016). Ha um quadro de hipotensao irresponsiva a administragéo
de fluidos, necessitando-se o uso de drogas vasoativas (vasopressores) para se
manter um alvo pressorico minimamente aceitavel, almejando-se uma oferta
adequada de oxigénio para os tecidos periféricos (Cecconi M, Evans L, Levy M,
2018). O reconhecimento destas condigdes traz o beneficio de poder gerar uma
pronta acdo em resposta a esta condicdo, na intencdo de diminuir sua
morbimortalidade.

Trata-se de um problema de saude global, com uma estimativa de 19
milhdes de casos anuais e uma mortalidade da ordem de 5 milhées, com maior
prevaléncia em paises de baixa e de média renda (Rudd KE, Kissoon N,
Limmathurotsakul D, 2018). E considerada, pela Organizacdo Mundial da Saude,
como uma prioridade global de saude desde 2017 (Cecconi M, Evans L, Levy M,
2018). No Brasil, a sepse tem uma elevada incidéncia, especialmente em UTIs,
acarretando uma elevada taxa de mortalidade (Machado FR, Cavalcanti AB,

Bozza FA, 2017), sem melhora significativa desde o inicio deste século (Silva E,



Pedro MA, Sogayar ACB, 2004). A taxa de incidéncia projetada no nosso pais é
de 420000 casos de adultos internados em UTI por ano, com uma mortalidade
estimada de 230000 pessoas (Machado FR, Cavalcanti AB, Bozza FA, 2017).
Além disso, é associada a elevados custos relacionados aos cuidados de saude,
especialmente nos ndo-sobreviventes, e a uma maior mortalidade em pacientes
internados no sistema publico de saude, em comparag¢ao aos pacientes tratados
no sistema privado (Sogayar AMC, Machado FR, Rea-Neto A, 2008).

A resposta desregulada do hospedeiro € o evento que vai diferenciar uma
infecgdo com uma resposta auto-limitada de um processo que evolua com
disfun¢des orgénicas e a uma maior letalidade, como é o caso da sepse. Uma
exposi¢cao a PAMPs, tais como lipopolissacarideo, peptideoglicanas e flagelinas
gera dano tissular, estimulando a geragdao de DAMPs, tais como heat shock
proteins, catelicidinas, acido urico, fibrinogénio, DNA mitocondrial e celular livre
(Conway-Morris A, Wilson J, Shankar-Hari M, 2018). Estas DAMPs e PAMPs
acabam por ativar receptores de conhecimento de padrao, tais como TLR e NLR,
induzindo a transcricdo de uma ampla gama de citocinas pro e antinflamatoérias
(Singer M, 2017).

O desenvolvimento da disfungdo orgéanica € o evento clinico mais
relevante durante a sepse, uma vez que ele se relaciona diretamente com a
morbimortalidade do paciente (Pool R, Gomez H, Kellum JA, 2018). A despeito
de uma terapéutica adequada, uma série de eventos podem levar ao quadro de
faléncia multiorganica (Kozlov AV, Bahrami S, Calzia E, 2011). Mesmo terapias
que fornegam uma oferta adequada de oxigénio ndo implicam necessariamente
em um desfecho mais favoravel, uma vez que uma disfungdo mitocondrial

coexistente pode prejudicar o consumo de oxigénio, contribuindo com a



progressdo de faléncias orgéanicas e até mesmo para o O6bito (Jang DH,
Greenwood JC, Spyres MB, 2017) (Messina A, Greco M, Cecconi M, 2019).
Dentro deste cenario, um dos biomarcadores mais avaliados na pratica
clinica no manejo da sepse é a mensuragéao do lactato arterial. Atualmente ele &
considerado como critério diagnostico para o choque séptico (Singer M,
Deutschman C, Seymour CW, 2016), assim como é estudado como alvo
terapéutico no manejo da sindrome (Hernandez G, Ospina-Tascén G, Damiani
LP, 2019). Uma diminuicdo nos niveis de lactato ao longo do tempo é
sistematicamente associada a uma menor mortalidade nesta populagao,
tornando-se, portanto, uma ferramenta de grande relevéancia (Vincent JL,
Quintairos e Silva A, Couto Jr, L, 2016). A reducéo dos niveis de lactato ao longo
do tempo durante as intervengdes terapéuticas € proposta como um desfecho
na ressuscitacdo da sepse, sendo comumente interpretada como um derivado
da adequacéao da entrega de oxigénio aos tecidos periféricos, indicando, assim,
a resolugao da hipodxia tissular (Garcia-Alvarez M, Marik P, Bellomo R, 2014)
(Jones AE, Shapiro NI, Trzeciak S, 2010) (Sterling SA, Puskarich MA, Shapiro
NI, 2013). No entanto, durante a resposta inflamatoria intrinseca a sepse, a
producdo de ATP também pode ser derivada através da glicdlise, com a
produgao subsequente de piruvato, acarretando acumulo de lactato ao invés da
sua transformacé&o através do Ciclo de Krebs (Park DW, Zmijewski JW, 2017).
Logo, a disfungdo mitocondrial pode resultar num excesso de lactato, caso a
capacidade metabdlica mitocondrial esteja comprometida (lepsen UW, Plovsing
RR, Tjelle K, et al, 2021) (Masyuk M, Wernly B, Lichtenauer M, 2019). Uma das
fontes mais significativas de lactato na sepse é oriunda das ceélulas imunes,

mobilizadas durante a resposta inflamatoéria (Certo, M., Tsai, C. H., Pucino, V.,



2021). Portanto, justifica-se a interpretac&o do lactato em conjunto com variaveis
de metabolismo mitocondrial de células imunes como também com outras
variaveis perfusionais, que possam indicar um déficit de oferta de oxigénio as
células (Bakker J, Postelnicu R, Mukherjee V, 2020) (Kushimoto S, Akaishi S,
Sato T, et al, 2016). Um modelo conceitual de hiperlactatemia dependente do

consumo de oxigénio € descrito na Figura 1.
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Figura 1. Modelo conceitual da produgédo de lactato dependente do consumo arterial de
oxigénio no choque séptico, com as suas variaveis contribuintes — hipoperfuséo tissular e
disfungdo mitocondrial celular. Legenda: ACoA, acetil-coenzima A; ATP, trifosfato de
adenosina; PvCO2-PaCOz, gradiente veno-arterial de CO2; ScvOz2, saturagao venosa central
de O2. Figura do autor.

A forma mais objetiva e mais tradicional de se mensurar a magnitude das
faléncias organicas se da através do escore SOFA (Vincent JL, Moreno R,
Takala J, 1996) (Karakike E, Kyriazopoulou E, Tsangaris |, 2019). Trata-se de
um escore que varia entre 0 e 24 pontos, graduando quantitativamente a
intensidade das faléncias em distintos sistemas (sistema nervoso central,
sistema circulatorio, respiratorio, renal, digestivo e hematoldgico). Em adigéo ao

escore maximo de um determinado periodo, a mudanga no escore (ou a



diferenca entre as medidas em dois intervalos de tempo — delta SOFA) também
se relaciona de maneira significativa com a mortalidade de um paciente portador
de sepse (Lambden S, Laterre PF, Levy MM, 2019). A trajetéria do delta SOFA
€ considerado um preditor acurado e consistente de mortalidade em pacientes
criticamente enfermos (de Grooth H, Geenen IL, Girbes AR, 2017).

Um dos mecanismos relacionados a faléncia organica se da através de
uma estratégia de reprogramagdo metabolica celular, readequando o seu
consumo de oxigénio com a intenc¢ao de se limitar danos adicionais por espécies
reativas de oxigénio (ROS), prevenindo dano ao DNA e preservando os
componentes celulares (Pool R, Gomez H, Kellum JA, 2018). O déficit na oferta
de oxigénio aos tecidos periféricos, assim como a atividade inflamatoria
intrinseca a sepse impde um estresse celular, afetando a fisiologia da
mitocondria. A integridade celular € diretamente relacionada a manutengéo da
homeostase mitocondrial, e a producdo de ROS é vista como sendo a grande
forga motriz da disfungdo mitocondrial (Kozlov AV, Bahrami S, Calzia E, 2011).

Este fenbmeno € observado, por exemplo, em cardiomiocitos, onde ha
uma diminuicdo da atividade do citocromo C oxidase mitocondrial durante o
curso da sepse (Piel DA, Gruber PJ, Weinheimer CJ, et al, 2007). A melhora da
atividade do citocromo C oxidase se associa a melhora da contratilidade
miocardica, sugerindo uma relagao direta entre as alteragdes mitocondriais e a
perda de fungéo organica (Piel DA, Gruber PJ, Weinheimer CJ, et al, 2007).

Avangos atuais na compreensdo da fisiopatologia da sepse tém
incorporado o conceito da existéncia de uma interagdo entre o metabolismo das
células imunes e a prépria resposta imune, atualmente chamada de

imunometabolismo. Células mononucleares séo repletas de mitocdndria, e tanto



estudos clinicos quanto estudos experimentais suportam a tese de que uma
resposta imune efetiva contra a sepse seja dependente de uma OXPHOS que
suporte a demanda energética da sindrome (Mills EL, Kelly B, O’'Neill LAJ, 2017)
(Brealey D, Brand M, Hargreaves |, 2002) (Cheng SC, Scicluna BP, Arts RJW,
2016), (Pearce EJ, Pearce EL, 2018) (Kramer PA, Ravi S, Chacko B, 2014).

A OXPHOS depende da energia dos elétrons transferidos através dos
complexos mitocondriais |, Il, Il e IV para o oxigénio, que gera uma forg¢a préton-
motora para a sintese de ATP no complexo V — F1Fo-ATP sintase. As taxas de
consumo de oxigénio associadas com os complexos mitocondriais em particular,
e o0 parametro bioquimico derivado, a BCE, podem ser reveladas através de
protocolos de respirometria. A BCE € uma variavel refinada que pontua o quao
eficientemente a maquinaria mitocondrial consegue empreender a sintese de
ATP (Makrecka-Kuka M, Krumschnabel G, Gnaiger E, 2015) (Gnaiger, 2014).

Marcadamente, o curso altamente catabdlico e inflamatério do choque
séptico desafiam os leucdcitos a melhorar a producido de anticorpos e de
moléculas de sinalizacdo ao longo do tempo, que particularmente gera um
microambiente metabdlico estressado para mitocdndria, causando defeitos
bioenergéticos junto com a diminuigdo da func¢do imune (Gotts JE, Matthay MA,
2016) (Cheng SC, Scicluna BP, Arts RJW, 2016). Além disso, tem sido proposto
que o metabolismo das células imunes circulantes possa funcionar como um
sensor bioldgico (Pearce EJ, Pearce EL, 2018). Baseada na sua pronta interagcéo
com o ambiente, as células imunes requerem uma reprogramacgéo metabdlica
constante para fornecer imunidade, refletido por maior consumo de substratos
energéticos, e maiores taxas respiratorias (Kramer PA, Ravi S, Chacko B, 2014).

Estas caracteristicas unicas sugerem que as células imunes possam apresentar



assinaturas metabdlicas em pacientes com choque séptico que possam se
relacionar intimamente com as disfun¢gdes organicas apresentadas por eles,
assim como com os desfechos clinicos que eles venham a desenvolver
(Puskarich MA, Kline JA, Watts JA, 2016), (Sjovall F, Morota S, Hansson MJ,
2010) (Sjovall F, Morota S, Persson J, 2013) (Carré JE, Orban J-C, Re L, 2010)
(Brealey D, Brand M, Hargreaves |, 2002). Uma resposta imune desregulada na
sepse pode acarretar num quadro de inflamagdo e imunossupressao
persistentes, no qual a linfopenia € um dos seus principais sinalizadores
laboratoriais. A Figura 2 esquematiza um modelo tedrico no qual podemos
sugerir um papel da disfungdo do metabolismo linfocitario nesta evolugéo clinica

insatisfatoria.
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Figura 2. Esquematizacdo da resposta imune na sepse, com suas fases pro- e
antinflamatéria. A linfopenia € um sinalizador de progressao para um quadro de PIICS. Neste
contexto, propde-se um papel associado da disfungdo mitocondrial linfocitaria. Legenda:
CARS, compensatory anti-inflammatory response syndrome; DMOS, disfungao multipla de

orgaos e sistemas; IL, interleucina; PCR, proteina C reativa; PIICS, persistent inflammation,



immunosupression and catabolism syndrome; SIRS, systemic inflammatory response
syndrome. Figura do autor.

Alteracbes na capacidade de reprogramacédo metabdlica em resposta a
sepse pode levar a mudangas na produgdo de ATP (da OXPHOS para a
glicolise) e inibicdo da respiragdo mitocondrial (Pool R, Gomez H, Kellum JA,
2018). A faléncia em reestabelecer a OXPHOS como fonte primaria de ATP em
estagios mais tardios da sepse se associa com a perpetuagao do estado pro-
inflamatorio, que limita o reestabelecimento da fung¢do orgénica (Yang L, Xie M,
Yang M, et al, 2014). Em infecgbes agudas, os linfécitos alteram dinamicamente
seu programa metabdlico apdés a ativagdo. A ativacdo dos linfocitos,
principalmente das células T, & altamente anabdlica e apresenta aumento
proeminente da glicolise e captagao de glicose (Pearce EL, Poffenberger MC,
Chang CH, 2013). Os linfécitos T mudam seu metabolismo de oxidativo
(OXPHOS) para dglicolitico (glicdlise), independentemente da presenga de
hipéxia, como um fendtipo mais favoravel para promover crescimento e
proliferagao celular (efeito Warburg) (Toro J, Manrique-Caballero CL, Gémez H,
2021). A glicolise é importante para a ativagdo e proliferagdo das células T
induzidas pela ativacao, ndo apenas porque pode produzir ATP, mas também
porque seus intermediarios metabdlicos podem se desviar para diferentes vias
metabdlicas para atender as necessidades biossintéticas das células T (Liu H,
Yang H, Chen X, 2014). Consequentemente, a inibicdo do metabolismo
anabolico afeta a ativagdo e proliferagdo de linfécitos (Chapman NM, Chi H,
2022).

Um modelo conceitual da reprogramagédo metabdlica € explicitado na

Figura 3.
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Figura 3. Esquematizagdo da reprogramagdo metabdlica em linfocitos e em
mondocitos. Estas células, ativadas em perfil pré-inflamatorio, tornam-se ativas através da
expressao de citocinas pré-inflamatodrias. O perfil antinflamatério, com a expressao das suas
respectivas citocinas, se da no momento de transi¢ao para a fosforilagao oxidativa. Legenda:
IL, interleucina; Th, célula T helper; TNF, tumoral necrosis factor; Treg, célula T regulatéria.

Figura do autor.

O efeito da sepse na respiragao mitocondrial e em pontos especificos da
cadeia transportadora de elétrons foi documentado previamente em estudos
clinicos (Belikova |, Lukaszewicz AC, Faivre V; 2007) (Brealey D, Brand M,
Hargreaves |; 2002). A atividade de complexo | e de complexo IV na cadeia
transportadora de elétrons s&o significativamente reduzidas na musculatura
esquelética de doentes sépticos, com o0s sobreviventes apresentando maiores
concentracdes de ATP tissular e maior atividade mitocondrial (Brealey D, Brand

M, Hargreaves |, et al, 2002).

1.1 Isolamento de linfocitos e respirometria mitocondrial



Mensurar o metabolismo mitocondrial, num cenario clinico, nem sempre
€ viavel. Isso se deve as questdes éticas e praticas relacionadas a obtencgao de
amostras mitocondriais adequadas de o6rg&os vitais em pacientes (Sjovall F,
Morota S, Hansson MJ, 2010). Portanto, € I6gico avaliar a disfungédo mitocondrial
em células faceis de coletar, especialmente aquelas que podem refletir um efeito
"sistémico" da sepse no organismo. As células sanguineas periféricas tém sido
usadas como fonte para acessar a funcdo bioenergética. As células
mononucleares do sangue periférico, em especial os linfécitos, s&o ricas em
mitocdndrias com altas taxas de respiragao (Kraft BD, Chen L, Suliman HB,
2019) e, portanto, sdo as principais candidatas no sangue circulante para
fornecer informacdes confiaveis de controle de qualidade mitocondrial,
especialmente quando permeabilizados (Pecina P, HouStkova H, Mracek T,
2014). Estas células desempenham um papel importante na fisiopatologia da
sepse porque sua ativagdo pode induzir inflamacdo remota de o6rgaos néo
infectados (Belikova I, Lukaszewicz AC, Faivre V, 2007). Portanto, este perfil
fornece uma base teorica para medir sua atividade mitocondrial como um 'proxy"
para o metabolismo sistémico.

Por exemplo, propomos avaliar a respiragcdo mitocondrial relacionada ao
Complexo |, Il e F1Fo-ATP sintase em linfocitos permeabilizados isolados no D1
e no D3, dos quais derivamos a BCE. Assim, com pequeno volume de sangue
coletados em frascos de EDTA no dia 1 (D1) e no dia 3 (D3) do diagndstico do
choque séptico podemos revelar o perfil temporal de resposta metabdlica
durante o manejo clinico. O isolamento dos linfécitos e posterior permeabilizagéo
para estudos de bioenergética ja foi descrito previamente (Pecina P, Houstkova

H, Mracek T, 2014).
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O BCE (também conhecido como o fator =P) permite estimar o fluxo de
oxigénio mitocondrial acoplado a produgéo de ATP. O BCE é calculado pelo fluxo
P-L/P; (J=P = (P-L)/P), como descrito previamente (Makrecka-Kuka M,
Krumschnabel G, Gnaiger E, 2015) (Gnaiger, 2014), sendo P a taxa de fluxo
maximo de oxigénio consumido acoplado a produgao de ATP, e L a respiragao
de leak (Carteri RB, Kopczynski A, Rodolphi MS, 2019). A Figura 4 ilustra o
protocolo empregado para avaliagdo do metabolismo mitocondrial por

respirometria de alta resolugéo.
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Figura 4. Imagem representativa de um ensaio de respirometria em linfocitos de um controle.
Ap0s atingir a respiragéo basal, foram adicionados piruvato, malato e glutamato (10, 10 and
20 mM, respectivamente), levando a respiragao de leak (L), seguido por adigdes sequenciais
de 2.5 mM de ADP, 10 mM de succinato, e uma segunda aliquota de 2.5 mM de ADP,
permitindo a taxa de estado estacionario de consumo de oxigénio de cada etapa (fluxo de
oxigénio por volume ou por massa). Esse protocolo de titulagdo de substrato permite a
derivagdao do Complexo | (Cl), Complexo Il (Cll) e consumo maximo de fluxo de oxigénio
acoplado a produgdo de ATP (Estagio lll). Azido de sodio mais antimicina A foram
adicionados para inibir o Complexo IV mitocondrial, permitindo a estimativa do fluxo de
oxigénio nao-OXPHOS (ROX), e estes fluxos foram descontados para obter uma taxa de
fluxo auténtica derivada de todos os estagios acima mencionados, e fluxos de oxigénio

especificos para a massa tissular foram comparados em diferentes substratos, estagios de

w' ‘Fol
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acoplamento e inibidores (protocolo SUIT). Linfocitos foram permeabilizados com digitonina
a 0.005% wi/v. Extraido de Mitochondrial Physiology Network 07.08(09):1-7 (2017) Version

09: 2017-11-16.

1.2 Principais estudos abordando a atividade mitocondrial na sepse

Diversos estudos, em diferentes cenarios clinicos e em diferentes
amostras, avaliaram a fungdo mitocondrial através da respirometria em
pacientes seépticos. As amostras constituem-se, basicamente, de tecidos
musculares ou de células mononucleares periféricas.

No que se refere a avaliacdo em células imunes, pequenos estudos de
coorte abordaram este topico. Weiss et al (Weiss SL, Selak MA, Tuluc F, 2015),
ao comparar pacientes sépticos pediatricos (n = 13) com controles, encontrou
uma menor capacidade respiratéria de reserva (um indice de reserva
bioenergética) em sépticos em comparagao aos controles, que normalizou entre
os dias 5 e 7. Pacientes sépticos também apresentaram uma maior relacéo de
leak/respiragdo maxima do que os controles, também com normalizagao na fase
tardia da sepse, sugerindo um desacoplamento mitocondrial precoce. No
entanto, as amostras de pacientes sépticos nao apresentaram diferencas no
consumo de oxigénio basal, no consumo associado a ATP ou no potencial
transmembrana mitocondrial. O consumo de oxigénio mitocondrial ndo se
associou, neste estudo, a uma maior incidéncia ou magnitude de faléncias
organicas. Os principais estudos que compararam as diferentes formas de se
avaliar a atividade mitocondrial e a sobrevivéncia de pacientes sépticos, em
diferentes amostras e tecidos, em pacientes adultos, estdo descritos abaixo, na

Tabela 1.
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Tabela 1. Estudos que abordaram a disfungao mitocondrial na sepse

em pacientes adultos

Estudo Nimero de Mensuragao da Principais desfechos
pacientes atividade mitocondrial (sobreviventes vs néao-
incluidos sobreviventes)
Belikova, et al. 2007 18 Respirometria de Mononucleares de pacientes sépticos
mononucleares em com maior respiragao basal
sangue periférico comparada aos controles nao-
sépticos, porém com menor aumento
na respiragao quando estimuladas por
ADP
Brealey, et al. 2002 28 Concentragao de ATP, Niveis aumentados de ATP e aumento
atividade de Complexo |, na atividade de complex | e IV em
Il e IV em amostra de sobreviventes, comparados aos nao-
células musculares sobreviventes
Carré, et al. 2010 16 Morfologia mitocondrial Nao-sobreviventes apresentaram um
(densidade de superficie maior declinio na densidade da
e volume), RT-PCR de superficie mitocondrial, e um volume
fatores de biogénese mitocondrial similar entre os grupos
mitocondrial e Transcriptdbmica da OXPHOS mais
concentragéo de abundante em sobreviventes
proteinas de Complexo | e Aumento na concentracdo de ATP
de Complexo IV, em sobreviventes
transcriptébmica de Sem diferenca entre os grupos na
OXPHOS em amostras de atividade de Complexo | e de
biépsia musculares Complexo IV
Kraft, et al. 2009 37 gRT-PCR de genes que Aumento da ativagéo génica da
regulam a biogénese biogénese mitochondrial no dia 3,
mitochondrial em quando comparado ao dia 1
mononucleares de Diminuigao na concentragao de
sangue periférico mtDNA em sépticos, quando
comparados aos controles, com
recuperagao no dia 5
Ativagao precoce da biogénese
mitochondrial no dia 1 foi associada
com maior probabilidade de alta da
UTI
Aumento nos niveis de mMRNA em
sobreviventes
Japiassu, et al. 2011 20 Respirometria de Sem diferenga na respiragao
mononucleares em estimulada por ADP em néo-
sangue periférico, sobreviventes, quando comparada
avaliando-se estado 3, 4 e aos sobreviventes
razao de controle
respiratério
Puskarich, et al. 2016 28 Respirometria de Respiragéo basal e de estado 3 foram
plaquetas significativamente maiores em nao-
sobreviventes em comparagéo aos
sobreviventes. Respiragéo de estado
4 apresentou um aumento nao-
significativo em ndo-sobreviventes
Pyle, et al. 2010 Nao Concentragdo de mtDNA  Sem relagéo entre a concentragao de
reportado de células mononucleares mtDNA e sobrevida em 180 dias
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(147

pacientes,
incluindo
sépticos)
Sjovall, et al. 2010 18 Respirometria de Nao-sobreviventes apresentaram um
plaguetas isoladas aumento na atividade de Complexo |,
avaliando atividade de complex Il, respiragdo em estado 3 e
Complexo |, Complexo I,  um aumento na raz&o de controle
estado 3, estado 4 e respiratorio entre os dias 6 e 7,
razao de controle quando comparados aos
respiratério sobreviventes.
Sjovall, et al. 2013 20 Respirometria de células ~ Sobreviventes e ndo-sobreviventes

imunes periféricas
permeabilizadas

em 90 dias pds sepse nao
apresentaram diferenca na respiragao
de Complexo | e de Complexo |l
normalizada para a concentragao de
citrato sintase, mtDNA, e citocromo ¢

Legenda: ADP, difosfato de adenosina; ATP, trifosfato de adenosina; qRT-PCR,
reagdo de cadeia de polimerase-transcriptase reversa quantitativa; mtDNA, acido
desoxirribonucleico mitocondrial; OXPHOS, fosforilagdo oxidativa; UTI, unidade de terapia

intensiva.

Tanto as alteragbes na fungdo mitocondrial em tecidos musculares
(Brealey D, Brand M, Hargreaves |, 2002) (Carré JE, Orban J-C, Re L, 2010),
quantos em células sanguineas (Puskarich MA, Kline JA, Watts JA, 2016)
(Sjovall F, Morota S, Hansson MJ, 2010) (Sjovall F, Morota S, Persson J, 2013)
se associaram a pior prognostico em diferentes estudos. No entanto, estes
trabalhos que analisaram o metabolismo da OXPHOS na sepse apresentam
resultados controversos principalmente acerca dos desfechos metabdlicos, e a
sua capacidade de predizer desfechos clinicos desfavoraveis nos pacientes -
particularmente faléncias organicas e mortalidade (Puskarich MA, Kline JA,
Watts JA, 2016) (Sjovall F, Morota S, Hansson MJ, 2010) (Sj6évall F, Morota S,
Persson J, 2013) (Carré JE, Orban J-C, Re L, 2010) (Japiassu AM, Santiago

APSA, D’Avila JDCP, 2011) (Brealey D, Brand M, Hargreaves |, 2002). Por
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exemplo, pacientes com choque séptico, quando comparados com controles,
apresentam uma diminuigdo significativa na sintese de ATP em mondcitos
periféricos, no entanto, sem associagdo estatisticamente significativa em ao
menos um estudo (Japiassu AM, Santiago APSA, D’Avila JDCP, 2011). O uso
de células do sangue para uma mensuragédo da atividade mitocondrial tem a
possibilidade de ser feito de modo repetitivo, acompanhando-se a evolugao
clinica do paciente (Hsiao CP, Hoppel C, 2018). Além disso, apresentam uma
correlagcdo com a atividade mitocondrial em tecidos periféricos (Tyrrell DJ,
Bharadwaj MS, Jorgensen MJ, 2016). Neste contexto, se destacam os estudos
avaliando a atividade mitocondrial plaquetaria (Puskarich MA, Kline JA, Watts
JA, 2016) (Sjovall F, Morota S, Hansson MJ, 2010) e os mensurando atividade
em mono e polimorfonucleares, com resultados distintos. Em polimorfonucleares
a faléncia energética se associa a uma modulagao da resposta imune, também
dependente do plasma (Belikova |, Lukaszewicz AC, Faivre V, 2007) e em
monacitos a faléncia energética secundaria a disfungdo mitocondrial se associa
a desfechos negativos (Martinez-Garcia JJ, Martinez-Banaclocha H, Angosto-
Bazarra D, 2019) (Merz TM, Pereira AJ, Schurch R, 2017) (Weiss SL, Zhang D,
Bush J, 2019) (Japiassu AM, Santiago APSA, D’Avila JDCP, 2011), porém com
respostas distintas conforme a linhagem celular avaliada e o momento especifico
da respiracgao celular (Merz TM, Pereira AJ, Schiurch R, 2017). Sugere-se que a
mensuragdo da atividade mitocondrial de linfocitos seja uma das mais
promissoras, por ser adequadamente validada em cenarios distintos de
disturbios mitocondriais (Pecina P, HousStkova H, Mracek T, 2014).

A mensuracdo da respiracdo mitocondrial em um paciente com uma

condigdo aguda como na sepse tem o potencial de identificar aqueles sob um
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risco de uma maior deterioracdo do quadro clinico, monitorando o curso clinico
e a resposta as intervencdes terapéuticas em tempo real, transformando-se num
biomarcador ideal para o contexto agudo de doencga (Jang DH, Greenwood JC,
Spyres MB, 2017).

Foi estabelecido que uma das prioridades em pesquisa na area da sepse
€ proporcionar um melhor entendimento da funcéao celular, especialmente no que
se refere a produgao de ATP em diferentes grupos celulares, com destaque as
células imunes, em especial mondcitos e linfécitos (Coopersmith CM, De Backer
D, Deutschman C, 2018). A pesquisa experimental € a linha-mestra do
entendimento dos processos fisiopatoldgicos na medicina. No entanto, o seu
modelamento as patologias clinicas constitui-se num desafio, especialmente na
area de cuidados de pacientes criticos. Nesse sentido, ha necessidade de se
conciliar com mecanismos fisiopatolégicos de grande complexidade com as
elevadas mortalidades, e, para tanto, o dialogo entre os estudos clinicos
observacionais e a pesquisa experimental se torna um caminho inevitavel para
proporcionar um melhor entendimento da patologia e a respostas ao manejo
clinico (Péne F, Ait-Oufella H, Taccone FS, et al, 2015), como € o objetivo dos
estudos aqui apresentados.

Os leucaocitos circulantes sdo programados para papéis fisioldgicos
distintos, que incluem a mediacdo do processo inflamatério sistémico. Os
linfocitos sao células unicelulares importantes na modulagdo da imunidade
adaptativa (Conway-Morris A, Wilson J, Shankar-Hari M, 2018). Esta populacéo
esta, normalmente, em um estado quiescente, utilizando, primariamente, as
mitocdndrias para as suas demandas energéticas. A ativagao dos linfocitos €

associada com uma transicao para um fenétipo metabdlico com um aumento no
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consumo de oxigénio mitocondrial (Macintyre AN, Rathmell JC, 2013). Este
fendbmeno é essencial para as fungdes imunes, que incluem a expanséo clonal,
a producdo de citocinas e de anticorpos. A abundancia de células, a sua
heterogeneidade e a sua reatividade ao estimulo infeccioso as candidatam como
células ideias para o estudo da bioenergética celular na sepse (Kramer, Ravi,
Chacko, 2014).

No entanto, a avaliagdo da fungéo bioenergética mitocondrial através de
um preparado inespecifico de células mononucleares periféricas nao se justifica,
levando-se em consideracdo o diferente comportamento entre mondcitos e
linfocitos. Por exemplo, a concentragado de Complexo IV mitocondrial € maior em

mondocitos e a de Complexo Il maior em linfécitos (Kramer, Ravi, Chacko, 2014).

1.3 Interagbes potenciais do metabolismo mitocondrial na doenga critica

Notavelmente, as células imunes, como mondcitos/macréfagos, células
dendriticas e neutrofilos, liberam citocinas pro-inflamatorias que podem servir
como estimulos adicionais para desafiar os componentes da maquinaria imune
dos linfocitos (de Pablo R, Monserrat J, Prieto A, 2014). Citocinas proé-
inflamatdrias, incluindo IL-1 B e IL-6, medeiam principalmente respostas imunes
precoces na sepse (Koutroulis |, Batabyal R, McNamara B, 2019), regulando
positivamente a sintese de mediadores secundarios, atraindo células imunes e
estimulando a producado de proteinas de fase aguda. Os niveis aumentados de
IL-6 durante a fase inicial da sepse sao biomarcadores valiosos para se avaliar
a resposta clinica do paciente (Yang Y, Xie J, Guo F, 2016) (Vivas MC, Villamarin

Guerrero HF, Tascon AJ, 2021) (Song J, Park DW, Moon S, , 2019) (Carta A, de
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Lucca MG, Pires MD, 2016). Aléem disso, como efeito “downstream” direto
relacionado ao aumento de IL-6 (Song J, Park DW, Moon S, 2019) e, em menor
grau, de IL-1 (Ho KM, Lipman J), o figado aumenta a biossintese da PCR (Ryoo
SM, Han KS, Ahn S, 2019). Até o momento, a PCR exerce uma dupla fungéo:
pré-inflamatéria, ativando a parte inicial da cascata do complemento,
aumentando a fagocitose e aumentando os niveis de IL-1B e IL-G6; e
antinflamatoria, refletindo na expressao do antagonista do receptor de IL-1 e
aumento da liberagcdo de IL-10 (Ho KM, Lipman J, 2009), o que amortece a
resposta imune (Williams NC, O’Neill LAJ, 2018) (Gleeson LE, Sheedy FJ, 2016)
(Toro J, Manrique-Caballero CL, Gémez H, 2021). Elevagdes crénicas nos niveis
de IL-10 e a diminuig&o dos linfécitos T CD4+, CD8+ e células NK (de Pablo R,
Monserrat J, Prieto A, 2014) podem representar um estado de imunossupressao
(Nolt B, Tu F, Wang X, 2018).

Nesse contexto fisiopatolégico, uma estratégia de biomarcadores
baseada na quantificacdo de um perfil imunolégico composto por IL-103, IL-6,
PCR, IL-10 e contagem de linfécitos poderia fornecer uma compreensao clinica
do estado inflamatério em pacientes com sepse e suas implicacdes sobre o
estado bioenergético dos linfocitos. Diante disso, levantamos a hipotese de que
os mediadores inflamatorios podem afetar os complexos mitocondriais, levando
a uma resposta bioenergética deficiente nos linfocitos.

O uso de catecolaminas acelera a captagcédo de glicose, estimulando a
glicolise aerobica e, de modo associado, impactando no metabolismo
mitocondrial (Hartmann C, Radermacher P, Wepler M, 2017). As catecolaminas
promovem o desacoplamento mitocondrial nas células immunes, de modo dose-

dependente, o que pode inibir o consumo de oxigénio, e consequentemente
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impactando na resposta imune do hospedeiro (Lunemann JD, Buttgereit F,

Tripmacher R, 2001).
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Objetivo geral

Avaliar a evolucao temporal do metabolismo mitocondrial de linfocitos em

pacientes portadores de choque séptico, e sua associagcdo com a mortalidade

em curto e em longo prazo nesta populagao.

Objetivos especificos

Avaliar a associagao entre os marcadores de metabolismo mitocondrial e
os marcadores perfusionais, assim como a sua associagao com 0s niveis
de lactato sérico;

Avaliar o impacto da administragdo de diferentes antimicrobianos com o
metabolismo mitocondrial em pacientes portadores de choque séptico;
Avaliar a associagdo entre a expressdo de interleucinas pré- e
antinflamatérias na fase inicial da sepse e sua associacdo com o
metabolismo celular de linfécitos;

Investigar a associagédo entre reprogramagao metabdlica mitocondrial e
mortalidade

Revisar os estudos que abordam o metabolismo mitocondrial na sepse,

apontando perspectivas futuras para esta area de pesquisa.
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Capitulo 2 — “Association between hyperlactatemia, perfusional parameters, and
lymphocyte mitochondrial dysfunction in septic shock patients.”

No capitulo 2, apresentamos o artigo publicado na revista Shock. Este
artigo apresenta a analise das variaveis de metabolismo mitocondrial (BCE,
respiragao basal, respiragao de Complexo | e respiragdo de Complexo Il) e a sua
associacao com as variaveis de fluxo e perfusionais, em especial o enchimento
capilar e o delta PvCO2-PaCO2. Também avaliamos a associagao entre as
variaveis de metabolismo mitocondrial com os niveis de lactato arterial e o
diagndstico de hipoperfuséo.

Foram incluidos 90 pacientes com a avaliacdo concomitante das variaveis
em estudo. Esta analise foi realizada no D1, logo apos a ressuscitacéo
hemodinamica ter sido considerada completa pela equipe assistente, durante a
administragao de vasopressores.
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ABSTRACT—Introduction: In septic shock, mitochondrial dysfunction, and hypoperfusion are the main triggers of multi-
organ failure. Little is known about the crosstalk between mitochondrial dysfunction and hemodynamic alterations,
especially in the post-resuscitation phase. Here, we assess whether hypoperfusion and lactate levels are associated with
oxygen consumption linked to mitochondrial bioenergetic activity in lymphocytes of patients admitted with septic shock.
Patients and Methods: Prospective cohort study in patients with septic shock defined as the requirement of vasopressors
to maintain a mean arterial pressure 65 mm Hg after initial fluid administration. Basal mitochondrial and Complex |
respiration was measured to evaluate mitochondrial activity. Both variables and capillary refill time were compared with
arterial lactate post-fluid resuscitation. We also compared mitochondrial activity measurements between patients with and
without hypoperfusion status. Results: A total of 90 patients were included in analysis. The median arterial lactate at the
time of septic shock diagnosis was 2.0 mmol/DI (IQR 1.3—-3.0). Baseline respiration at the time of septic shock diagnosis was
correlated with lactate (Spearman —0.388, 95% CIl —0.4893 to —0.1021; P=0.003), as well as Complex | respiration
(Spearman —0.403, 95% Cl —0.567 to —0.208; P < 0.001). Patients with hypoperfusion status had no difference in basal
respiration when compared with patients who did not have hypoperfusion status (P=0.22) nor in Complex | respiration
(P=0.09). Conclusion: Changes in lymphocytic mitochondrial metabolism are associated with post-resuscitation arterial
lactate in septic shock; however, they are not associated with the presence of a hypoperfusional status. In this scenario, it is
therefore suggested that systemic perfusion and mitochondrial metabolism have different courses.

KEYWORDS—Basal respiration, complex | respiration, lactate, microcirculation, mitochondrial dysfunction, sepsis, shock

INTRODUCTION

Sepsis is a systemic and deleterious host response to infec-
tion that could evolve to septic shock, a major healthcare
problem associated with a high mortality rate worldwide (1).
Septic shock 1is clinically characterized by elevated serum
lactate levels and signs of tissue hypoperfusion (2), which
are abnormalities that require therapeutic intervention to avoid
unfavorable clinical outcomes (3, 4).

Early identification of tissue hypoperfusion is a cornerstone of
septic shock management, as prompt resuscitation represents a key
factor in limiting progression to multiple organ dysfunction and
death (5). The Surviving Sepsis Campaign recommends guiding
hemodynamic resuscitation therapy by performing repeated mea-
surement of blood lactate levels until normalization (6), suggesting
that effective fluid resuscitation is crucial for stabilization of
sepsis-induced hypoperfusion and metabolic derangements. The
main objective of monitoring lactate levels is to improve tissue
oxygen delivery. This is based on the assumption that decreased
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lactate levels mirror decreased tissue metabolic stress and
increased oxidative metabolism. However, attempts to aggres-
sively increase oxygen delivery to supraphysiologic levels in the
setting of established sepsis have failed to demonstrate metabolic
benefit (7). After adequate resuscitation, the levels of tissue
oxygen tension in various organ beds are within normal levels
or even elevated (8), indicating the availability of oxygen that
meets or even exceeds cellular metabolic demands (9).

These reported findings are not compatible with a strict
pathophysiological mechanism, in which tissue hypoxia sus-
tains elevated lactate levels and alters oxidative metabolism,
leading to cell damage and likely organ dysfunction (10, 11).
Given this paradox, it seems reasonable to postulate that
beyond availability, the utilization of oxygen at the cellular
and molecular level by mitochondria is potentially affected by
challenging mechanisms linked to septic shock. Remarkably,
the transference of electrons, starting in mitochondrial com-
plexes I or II ultimately results in the formation of an electro-
chemical gradient, reduction of oxygen, and synthesis of
adenosine triphosphate (ATP) in the complex V- FoF1- ATP
synthase (12). Although such mitochondrial properties are
widely investigated in experimental studies using isolated
organs to understand the oxidative metabolic behavior of
specific cell types, few studies have addressed these relevant
issues in the intensive care setting, once impaired metabolism
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associated with organ failure is a hallmark of septic shock (13).
Although a direct approach to mitochondrial metabolism seems
clinically relevant, it has been limited by the need for organ
biopsy. Thus, to reveal peripheral blood readouts, which present
metabolic associations with septic shock severity, metabolic
responsiveness with organ similarities, and indicate the
response to therapies may help surpass the difficulties of
accessing mitochondria from the tissue of patients.

In this context, lymphocytes cells have well-established roles
in the immune response to septic shock. They participate in the
deterioration of patients’ health through an exacerbated release
of cytokines, but on the opposite, in the resolution of septic
shock by building up an appropriate immunity. Lymphocytes
are highly oxidative cells and consume glucose as the main
substrate for ATP synthesis. Also, lymphocytes produce and
extrude lactate via monocarboxylate transporters (MCT1 and 4)
as a strategy to induce lymphocytes proliferation and build up
an appropriate immunity (14, 15). Interestingly, specific meta-
bolic signatures in lymphocyte mitochondria can reflect the
level of oxygen consumption by specific complexes, which
influences lactate production, but also have the potential to
reflect clinical outcomes and response to therapies (14). In this
context, it is uncertain whether perfusion status and hemody-
namic therapeutic interventions impact mitochondrial metabo-
lism of lymphocytes from septic shock patients.

Therefore, the primary objective of this study is to assess
whether hypoperfusion and lactate levels are associated with
oxygen consumption linked to mitochondrial bioenergetic
activity in lymphocytes of patients admitted with septic shock.

PATIENTS AND METHODS

We prospectively included consecutive patients in the study who had been
admitted to four different intensive care units (ICU) in one tertiary academic
hospital (Grupo Hospitalar Conceicdo, Porto Alegre, Brazil), between 2017 and
2018. This study was approved by the local ethics committee (Plataforma Brasil
number 66240017.0.0000.5530). Written informed consent was signed by the
patient or next of kin.

Patients

Clinical admissions to the ICU refer to admissions for septic shock whose
primary infectious focus is managed through the treatment of clinical diseases
(e.g., pneumonia, meningitis, primary bloodstream infection, cellulitis). All
other admissions are of surgical origin, that is, ICU admissions for septic shock
whose control of the primary infectious focus required surgical intervention
(e.g., cholecystectomy to treat acute cholecystitis, colectomy to treat perforated
colonic diverticulitis, drainage of pleural empyema). Adult patients (>18 years
old) admitted for septic shock (16) were enrolled in this study. Septic shock was
defined as the requirement of vasopressors to sustain a mean arterial pressure
>65 mm Hg after initial fluid administration (17). Patients were excluded when
presented with known mitochondrial disease, pregnancy, refusal of the patient
or next of kin to sign informed consent, patients with imminent death, patients
with withholding or withdrawing treatment.

Patients’ epidemiologic characteristics and treatments were prospectively
recorded, including the Simplified Acute Physiology Score (SAPS III) and the
Sequential Organ Failure Assessment (SOFA) at ICU admission. We collected
the following data: patient’s gender, age, height, primary site of infection,
community-acquired or hospital-acquired infection, comorbidities, catechol-
amine dose, lactate level, capillary refill time (CRT), arterial lactate, central
venous saturation (SvcQs,), delta PvCO,-PaCO,, SOFA score, and SAPS III
score at ICU admission.

Blood samples and isolation of lymphocytes

We performed a respirometric assay in permeabilized lymphocytes collected
at the time of diagnosis of septic shock. Cells were isolated from a blood sample
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obtained of each patient after the following steps; septic shock diagnosis, after
fluid resuscitation phase, and after the start of a vasopressor drug (norepineph-
rine). We confirmed the absence of other cell types in the preparation using a
cell counter. The time delay from blood sampling to respirometry assay was no
more than 3 h.

Mitochondrial high-resolution respirometry

Measurements were performed in high-resolution oxygraph (Oxygraph-2k;
Oroboros Instruments, Innsbruck, Austria) at 37°C. Oxygen concentration
(micromolar) and oxygen flux (expressed in pmol O,-s~'-107® cells) were
recorded with DatLab software 6.0 (Oroboros Instruments, Innsbruck, Austria).
Oxygen consumption background was measured in each plasma sample
immediately after calibration and automatically corrected for the ensuing
experiments. After stabilization of O, consumption, the basal (‘“‘routine’)
respiration was reached. Basal respiration was the first measure common to
all O, consumption measurements experiments.

When basal respiration was reached, 2.5 uL of Pyruvate, Malate, and
Glutamate (10 mM, 10 mM, and 20 mM, respectively) were added, followed
by stepwise additions of 6 wLL of ADP 2.5 mM, 2 pL of Succinate 10 mM, and a
second 6 wL of ADP 2.5 mM, allowing for stabilization of oxygen consumption
in each step. This substrate titration protocol enables the obtainment of
Complex I oxygen consumption (18).

Residual oxygen consumption was extracted from all the above-mentioned
states, and tissue-mass-specific oxygen fluxes were compared in different
substrate and coupling states. We calculated the flux control factors for
Complex I, which express the change of flux in a single step of the SUIT
protocol, normalized to the high flux as a specific reference state (19, 20).
Authors involved in sample analysis were blinded to clinical outcomes, and
authors involved in clinical data collection were blinded to mitochondrial
outcomes. All chemicals used for high-resolution respirometry analysis
were analytical grade and purchased from Sigma-Aldrich (Sigma Aldrich,
St. Louis, Mo).

Hemodynamic variables

All patients underwent arterial catheterization, into the radial or femoral
artery. A venous catheter was inserted through the jugular, femoral, or subcla-
vian vein. Arterial and central venous blood samples were withdrawn simulta-
neously for the determination of the respirometric assay and measurement of the
following variables: arterial oxygen tension, arterial carbon dioxide tension
(PaCO,), ScvO,, arterial oxygen saturation (Sa0,), and venous carbon dioxide
tension (PvCO,). ScvO, was collected in patients with venous catheter tip
properly positioned for its measurement in superior vena cava. Hemoglobin
concentration was also measured. The venous-arterial carbon dioxide tension
(delta PvCO,-PaCO,) was calculated using the formula: delta PvCO,-
PaCO, =PvCO, — PaCO,, because it could be used as a surrogate for the
difference in the mixed venous-arterial CO, content. The arterial blood lactate
concentration was measured using an enzymatic method. CRT was measured by
applying a firm pressure to the ventral surface of the right index finger distal
phalanx, immediately after blood collection. The pressure was maintained for
105, the time for the return of the normal skin color was registered with a
chronometer (6). The hypoperfusion context was defined by the presence of
ScvO2 <70%, or delta PvCO,-PaCO, <6 mm Hg, or a CRT <4 s together with
hyperlactatemia (>2 mmol/L) after initial fluid resuscitation in the ICU (21).

Statistical analysis

Descriptive statistics included frequencies and percentages for categorical
variables and means, standard deviation, confidence intervals, medians, and
interquartile ranges (IQR) for continuous variables. To compare continuous
variables, we used Student ¢ test, Mann—Whitney U test, and Pearson or
Spearman correlation test, as appropriate. We performed an exploratory linear
logistic regression model on the variables associated with lactate: basal or
Complex I respiration, CRT, and SvcO2. Statistical tests were two-tailed with
significance defined as a P value less than 0.05. All P values were two-tailed.
We use R version 0.4.2 (R project) for all analyses.

RESULTS

A total of 90 patients were included in the analysis. Overall
ICU, hospital, and 6-month mortality were 45%, 57%, and 66%,
respectively. The mean age was 68 (£15.9) years, and the
patients were predominantly men (55%). Sixty-one percent
had a clinical ICU admission and 39% a surgical ICU admission.
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TasLE 1. Main patient characteristics

Mean/median

Characteristics N (%) (SD/1QR)
Surgical patients 35 (38%)
Male 50 (55%)
Sepsis foci

Abdome 36 (40%)

Cutaneous 2 (2%)

Blood 7 (8%)

Urinary 4 (4%)

Lung 41 (46%)
Solid cancer 7 (8%)
Blood cancer 7 (8%)
HIV 2 (2%)
Cirrhosis 7 (8%)
Chronic kidney disease 10 (11%)
Diabetes 25 (27%)
Hypertension 32 (35%)
Age 64.8 (15.9)
SAPS 3 75.8 (12.8)
SOFA at ICU admission 8 (3.1)
SvO, 70 (10.2)
APaCO,—-PvCO, 7.4 (4.3-11.5)
Gap CO,:CavO, 2.3 (1.4-8.3)

Cumulative fluid balance
(first day)
Cappilary refil time

2,874 (1,635-5,493)

4 (2-6)

CavO, indicates arteriovenous O, content difference; PaCO,, carbon
dioxide arterial pressure; PvCO,, carbon dioxide venous pressure;
SAPS, Simplified Acute Physiology Score; SOFA, Sequential Organ
Failure Assessment.

The most frequent sources of sepsis were lung (n =41, 46%) and
abdominal (n=36, 40%). The mean SAPS 3 score was 75.8
(£12.9) points and the mean SOFA score at sepsis diagnosis was
8.5 (£3.2) points. During the study period, 32% of the patients
underwent hemodialysis and 85% under mechanical ventilation.
Median arterial lactate at septic shock diagnosis was 2.0 mmol/
DI (IQR 1.3-3.0), and the median volume of fluid resuscitation
in septic shock was 44 mL/kg (IQR 30.7-65.6). The median
basal mitochondrial respiration was 130 pmol/(sec.mg ptn) (IQR
108—191), mean mitochondrial Complex I respiration was
251 pmol/(sec.mg ptn) (IQR 173-406), and the mean CRT
was 4s (2—65). Fluid balance on the first day of admission to
the ICU was 2874 mL (IQR 1,635-5,493). The main clinical
characteristics are described in Table 1.

We further investigated possible associations between rou-
tine clinical parameters in the ICU and mitochondrial oxygen
consumption in lymphocytes, trying to provide proxy indicators
of tissue metabolism, and the impact of perfusion status. We
found that lactate levels at septic shock diagnosis were signifi-
cantly correlated with mitochondrial basal respiration (Spear-
man —0.388, 95% CI —0.4893 to —0.1021; P=0.003) and
Complex I respiration (Spearman —0.403, 95% CI —0.567 to
—0.208; P <0.001) (Fig. 1 A and B).

CRT showed an association with lactate levels (Pearson 0.246,
95% CI 0.017-0.45; P=0.03). Additionally, lactate was corre-
lated with SvcO, (Pearson —0.347; 95% CI —0.557 to —0.095
P =0.008), but not with delta PvCO,-PaCO, (Pearson 0.189
95% CI —0.088 to 0.439; P=0.18). We performed two explor-
atory linear logistic regression models with variables associated
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A Basal respiration x lactate

Spearman -0.388, 95% CI -0,4893 to - 0,1021; p = 0.003
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Fic. 1. Correlation between variables and arterial lactate.

with lactate (Basal or Complex I, CRT, SvcO,) and found no
significant associations. Complex I respiration was associated
with CRT (Spearman —0.217; 95% CI —0.4111 to —0.004289;
P =0.039), but not basal respiration (Spearman —0.072; 95% CI
—0.2807 to 0.1433; P=0.5). Basal respiration was also not
related to delta PvCO,-PaCO, (Spearman —0.129; 95% CI
—0.3756 to 0.1342; P=0.321) or Complex I (Spearman
0.018; 95% CI —0.2417 to 0.2760, P =0.888). The correlation
between mitochondrial variables (basal respiration and Complex
I respiration), clinical variables (maximum noradrenaline—in
pg/kg/min, cumulative fluid balance and fluid replacement in
sepsis resuscitation—in mL/kg), and perfusion variables (CRT,
delta PvCO2-PaCO2, and SvcO,), both between them and
among them with lactate is shown in Figure 2. There is a
correlation of mitochondrial variables only with lactate and a
weak correlation between Complex I respiration and CRT. The
influence of fluid replacement on mitochondrial variables was
not demonstrated (P > 0.05).

Five patients received thiamine and did not display a differ-
ence in lactate value as compared with patients who did not
receive thiamine: 1 mmol/DlI (IQR 0.65-3.05) versus
1.75 mmol/Dl (IQR 1-2.47) respectively, P=0.22. Sixteen
patients received beta-2-agonist in this period and did not show

Copyright © 2022 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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a significant association with increased lactate levels:
1.7mmol/Dl (IQR 0.72-2.1) in beta-2-agonist users versus
1.7mmol/Dl in those who did not receive beta-2-agonists
(IQR 1-2.6), P=0.35.

Evaluating basal respiration in patients with a diagnostic
criterion for septic shock using the Sepsis 3 criteria (2), we
found that the median basal mitochondrial respiration was
lower in those with diagnostic septic shock (n=42)
144 pmol/(sec.mg ptn) (£75) compared with those who did
not meet the septic shock criteria (n=31) 180 pmol/(sec.mg
ptn) (£78) (P =0.04). Patients who performed the diagnostic
criteria for Sepsis 3 also had lower levels of Complex I activity
compared with those who did not: 192 pmol/(sec.mg.ptn) + 161
versus 325 pmol/(sec.mg.ptn) 4= 324, respectively (P =0.007).
Also, septic shock patients had a CRT of 4 (2.5-6.5), while
those who did not meet diagnostic criteria had a CRT of 6 (2—-6)
(P=0.04).

Patients with hypoperfusion status had no difference in
mitochondrial basal respiration when compared with patients
who did not have hypoperfusion status: 148 pmol/(sec.mg ptn)

(£78) versus 173 pmol/(sec.mg ptn) (£76) (P =0.22). Simi-
larly, mitochondrial complex I respiration in lymphocytes of
patients with hypoperfusion was not different from those
without hypoperfusion: 239 pmol/(sec.mg ptn) (£162) versus
318 pmol/(sec.mg ptn) (£273), respectively (P =0.09).

DISCUSSION

In this work, the decreased mitochondrial basal and complex
I stimulated respiration profile in lymphocytes was inversely
associated with arterial lactate levels, providing a mechanistic
perspective that oxidation of pyruvate in mitochondria is not
favored, thus pyruvate is being predominantly diverted to
cytosolic conversion to lactate. Today, several mechanisms
are known to be involved in hyperlactatemia in patients with
septic shock (22, 23). An increase in resting metabolic rate
increased glucose metabolism with a glycolytic flux exceeding
the capacity of pyruvate dehydrogenase to catalyze the conver-
sion of pyruvate into acetyl coenzyme A and, therefore,
increased conversion of pyruvate to lactate should be an
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important etiologic agent in this context (22). The production of
energy as ATP occurs through a flow of electrons that passes
through the five molecular complexes of the electron transport
chain (24), and the process of oxidative phosphorylation is
closely associated with the functioning of the electron transport
chain. The flow of electrons from nicotinamide adenine dinu-
cleotide (NAD) + hydrogen (H) (NADH) is processed in
Complex I, and NADH is closely related to the lactate concen-
tration. Thus, Complex I respiration is intrinsically related to
lactate concentration. Basal respiration, known as “‘routine”
respiration, is a measure of oxygen consumption under steady
state conditions (25), reflecting the ““usual” leukocyte metab-
olism in the course of sepsis.

Mitochondrial dysfunction in sepsis has received more atten-
tion when decreased oxygen availability at the cellular level,
namely, cytopathic hypoxia, was first mentioned as a plausible
mechanism contributing to tissue hypoxia and therefore multi-
ple organ failure (MOF) in sepsis (26). Tissue hypoxia in sepsis,
first thought to result from microcirculatory disruption, does
not, however, explain the increased tissue oxygen tensions, and
minimal cell death observed in postmortem samples from
various organs affected by sepsis, and more importantly the
near-complete recovery of organ function in MOF survivors
(8). In the post-resuscitation phase of sepsis, as in our cohort,
increases in oxygen delivery did not cause an increase in
oxygen consumption by lymphocytes and there is no consistent
relationship between oxygen delivery and lactic acidosis (27).
In this work, we did not find an association between hypoperfu-
sional state and mitochondrial dysfunction in this phase of
resuscitation and just a weak association between CRT and
Complex I respiration. Therefore, it is possible to believe that
variables associated with perfusion and variables associated
with mitochondrial metabolism have an independent course of
disease, at least in the post-resuscitation phase.

In experimental sepsis, a decrease in blood lactate levels
during the first hours of resuscitation is associated with changes
in mitochondrial respiration that are specific to each organ
studied (28). Meaningful real-time analyses of the altered cells
and tissues of failing organs are not feasible in living humans, as
they would require a biopsy for tissue collection, which is
unfeasible in clinical practice. Therefore, the assessment of
the mitochondrial activity of lymphocytes is justified since they
are cells circulating in the organism, easy to collect and analyze,
and coupled with their metabolism with the immune response
necessary to establish a favorable inflammatory profile (29).
Previous studies have also evaluated the association of mito-
chondrial mononuclear and platelet metabolism with serum
lactate levels (13, 30). Understanding the contribution of various
organs to circulating lactate, however, is complicated by the
observation that organs appear to simultaneously release and
take up lactate in different profiles (31). It is known that muscle
tissue is an important source of lactate during septic shock, and
that there is an important correlation between lactate levels (both
arterial and muscle) with mitochondrial activity in myocytes
(32). Mitochondrial metabolism, both in lymphocytes and mus-
cle cells, is potentially subject to the influence of septic plasma,
thus assuming the presence of common triggers for metabolic
failure of both myocytes and lymphocytes (33). Therefore, it is
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inferred that the same triggers for mitochondrial dysfunction in
lymphocytes are present in muscle cells, for example, justifying,
pathophysiologically, the use of mitochondrial activity in lym-
phocytes as a proxy metabolic indicator of general oxidative
metabolism. A similar approach is performed with the measure-
ment of a systemic lactate in the clinical setting, a metabolite
extruded from several organs but with a well-defined synthetic
pathway. In this context, lymphocytes oxidatively metabolize
glucose producing ATP, CO,, and H,0, but pyruvate is also
diverted to lactate biosynthesis in these cells as a fundamental
mechanism of immune response. MCTs one and four highly
expressed in lymphocytes make the eflux of lactate take up by
other lymphoxytes and proliferate as an immune strategy. These
MCTs are also expressed in brain, heart, lungs, skeletal muscles,
small intestine, testis, ovaries, placenta. It was shown that under
stressful imunological activation, a hallmak of septic shock,
lymphocyte metabolism favors lactate production (14). Here,
we added a piece to this puzzle suggesting that the mitocondrial
respiratory Complex I is a component of this lactate response.

Activation of lymphocytes in an immunological phenome-
non such as sepsis is associated with a switch to a metabolic
phenotype with an increase in mitochondrial oxygen consump-
tion (34). To improve the validity of our translational approach,
we also use “‘systemic” hypoperfusion assessments, which
further support our analysis. In this study, we cannot establish
whether evaluation of regional perfusion by near-infrared
spectroscopy or regional microdialysis, for example, would
be associated with organ-specific mitochondrial dysfunction
(muscle tissue, for example). We also did not evaluate the
glycolytic pathway, which is another important limitation for a
better understanding of lactate metabolism in this scenario (35).
The sample size studied may also have been insufficient to
establish refute associations between variables.

CONCLUSION

Lymphocytic mitochondrial metabolism had an inverse cor-
relation with arterial lactate in the post-resuscitation phase of
septic shock. Alterations in mitochondrial activity were not
associated with hypoperfusional signs, suggesting an indepen-
dent course of metabolic and hemodynamic alterations in this
phase of the disease.
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Capitulo 3 — “Short-term inflammatory biomarker profiles are associated with
deficient mitochondrial bioenergetics in lymphocytes of septic shock patients - a
prospective cohort study.”

Neste capitulo, apresentamos outro estudo publicado na revista Shock.
Analisamos 64 pacientes portadores de choque séptico, avaliando a associagao
entre as variaveis de metabolismo mitocondrial (BCE, respiracdo basal,
respiragdo de Complexo | e respiracdo de Complexo Il) e as dosagens séricas
de interleucinas pr6 e antinflamatérias: IL-13, IL-6, IL-10, além da proteina C
reativa. Neste estudo, avaliamos a dosagem no primeiro e no terceiro dia dos
biomarcadores, assim como o gradiente (delta) entre as medidas do dia 3 e do
dia 1 da deteccéo do choque séptico.
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ABSTRACT—Introduction: A biomarker strategy based on the quantification of an immune profile could provide a clinical under-
standing of the inflammatory state in patients with sepsis and its potential implications for the bioenergetic state of lymphocytes,
whose metabolism is associated with altered outcomes in sepsis. The objective of this study is to investigate the association be-
tween mitochondrial respiratory states and inflammatory biomarkers in patients with septic shock. Methods: This prospective co-
hort study included patients with septic shock. Routine, complex |, complex Il respiration, and biochemical coupling efficiency were
measured to evaluate mitochondrial activity. We measured IL-18, IL-6, IL-10, total lymphocyte count, and C-reactive protein levels
on days 1 and 3 of septic shock management as well as mitochondrial variables. The variability of these measurements was eval-
uated using delta counts (days 3—1 counts). Results: Sixty-four patients were included in this analysis. There was a negative cor-
relation between complex Il respiration and IL-1R (Spearman p, —0.275; P = 0.028). Biochemical coupling efficiency at day 1 was
negative correlated with IL-6: Spearman p, —-0.247; P = 0.05. Delta complex Il respiration was negatively correlated with delta IL-6
(Spearman p, -0.261; P = 0.042). Delta complex | respiration was negatively correlated with delta IL-6 (Spearman p, —0.346;
P = 0.006), and delta routine respiration was also negatively correlated with both delta IL-10 (Spearman p, —0.257; P = 0.046)
and delta IL-6 (Spearman p, —0.32; P=0.012). Conclusions: The metabolic change observed in mitochondrial complex | and com-

plex Il of lymphocytes is associated with a decrease in IL-6 levels, which can signal a decrease in global inflammatory activity.

KEYWORDS—Lymphocytes, sepsis, septic shock, interleukin 6, interleukin 1, interleukin 10, immunometabolism

INTRODUCTION

Sepsis is a syndrome caused by dysregulated host response to
an infection, characterized by vascular and metabolic disturbances
associated with acute phase inflammatory reaction that may evolve
to immune suppression (1,2).

The early-onset activation of innate immune cells after infec-
tion releases proinflammatory cytokines that further mediate re-
sponses in the target tissues and in adaptive immune cells like lym-
phocytes (3). In this context, proinflammatory cytokines, like IL-1
(3 and IL-6, seem to exert a primary role in mediating (4) autocrine
and paracrine signaling, with reflections on biosynthetic pathways
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(5-9). For instance, an increase in IL-6 stimulates the liver synthesis
of reactant C-reactive protein (CRP), a pro- and anti-inflammatory
effector (10,11). The anti-inflammatory effect is mediated by an
increased IL-10 level (11), which dampens the immune response
(12—14). However, chronic elevations in IL-10 levels coupled
with decreased lymphocytes count (3) are linked with immuno-
suppression (15). Moreover, the onset of inflammatory response,
termination, and transition to the homeostasis after sepsis are ATP
demanding processes and require biosynthetic precursors pro-
vided by metabolic pathways. While studies have shown that an
altered inflammatory response in the acute and prolonged phases
of sepsis is tightly connected with impaired immune cells metab-
olism and unfavorable outcomes, the mechanistic mediators of
this misconnection are not completely elucidated yet (5-9).
Recent clinical evidence from our laboratory demonstrated an
association between decreased mitochondrial complex II (CII)
respiration and biochemical coupling efficiency (BCE) with mor-
tality of septic patients up to 3 days intensive care unit (ICU) ad-
mission (16). On the contrary, septic patients whose lymphocytes
improved mitochondrial bioenergetics in this short period pre-
sented an increased survival rate up to 6 months after admission.
Whether this mitochondrial metabolic reprogramming in lym-
phocytes might be concurrently affected by the inflammatory sig-
naling fluctuations still remains a relevant question. It is known
that lymphocytes shift their metabolism from mitochondrial
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oxidative phosphorylation toward aerobic glycolysis and lactate
production, even when oxygen is available, as an apparent more
favorable metabolic phenotype to supply ATP and substrates for
cytokines production, cell growth, and proliferation (1,17-21).
Nonetheless, the increase of aerobic glycolisis in lieu of oxidative
phosphorylation does not reduce the importance of mitochondrial
respiration to regulate and energetically support proinflammatory
immune response mechanisms. In macrophages for instance, it
has been shown that mitochondrial electron transport system is re-
quired for NLRP3 inflammasome activation and that this is fueled
by glutamine oxidation (22,23). In addition, the role of mitochon-
drial metabolism in immune response surpasses energy produc-
tion, because the accumulation of intermediaries of the tricarboxylic
acid cycle (TCA) cycle, such as succinate and itaconate, may also
serve as signaling triggers that drive pro-inflammatory IL-13 and
anti-inflammatory IL-10 production, respectively (24—26). On the
other hand, immune signals, such as LPS or IL-4, also can elicit
the remodeling of immune cell mitochondrial metabolism. Beyond
well-described proglycolytic effects, LPS signaling in macro-
phages for instance elicits an inhibition of pyruvate dehydroge-
nase and citrate synthase, effectively restricting entry of glycoly-
sis metabolites to the TCA cycle and increasing reliance on
glycolysis-derived ATP and glutaminolysis (27). In the contrary,
anti-inflammatory signaling provided by IL-4 leads to a robust in-
crease in macrophage mitochondrial respiration, driven by lactate
oxidation through the TCA cycle (28), suggesting that lymphocyte
mitochondrial metabolism may also mediate immune response to
pathogens. While preclinical studies have shown that functional in-
teractions between metabolism and immune cells involve a myriad
of mechanistic components with pathophysiological significance
for sepsis, few studies have explored such association in the clini-
cal settings (16,29,30). Thus, beyond potential complementary
clinical biomarkers of severity, response to therapies, and progno-
sis, immune effectors might inform whether preclinical findings
can be functionally connected with patients settings. Given this,
we propose here a multimodal biomarker strategy based on classic
inflammatory biomarkers linked to sepsis (IL-18, IL-6, CRP, IL-10,
and lymphocyte counts), components of mitochondrial bioenerget-
ics machinery, and clinical scores of organic failure.

Hence, the main objective of this study was to investigate in
patients admitted with sepsis associations between mitochondrial
respiratory states linked to CI and CII with inflammatory bio-
markers and clinical outcomes.

MATERIALS AND METHODS

‘We prospectively included consecutive patients in the study who had been admit-
ted to 4 different ICUs in a tertiary, academic hospital (Grupo Hospitalar Conceigéo,
Porto Alegre, Brazil), between 2017 and 2018. This study was approved by the local
ethics committee (Plataforma Brazil number 66240017.0.0000.5530). Written in-
formed consent was obtained from the patient or the next kin.

Patients

Adult patients (>18 years of age) admitted for septic shock (31) were enrolled
in this study. Septic shock was defined as the requirement of vasopressors to main-
tain MAP <65 mm Hg after the initial fluid administration. Patients were excluded
if they presented with known mitochondrial disease, pregnancy, refusal of the patient or
next of kin to sign informed consent, imminent death, or withholding or withdrawing
treatments. Corticosteroids were administered according to guidelines (32): hydrocorti-
sone 200 mg/d in four divided doses, between 5 and 14 days. In this study, we defined
the patient as having a chronic critical illness as those who underwent tracheostomy as a
result of prolonged mechanical ventilation after sepsis (33).
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Epidemiological characteristics and treatments of patients were prospectively
recorded, including the Simplified Acute Physiology Score (SAPS III) and Se-
quential Organ Failure Assessment (SOFA) score at admission to the ICU and at
first (D1) and third (D3) day, respectively. We collected the following data: sex,
age, height, primary infection site, community- or hospital-acquired infection, co-
morbidities, IL-18, IL-6, IL-10, CRP, absolute lymphocyte count, SOFA score,
SAPS III score at admission to the ICU (D1), and SOFA score at 3 days (D3) of
septic shock treatment. Arterial lactate was measured at the first day of sepsis.

Blood samples and lymphocyte isolation

Blood was collected after the diagnosis of septic shock: after the fluid resuscita-
tion phase, and after the start of the vasopressor drug (norepinephrine). Six milliliters
of blood of each patient were sampled in EDTA tubes at D1 and D3 and lymphocytes
obtained through gradient centrifugation as previously described (34). Briefly, lym-
phocytes were isolated by layering 4 mL of blood over 4 mL of Ficoll 1.077 g/dL
(GE Healthcare, Little Chalfont, United Kingdom) in a 15-mL sterile centrifuge tube.
Samples were centrifuged at 800g for 20 min at 4°C. An amount of 2 mL from the
Buffy coat present on the interface between centrifuged blood and Ficoll solution was
placed in a second sterile centrifuge tube and then diluted in 38 mL of RBC lysis so-
lution (NH4CI 155 mM, K,HCO3 10 mM, EDTA 0.1 mM) and left for 30 min on ice.
This was then centrifuged for additional 20 min at 800g for 20 min at 4°C. The ob-
tained pellet was resuspended in 750-uL respiration buffer (mannitol 320 mM, TRIS
100 mM, KCI 50 mM, MgCl, 4 mM, NaH,PO, 4 mM, EDTA 0.73 mM, pH 7.4).
We confirmed the predominant presence of lymphocytes (95%) in the isolated
fraction using a hemocytometer. The time delay from blood sampling to respirom-
etry assay was no more than 3 h.

Mitochondrial high-resolution respirometry

For real-time respirometry assay, respiration buffer was supplemented with
0.005% wt/vol digitonin to allow permeabilization of mitochondrial membranes
to polar substrates. Adequate permeabilization in this isolation protocol was inves-
tigated before the analysis, assessing oxygen consumption after substrate addition
to permeabilized and nonpermeabilized isolates from the same sample. Measure-
ments were made using a high-resolution oxygraph (Oxygraph-2k; Oroboros In-
struments, Innsbruck, Austria) at 37°C. The oxygen concentration (micromolar)
and flux (expressed in pmol O,'s '-107 cells) were recorded using DatLab software
(version 6.0; Oroboros Instruments, Innsbruck, Austria). The background oxygen
consumption was measured for each plasma sample immediately after calibration
and automatically corrected for subsequent experiments. After stabilization of O,
consumption, baseline respiration was reached (“‘routine” respiration). Baseline respi-
ration was the first measurement common to all O, consumption measurements.

When basal respiration was reached, 2.5 uL of pyruvate, malate, and glutamate
(10, 10, and 20 mM, respectively) were added, followed by stepwise additions of
6 pL of ADP (2.5 mM), 2 uL of succinate (10 mM), and a second 6 nL of ADP
(2.5 mM), allowing stabilization of oxygen consumption in each step (35).

We performed a protocol as previously described (16). This protocol assesses
the steady-state, ““basal” (state 1) respiration, the respiration linked to CI, CII (state 2)
and maximal oxygen flow rate consumption coupled to ATP production (state 3),
and nonmitochondrial oxygen consumption. In addition, BCE (also known as P
control factor) was measured as an indicator of the effectiveness of mitochondrial
oxygen flow coupled with ATP production (36). After respirometric analyses, total
protein concentration was assessed using BCA kits (Thermo Fisher Scientific Inc.,
Waltham, Massachussets, USA), using 25 pL of lymphocyte isolate.

Residual oxygen consumption was extracted from all the previously mentioned
states, and tissue mass—specific oxygen fluxes were compared for different sub-
strate and coupling states. We calculated the flux control factors for CI, which ex-
press the change in flux in a single step of the SUIT protocol normalized for the
high flux as a specific reference state (37). The authors involved in the analysis
of the sample were blinded to the clinical results, and those involved in the collec-
tion of clinical data were blinded to the mitochondrial results. All chemicals used
for high-resolution respirometry analysis were of analytical grade and purchased
from Sigma-Aldrich (St Louis, MO).

Inflammatory variables

All blood samples were collected through an arterial line, into the radial or fem-
oral artery, or through venous puncture at the same time as the blood samples for the
lymphocyte respirometric assay. The samples were centrifuged, supernatant was
aliquoted in 1.5-mL Eppendorf tubes identified, and stored at —80°C for subsequent
laboratory tests. The interleukins IL-18 (Ref #BMS224-2), IL-6 (Ref #BMS213-2),
and IL-10 (Ref #BMS215-2) were measured using a commercially available micro-
plate enzyme-linked immunosorbent assay (Invitrogen by Thermo Fisher Scientific,
Waltham, MA), and concentrations were expressed in picograms per milligram. The
technical procedures were carried out according to the manufacturer instructions
without adaptations. For carry out dosages two tubes with samples were slowly
thawed in ice and spinned for homogenization. Components of each reagent kit were
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prepared few hours before running the technical protocol. Briefly, target-specific an-
tibody has been precoated in the wells of the supplied microplate. Samples, stan-
dards, or internal controls of the kit (high and low) were added in duplicates to the
microwells precoated with a target-specific antibody, which capture the interleukin
of interest. After incubation, the microwells were washed, and a biotinylated detec-
tion antibody (detector antibody) was added. The addition of a colorimetric substrate
solution reacts with this labeled antibody and produce color, whose intensity is pro-
portional to the concentration of target interleukin present in the microwell. All inter-
leukins were assayed in the same day by blinded experimenters. The variation be-
tween duplicates of standards, internal controls, and samples was less than 5%.

The following analyses were performed in the hospital clinical laboratory: CRP
was examined according to the manufacturer using the quantitative analyzer of the
CRP by turbidimetric immunoassay (Cobas c¢311 quantitative C-Reactive Protein,
reference number 07876033190; Roche Diagnostics, Mannheim, Germany), and
the concentration was in milligrams per liter. In this particle-enhanced immunotur-
bidimetric assay, human CRP agglutinates with latex particles coated with mono-
clonal anti-CRP antibodies. The aggregates are determined turbidimetrically. The
laboratory protocol is subject to the quality control established by the supplier
and also to internal quality controls, which is based on running blinded samples
with predefined concentration ranges. Routine hemogram monitoring was per-
formed using an automated hemocytometer analyzer, which provides global lym-
phocytes count expressed as cells per liter. Arterial blood lactate concentration
was measured using an enzymatic method running in an automatized biochemistry
analyzer. The laboratory hospital is submitted to the Program of Quality Control for
Clinical Laboratories of the Brazilian Society of Clinical Pathology, and all analy-
sis complies international standard patterns.

Statistical analysis

Descriptive statistics included frequencies and percentages for categorical vari-
ables, and means, standard deviation (SD), confidence intervals (Cls), medians,
and interquartile ranges for continuous variables. To compare continuous variables,
we used the Student # test, Mann-Whitney U test, Kruskal-Wallis test, and Pearson
or Spearman correlation test, as appropriate, according to normal distribution. Cate-
gorical variables were analyzed using the chi-square test. We performed a simple lin-
ear regression analysis exploring the SOFA score on day 1 of septic shock and each
inflammatory variable (IL-18 day 1, IL-6 day 1, IL-10 day 1, CRP, and lymphocyte
count). We performed an exploratory multiple linear regression model to explore the
association between SOFA score on day 1 as the independent variable in the model
and routine respiration on day 1, CI respiration on day 1, CII respiration on day 1,
BCE day 1, IL-18 day 1, IL-6 d 1, IL-10 d 1, and CRP day 1 as independent vari-
ables. We defined the delta of inflammatory and mitochondrial variables as the mea-
surements of these variables on day 3 minus the measurements on day 1. We also per-
formed a binomial logistic regression exploring the delta of mitochondrial variables
and the delta of the inflammatory variables with SOFA score improvement at day 3.
All P values were two-tailed, and a 2-sided unadjusted P value of 0.05 or less was
considered statistically significant. We used R version 0.4.2 (R project) and Jamovi
(The jamovi project) version 1.6.23 for all analyses (38,39).

RESULTS

Clinical characteristics

A total of 64 patients were included in the analysis. The main
clinical characteristics of patients are presented in Table 1. Intensive
care unit mortality, hospital mortality, and 28-day mortality were
32%, 48%, and 35%, respectively. Median ICU length of stay was
7 days (interquartile range, 4—13 days). The patients showed an im-
provement in the SOFA score (mean difference [MD], —2; 95% CI,
—3.3 to —0.8; P = 0.002), an increase in routine respiration (MD,
47.5; 95% CI, 21.2 to 73.8; P < 0.001), in CI respiration (MD,
116; 95% CI, 53 to 175; P = 0.01), in CII respiration (MD, 217;
95% CI, 103 to 341; P < 0.01), and in BCE (MD, 0.04; 95% CI,
0.006 to 0.08; P = 0.02) on day 3 compared with day 1. There
was an increase in IL-10 levels (MD, 34.2 pg/mL; 95% CI, 0.1 to
105; P = 0.05) and a decrease in CRP (MD, =72 mg/L; 95% CI,
=97 to —47; P < 0.01) during this period. These populations did
not decrease IL-18 levels (MD, —2.3 pg/ml; 95% CI, —13.4 to
10.2; P = 0.669), IL-6 (MD, —18.6 pg/ml; 95% CI, —63 to 2;
P = 0.094), and lymphocyte count (MD, —139 x 103/uL; 95%
CI, —96 to 393; P = 0.246).

NEDEL ET AL.

TasLE 1. Descriptive characteristics of the cohort

Mean/median

Variable n (%) (SD/IQR)
Age 70 (56-76)
Male:female 38 (59%):26 (41%)
Primary focus of infection

Abdominal 26 (41%)

Cutaneous 2 (3%)

Lung 31 (48%)

Primary bloodstream infection 3 (5%)

Urinary 1(2.6%)
Neoplasy 16 (25%)
Chronic hypertension 22 (34%)
Diabetes 19 (27%)
Chronic kidney disease 6 (9%)
COPD 10 (15%)
Cirrhosis 5 (8%)
Culture-positive sepsis: 30 (47%):34 (53%)

culture-negative sepsis
SAPS Ill score at ICU admission 76 (65-85)
Maximum noradrenaline dose 0.21 (0.1-0.36)
SOFA day 1 7 (6-10)
SOFA day 3 4 (2-8)
BCE day 1 0.345 (0.243-0.395)
BCE day 3 0.414 (0.201-0.52)
Cl respiration day 1 260 (176-488)
Cl respiration day 3 431 (301-630)
ClI respiration day 1 529 (379-788)
Cll respiration day 3 818 (596—1,069)
IL-6 day 1, pg/mL 66 (30—212)
IL-6 day 3, pg/mL 67 (34—144)
IL-1 day 1, pg/mL 34 (15-506)
IL-1 day 3, pg/mL 40 (11-487)

IL-10 day 1, pg/mL

IL-10 day 3, pg/mL

CRP day 1, mg/L

CRP day 3, mg/L

Total lymphocyte count day 1, cells/uL
Total lymphocyte count day 3, cells/uL
Lactate day 1

191 (149-240)
182 (150-481)
156 (84-223)
84 (38-166)
1,001 (632-1,593)
1,191 (780-1,458)
2.83 (1.4-3.05)

BCE, biochemical coupling efficiency; Cl, complex I; Cll, complex Il; COPD,
chronic obstructive pulmonary disease; CRP, C-reactive protein; SAPS,
Simplified Acute Physiology Score; SOFA, Sequential Organ Failure Assessment.

Correlation between mitochondrial and
inflammatory variables

The correlation matrix, exploring the correlation between mi-
tochondrial and inflammatory variables on day 1, showed a neg-
ative and weak correlation between CII respiration and IL-6
(Spearman p, —0.275; P=0.028). Moreover, BCE at day 1 was neg-
ative correlated with IL-6: Spearman p, —0.247; P = 0.05. Complex
II respiration was also negatively correlated with IL-16 (Spearman
p, —0.253; P = 0.044). All analyses are described in ESM 1,
http://links.lww.com/SHK/B593. In ESM 2, http://links.lww.com/
SHK/B594, a correlation matrix exploring the correlation between
the delta of mitochondrial and inflammatory variables is described.
Delta CII respiration was negatively correlated with delta IL-6
(Spearman p, —0.261; P = 0.042). Delta CI respiration was nega-
tively correlated with delta IL-6 (Spearman p, —0.346; P = 0.0006),
and delta routine respiration was also negatively correlated with both
delta TL-10 (Spearman p, —0.257; P = 0.046) and delta IL-6
(Spearman p, —0.32; P =0.012).
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Patients who had an improvement in routine respiration did not
have a greater improvement in the inflammatory variables when
compared with those who did not have an improvement in routine
respiration: IL-10 (MD, —20.56; 95% CI, —207.4 to 166.3;
P =0.826), IL-6 (MD, 197.84; 95% CI, —300.3 to 696; P = 0.43),
IL-18 (MD, 27.9; 95% CI, —99.7 to 155.5; P = 0.663), lymphocytes
(MD, —427; 95% CI, —1057 to 203; P=0.181), or CRP (MD, 8.53;
95% CI, =72 to 89; P=0.832). Patients who had an improvement in
CI respiration did not have a greater improvement in IL-16 when
compared with those who did not have an improvement in CI res-
piration (MD, — 6.59; 95% CI, —45.6 to 14.3; P = 0.563). These
patients have greater improvement in IL-6 (MD, —42.57; 95% ClI,
—=79.7 to —12; P =0.01), but not in IL-10 (MD, —3.84; 95% ClI,
=76.8 to 173.9; P = 0.943) nor in CRP (MD, —18; 95% CI,
—87 to 44; P=0.615). Patients who improved CI respiration also
did not show greater improvement in lymphocyte counts when com-
pared with those who did not (MD, 220; 95% CI, —272 to 803;
P =0.368). Patients who had improved CII respiration did not have
a greater improvement in IL-16 when compared with those who did
not improve CII respiration (MD, —20.3; 95% CI, —61.9 to 3.4;
P = 0.1). These patients have greater improvement in IL-6
(MD, —36.6; 95% CI, —92.1 to —3.4; P = 0.03), but not in IL-10
(MD, —13.2; 95% CI, —72.7 to 171.1; P = 0.748) nor in CRP
(MD, 22.5; 95% CI, —42 to 83; P =0.416). Patients who improved
CllI respiration also did not show greater improvement in lympho-
cyte counts when compared with those who did not (MD, 42;
95% CI, =503 to 651; P = 0.887). Patients who had improved
BCE have a greater decrease in IL-10 levels when compared with
those who did not improve BCE (MD, —67.7; 95% CI, —201.7 to
—0.2; P =0.049). These patients did not have great improvement
in IL-6 (MD, 15.1; 95% CI, =26 to 50.8; P=0.431), IL-18 (MD,
—3.22;95% CI, —23.2 t0 22.5; P =0.793), CRP (MD, 27.6; 95%
CI, =33 to 87; P = 0.421), and lymphocyte count (MD, —294;
95% CI, —861 to 176; P =0.218).

Lactate concentration at day 1 was not associated with mitochon-
drial variables: routine respiration (Spearman p, —0.025; P =0.844),
CI respiration (Spearman p, —0.053; P = 0.679), CII respiration
(Spearman p, —0.068; P = 0.595), and BCE at day 1 (Spearman
p, —0.025; P = 0.848). Lactate was also not associated with in-
flammatory biomarkers: IL-18 (Spearman p, 0.091; P = 0.479),
IL-6 (Spearman p, 0.167; P = 0.192), IL-10 (Spearman p, 0.149;
P =0.245), CRP (Spearman p, 0.029; P =0.832), and lymphocyte
count (Spearman p, 0.114; P = 0.383).

Association between mitochondrial and inflammatory
variables with SOFA score

In the bivariate analysis, CI respiration and BCE on day 1 of
septic shock were associated with the SOFA score at this time,
and in the multivariate analysis, no variable remained associated
with the outcome. We also evaluated the association between
the delta of mitochondrial and inflammatory variables and the im-
provement in SOFA score on day 3, compared with SOFA score
on the first day. Patients who did not improve SOFA scores did
not show a lesser improvement compared with those who im-
proved SOFA scores, with respect to delta routine respiration,
delta CI respiration, delta CII respiration, and delta BCE. Patients
who did not improve SOFA also did not have a different variation
in inflammatory variables compared with those who improved
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SOFA on day 3: delta IL-18, delta IL-6, delta IL-10, delta CRP,
and delta lymphocyte count. In multivariate analysis, only delta
BCE was included in the model and did not reach a statistical sig-
nificant association with the outcome. All these results are pre-
sented in Table 2.

In subsequent analysis, four patients underwent tracheostomy, in
a state of chronic critical illness. These patients did not have differ-
ences in mitochondrial and inflammatory variables when compared
with those who did not undergo tracheostomy. Twenty-seven pa-
tients received corticosteroids during the study. Patients who re-
ceived corticosteroids had greater improvement in BCE when
compared with those who did not receive corticosteroids (MD,
0.09; 95% CI, 0.01 to 0.16; P =0.016). These results are summa-
rized in ESM 3, http://links.lww.com/SHK/B595.

DISCUSSION

In this study, we observed an improvement in lymphocytic ox-
idative phosphorylation, expressed by both CI, CII activity, and
BCE, associated with decreased levels of IL-6 on the third day
of sepsis. Lymphocytes attenuate the potentially harmful effects
of the proinflammatory response through metabolic reprogram-
ming, and this modulation of the immune response has a major
impact on the prognosis of these patients (3). In addition, IL-6
promotes the differentiation of T and B lymphocytes, leading to
increased immune responses targeted at infected cells (40) and
upregulates the synthesis of CRP (41,42). Despite this known in-
teraction, we did not find any association between CRP levels
and lymphocytic metabolic activity, implying that this biomarker
cannot serve as a “proxy” for lymphocytic metabolic response in
these patients.

The IL-10 downregulates the immune system through the inhi-
bition of monocyte-macrophage activation and suppression of
production of TNF-q, IL-1, and IFN-y from lymphocytes (43).
In our study, a BCE improvement was associated with decrease
in IL-10 levels on day 3 after sepsis diagnosis. Biochemical cou-
pling efficiency should be interpreted as a biomarker of an inte-
gral function of mitochondrial bioenergetic components, which
may lead to an effective coupling between oxygen consumption
with ATP synthesis (44). In addition, decreased IL-10 may serve
as an immunomodulator after the initial phase of sepsis (45).
Considering the changes in the dynamics of the BCE, on the first
day and its delta (D3-D1), with the dynamics of IL-6 and IL-10
within these same intervals, we assumed that a “proinflamma-
tory” activity expressed by an increase in IL-6 mediates decreased
lymphocyte bioenergetic efficiency. On the other hand, an
anti-inflammatory immune modulation, expressed by an increase
in IL-10, seems to be connected with more effective mitochon-
drial metabolic function, in terms of ATP biosynthesis. We found
only a weak negative correlation between serum levels of IL-18
and CII respiration. Interleukin 18 is fundamental in the host’s in-
nate immune response to infection, and glycolytic reprogram-
ming is crucial in macrophage IL-18 production (13), with an
infection-driven reorganization of electron transport chain specifi-
cally, with an increase in CII activity relative to CI, suggesting that
sepsis causes a bypass from CI to CII regarding electron transfer.
Thus, our findings suggest a different pattern of macrophages and
lymphocytes in the early stages of sepsis. To our knowledge, this
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TasLE 2. Inflammatory and mitochondrial variables and its association with SOFA score at ICU admission

Outcome: SOFA score at day 1

Bivariate analysis

Multivariate analysis

Predictor Estimative P Estimative P
Routine respiration —-0.002 0.476
Cl respiration —-0.003 0.034 —-0.008 0.073
ClI respiration —-0.001 0.156 0.004 0.172
BCE -7.35 0.039 -4.103 0.282
IL-1R8 <0.0001 0.638
IL-6 <0.0001 0.577
IL-10 <0.0001 0.743
CRP -0.003 0.45
Lymphocyte count <0.0001 0.818
Outcome: SOFA improvement at day 3
Bivariate analysis Multivariate analysis
Predictor MD (95% Cl) P OR (95% Cl) P
Delta routine respiration —6.83 (—64 to 71.78) 0.859
Delta Cl respiration —-23.36 (-158.78 t0 205.27) 0.844
Delta ClI respiration —205.16 (-494 to 139.24) 0.205
Delta BCE -0. 08 (-0.19t0 0.01) 0.117 77.2 (0.531011,216.7) 0.086
Delta IL-18 2 (-13.3t072.4) 0.543
Delta IL-6 18. 27 (-29 to 106.9) 0.495
Delta IL-10 -15. 24 (-115.2t0 36.5) 0.586
Delta CRP 35 (-27to 115) 0.25
Delta lymphocyte count 250 (—287 to 965) 0.363

BCE, biochemical coupling efficiency; Cl, confidence interval; Cl, complex I; Cll, complex Il; CRP, C-reactive protein; IL, interleukin; MD, mean difference;

OR, odds ratio; SOFA, Sequential Organ Failure Assessment.

is the first clinical study to explore lymphocytic immunometabolism
in patients with sepsis/septic shock, which has the merit of identify-
ing associations between lymphocyte metabolism and levels of in-
flammatory biomarkers in this population. Previous studies suggest
that changes in the mitochondrial activity of leukocytes is associated
with the prognostic of septic patients (16,29,30), albeit this asso-
ciation needs to be conciliated with pathophysiological mechanisms,
as we trend to propose in our work. According to our results, this in-
teraction, at least in the case of lymphocytes, does not occur an al-
tered expression in the classic inflammatory interleukins clinically
linked with sepsis, in the production of CRP or in the total concen-
tration of lymphocytes. The metabolic reprogramming expected in
sepsis could lead to increased lactate production by immune cells
due to an increased glycolysis, with a potentially impact on immune
response (15,46). This phenomenon, however, does not contributed
to an increase in arterial blood lactate levels in our study.

Our study has some limitations that should be stated. First,
screening-specific inflammatory phenotype of lymphocytes sub-
populations linked with particular mitochondrial bioenergetic sig-
natures may reinforce particular effects on target cells and its rel-
evance for the favorable and unfavorable clinical outcomes. How-
ever, we were not able to completely pave the way in this direction.
Even with this limitation, our global estimate of lymphocyte mito-
chondrial metabolism revealed some level of biological plausibility
regarding the modulation of CI and CII by IL-6. Traditionally, there
is a clinical response assessment within 72 h after starting treatment
in patients with sepsis (47,48), and a reassessment of mitochon-
drial activity is warranted in this context. Thus, we cannot rule
out different responses over longer periods after starting treatment.
Therefore, the association between early lymphocyte metabolism

in septic shock and the phenotype of persistent inflammation, im-
munosuppression, and catabolism syndrome would be better char-
acterized with further evaluation. In our analysis, a major sign of
persistent inflammation, immunosuppression, and catabolism syn-
drome was the need for tracheostomy due to prolonged mechanical
ventilation (49); the low number of patients who used it, however,
does not allow us to draw conclusions about this hypothesis. A
combined effect of all interleukins analyzed over mitochondrial
endpoints would reflect more realistically their behavior in a clini-
cal scenario. Considering the absence of this analysis as an intrinsic
limitation in a clinical study, we estimated interactions between
specific interleukins with mitochondrial metabolic endpoints.
Finally, the low number of patients included in this cohort
may lead to a type II error in this context, and the multiple anal-
yses are not submitted to a correction of the P value, because of
the hypothesis-generating characteristic of this study.

CONCLUSIONS

There was an increase in routine CI and CII respiration as well
as in the BCE of lymphocytes during the early phase of septic shock.
This metabolic reprograming is associated with a decrease in IL-6
levels, which can signal a decrease in the global inflammatory activity.
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ESM 1. Correlation matrix: correlation between mitochondrial and inflammatory variables on day 1
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respiration day 1 respiration day 1 respiration day 1 day 1 day 1 day 1 day 1 day 1
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Correlation Matrix

Routine Complex | Complex Il BCE IL-6 IL-10 IL-1 Lymphocytes
respiration day 1 respiration day 1 respiration day 1 day 1 day 1 day 1 day 1 day 1
p-value 0.070 0.044 0.349 <.001 0.006 —
Lymphocytes day 1 fﬁsarma” ° 0.033 0.004 0.002 0019  -0132  -0.163 —
p-value 0.798 0.973 0.990 0.882 0.308 0.206 —
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ESM 2. Correlation matrix: correlation between delta (day 3 — day 1) mitochondrial and inflammatory variables

Correlation Matrix

Delta Routine Delta Complex | Delta Complex Delta Delta IL- Delta Delta Delta Delta
respiration respiration Il respiration BCE 10 IL-6 IL-1 lymphocytes CRP
Delta Routine Spearman's o
respiration rho
p-value —
Deltg Cgmplex [ Spearman's 0,723 o
respiration rho
p-value <.001 —
Deltg Cgmplex I Spearman's 0,734 0.930 *** o
respiration rho
p-value <.001 <.001 —
Delta BCE Spearman’s 0.129 -0.019 0.081 — ) 0098  -0.116 -0.171 0.168
rho 0.226
p-value 0.322 0.884 0.533 — 0.081 0.454 0.373 0.187 0.281
Delta IL-10 fﬁsarma” ° -0.257 * -0.214 -0.220 -0.226 —
p-value 0.046 0.097 0.089 0.081 —
Delta IL-6 fﬁsarma” ° -0.320 * -0.346 ** -0.261 * 0098 0393 * —
p-value 0.012 0.006 0.042 0.454 0.001 —
Delta IL-1 Spearman’s -0.204 -0.096 -0.167 -0.116  0.236 -0.024 —

rho



Correlation Matrix

Delta Routine Delta Complex | Delta Complex Delta Delta IL- Delta Delta Delta Delta
respiration respiration Il respiration BCE 10 IL-6 IL-1 lymphocytes CRP
p-value 0.116 0.464 0.197 0.373 0.061 0.848 —
Delta Spearman's
0.015 -0.016 -0.050 -0.171 0.030 0.131 0.032 —
lymphocytes rho
p-value 0.908 0.905 0.702 0.187 0.817 0.301 0.804 —
Delta CRP fﬁsarma” ° 0.032 -0.002 0.069 0168 0086 0151  0.098 0.157 —
p-value 0.841 0.991 0.659 0.281 0.577 0.322 0.524 0.304 —

Nota. * p < .05, ** p < .01, ** p < .001
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ESM 3. Association between tracheostomy and corticosteroid use with mitochondrial
and inflammatory variables.

Outcome: tracheostomy

Variable MD [tracheostomized vs non-tracheostomized p
(95% ClI)]
Delta routine respiration -34.7 (-178 to 84) 0.53
Delta complex | respiration -58.8 (-432 to 160) 0.55
Delta complex Il respiration 14.7 (-706 to 354) 0.35
Delta BCE 0.07 (-0.08 t0 0.22) 0.45
Delta [L-113 -15 (-345 to 27) 0.51
Delta IL-6 0.5 (-127 to 124) 0.98
Delta IL-10 7.8 (-424 to 176) 0.81
Delta CRP -23.1(-130to 73) 0.59
Delta lymphocytes 130 (-780 to 830) 0.79
Outcome: corticosteroid use
Variable MD [corticosteroid use vs non-corticosteroid p
use (95% ClI)]
Delta routine respiration 7 (-44.3 t0 54.5) 0.8
Delta complex | respiration -1.9 (-148.5 to 105.3) 0.97
Delta complex Il respiration 14.7 (-217 to 282) 0.9
Delta BCE 0.09 (0.01 —0.16) 0.01
Delta [L-113 8.5 (-12.2 to 32) 04
Delta IL-6 -20.8 (-74.5t0 17.3) 0.26
Delta IL-10 -59 (-246 to 4) 0.07
Delta CRP 13.6 (-37 t0 82) 0.59
Delta lymphocytes -262 (-705 to 212) 0.25
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Capitulo 4 — “Antibiotic therapy does not alter mitochondrial bioenergetics in
lymphocytes of patients with septic shock — A prospective cohort study.”

Estudo publicado na revista Mitochondrion. Avaliamos a variabilidade dos
marcadores mitocondriais (delta BCE, delta respiragdo basal, delta respiragcao
de Complexo | e delta respiragdo de Complexo Il) em pacientes recebendo
diferentes antimicrobianos, de diferentes classes. Também realizamos analises
em controles saudaveis, em pacientes que utilizaram terapia antimicrobiana
combinada (em comparagdo aqueles que utilizaram em monoterapia), e em
casos de sepse nosocomial, comparados aos casos de sepse adquirida na
comunidade.
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ARTICLE INFO ABSTRACT

Keywords:

Antibiotics may trigger alterations in mitochondrial function, which has been explored in cells culture, and in
animal model of sepsis. This study sought to evaluate whether antibiotic therapy affects mitochondrial bio-
energetics in a 68-patients clinical study. We studied mitochondrial respiratory rates at two time points: the first

Septic shock
Mitochondrial respiration

gzgp}:: il day of antibiotic administration and three days after. The Abasal, ACI, ACII respiration, and ABCE respiratory
Anti‘tI:iotics rates were not different between patients administered with polymyxin, vancomycin, amoxicillin-clavulanate,

and azithromycin compared to those who were not administered. Specific beta-lactams are associated with
specific modifications in mitochondrial respiratory endpoints — patients who used meropenem had higher delta
C2 values compared to those who did not (p = 0.03). Patients who used piperacillin-tazobactam had lower delta
Cl (p = 0.03) values than those who did not, but higher delta C2 values (p = 0.02). These mitochondrial
metabolic signatures in isolated lymphocytes challenges the proposed effects of antibiotics in mitochondrial

Beta-lactam types

bioenergetics of cell cultures, but at current status have an uncertain clinical significance.

1. Introduction

Critically-ill patients are the highest per-capita consumers of anti-
microbials (Vincent et al., 2009), and are at greatest risk of harm from
untreated or undertreated infection (Zasowski et al., 2020). However,
this fact is associated with a dark side. Particularly, there is growing
evidence of the harm caused to individual patients by unnecessary or
unduly prolonged antimicrobial use (Arulkumaran et al., 2020; Zheng
et al., 2019). Although not yet demonstrated in critically septic patients,
the harmful effects associated with prolonged use of antimicrobials
could affect already compromised cell function, resulting in conse-
quences that could amplify pathophysiological mechanisms.

For instance, altered metabolism is a pathophysiological component
of organ dysfunction in sepsis and, it was demonstrated that at clinically
relevant doses, exposure of various human cells line and mice to
bactericidal antimicrobials resulted in mitochondrial abnormalities

including overproduction of reactive oxygen species (ROS) and oxida-
tive damage to protein, DNA and lipid membranes (Kalghatgi et al.,
2013). Such undesirable effects were observed at different dose and time
regimens of quinolone (ciprofloxacin), beta-lactams (ampicillin) and
aminoglycoside (kanamycin) (Kalghatgi et al., 2013). Acute kidney
injury is a common complication in these patients, and antibiotic use is a
major risk factor (Perazella, 2019). Antibiotic-induced kidney injury
occurs mainly with the use of aminoglycosides and vancomycin, and
mitochondrial dysfunction of tubular cells is one of the key mechanisms
for its emergence (Blair et al., 2021; Perazella, 2019; Stefano et al.,
2017).

Although beta-lactams (like meropenem, amoxicilline-clavulanate,
ampicillin-sulbactam and piperacillin-tazobactam) and cephalosporins
have been implicated as reversible inhibitors of carriers for mitochon-
drial substrates, such as succinate carriers, prolonged exposure to beta-
lactams caused irreversible acylation of mitochondrial Complex II

Abbreviations: ATP, adenosine triphosphate; BCE, biochemical coupling efficiency; CI, complex I; CII, complex II; ETC, electron transport chain; ICU, intensive
care unit; PTC, peptidyl transferase center; ROS, reactive oxygen species; SAPS, Simplified Acute Physiology score; SOFA, Sequential Organ Failure Assessment.
* Corresponding author at: Laboratory of Neurotrauma and Biomarkers, Departamento de Bioquimica — Instituto de Ciéncias Basicas da Satide, Universidade
Federal do Rio Grande do Sul, Rua Ramiro Barcelos, 2600 — Porto Alegre, RS, Brazil.

E-mail address: roskaportela@gmail.com (L.V. Portela).
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(Tune, 1990), accompanied by decreased activity. Also, at high doses,
several antimicrobials are able to inhibit mitochondrial oxidative
phosphorylation (Duewelhenke et al., 2007). An combined impairment
in substrate availability, ETC complex activity, and decreased adenosine
triphosphate (ATP) production triggered by antimicrobials has the po-
tential to act synergistically to influence organ dysfunction in septic
patients (Brealey et al., 2002). Piperacillin-tazobactam can penetrate
blood-brain barrier and cause mitochondrial dysfunction in neuron cells
as shown by the reduction of mitochondrial respiration, membrane
potential, and ATP production (Jiang et al., 2018). This damage has
clinical consequences, such as encephalopathy, mental confusion and
psychosis induced not only by piperacillin-tazobactam but also by other
beta-lactams (Roger and Louart, 2021).

Although preclinical studies emphasizes that antimicrobials impose
risks to mitochondrial function and cells viability, this association has
not been addressed in human studies, particularly in patients with septic
shock, a more severe spectrum of sepsis. While the antimicrobials act as
key supporters of septic shock resolution in humans, there are still gaps
regarding its influence on mitochondrial bioenergetics and whether it
conciliates results from preclinical studies (Arulkumaran et al., 2020).
Furthermore, an appropriate bioenergetic function of lymphocytes is
fundamental to produce an adequate immune response and signaling
molecules (Brady et al., 2020). Mitochondrial metabolism of lympho-
cytes are closely related with citokynes production and clonal expan-
sion, fundamental in the immune response of sepsis (Kramer et al.,
2014). Thus, is relevant to know whether antimicrobials interact with
specific targets in lymphocyte mitochondria to influence its metabolism
(Barnhill et al., 2012; Duewelhenke et al., 2007).

In this study, our objective is to evaluate the association between the
use of different classes of antibiotics commonly used in septic shock and
their potential impact on the mitochondrial metabolism of lymphocytes,
after the start of their administration.

2. Material & methods
2.1. Participants and study design

This is a prospective cohort study designed to evaluate the mito-
chondrial metabolism of circulating lymphocytes in patients with septic
shock admitted to four different intensive care units (ICUs) of a uni-
versity hospital in Brazil. This study was approved by the local ethics
committee (Plataforma Brasil number 66240017.0.0000.5530). We
prospectively enrolled 68 adult patients (greater thanl8 years old)
admitted to the ICU due to septic shock between November 2017 and
July 2018. Patients were excluded if they had known mitochondrial
disease, pregnancy, refusal of the patient or the next of kin to sign the
informed consent, patients with imminent death, and patients with
withholding or withdrawing treatments. No patients used metformin
during the study. The patients included in this study had not previously
used other antibiotics during the management of septic shock, thus
allowing the assessment of the isolated impact of starting the study
antibiotics, and maintained the use of antibiotics during the study
period, without adding or removing any of them. Septic shock was
defined as the presence of persistent hypotension with the need for
vasopressor therapy to maintain a mean arterial pressure of 65 mmHg or
greater (Levy et al., 2003). Patients were treated for septic shock ac-
cording to best clinical practice (Evans et al., 2021). The following de-
mographic and clinical characteristics were prospectively recorded:
gender, age, primary site of infection, community-acquired or hospital-
acquired infection, antibiotic use, ICU and 28-day mortality. Also,
Simplified Acute Physiology score (SAPS 3) and the Sequential Organ
Failure Assessment (SOFA) score were assessed.

Clinical and laboratory endpoints, including mitochondrial respi-
rometry in permeabilized lymphocytes (digitonin 0.005% w/v), were
evaluated at two time points: the first day of admission to the ICU (D1)
and three days after admission (D3). Pairwise variations between D1 and
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D3 (A) were used to estimate the improvement or worsening of the
clinical, laboratory, and mitochondrial endpoints. Additionally, we
performed an analysis evaluating the mithocondrial metabolism mea-
surements (Routine, Complex I respiration, Complex II respiration and
BCE) of six healthy individuals with the study population, comparing the
variables at the two moments (D1 and D3) in which the septic shock
patients were analyzed. The primary outcome was the A between those
who used and those who did not use each type of antibiotic.

2.2. Isolation of lymphocytes and mitochondrial respirometry

Six milliliters of blood were sampled in EDTA tubes at D1 and D3 and
Lymphocytes obtained through gradient centrifugation as described by
(Pecina et al., 2014). Briefly, lymphocytes were isolated by layering 4
mL of blood over 4 mL of Ficoll 1.077 g/dL (GE® healthcare, Little
Chalfont, UK) in a 15 mL sterile centrifuge tube. Samples were centri-
fuged at 800 x g for 20 min at 4 °C. An amount of 2 mL from the Buffy
coat present on the interface between centrifuged blood and Ficoll so-
lution was placed in a second sterile centrifuge tube and then diluted in
38 mL of RBC lysis solution (NH4Cl 155 mM, K;HCO3 10 mM, EDTA 0.1
mM) and left for 30 min on ice. This was then centrifuged for additional
20 min at 800 X g for 20 min at 4 °C. The obtained pellet was resus-
pended in 750 L respiration buffer (Mannitol 320 mM, TRIS 100 mM,
KCl 50 mM, MgCl, 4 mM, NaH,PO4 4 mM, EDTA 0.73 mM, pH 7.4), and
added to an Oroboros O2k High-resolution oxygraphy (Oroboros In-
struments, Innsbruck, AT). Respiration buffer was supplemented with
0.005% w/v digitonin to allow permeabilization of mitochondrial
membranes to polar substrates. Adequate permeabilization in this
isolation protocol was investigated prior to the analysis, assessing oxy-
gen consumption following substrate addition to permeabilized and
non-permeabilized isolates from the same sample (ESM 8). We per-
formed a protocol as previously described (Nedel et al., 2021). This
protocol assess the steady-state, “basal” (State 1) respiration, the respi-
ration linked to Complex I (CI), Complex II (CII) (State 2) and maximal
oxygen flow rate consumption coupled to ATP production (State 3), and
nonmitochondrial oxygen consumption. Additionally, biochemical
coupling efficiency (BCE) (also known as P control factor) was measured
as an indicator of the effectiveness of mitochondrial oxygen flow
coupled with ATP production (Chance and Williams, 1955). Following
respirometric analyses, total protein concentration was assessed using
BCA kits (Thermo Scientific, USA), using 25 uL of lymphocyte isolate.

The researchers involved in the mitochondrial analysis were blinded
to the clinical outcomes, and the researchers involved in the clinical data
collection were blinded to the mitochondrial outcomes. All chemicals
used for high-resolution respirometry analysis were analytical grade and
purchased from Sigma-Aldrich (Sigma Aldrich, St. Louis, MO, USA).

2.3. Statistical analysis

Descriptive statistics included frequencies and percentages for cate-
gorical variables and means, and standard deviation, confidence in-
tervals, medians, and interquartile ranges for continuous variables.
Mann-Whitney U test and One-Way ANOVA test were used to compare
continuous variables. To access the impact of each antibiotic on the
outcomes, a multiple linear regression was performed with A Basal, A
CI, A CII and A BCE as the dependent variable, and monotherapy (versus
combined antibiotic therapy), SOFA score at septic shock diagnosis,
pulmonary sepsis (versus non-pulmonary sepsis), nosocomial sepsis
(versus community-acquired sepsis) as independent variables in the
model. The antibiotics analyzed were selected for the model because
they presented a p value of<0.20 in the univariate analysis when
compared with the variation of mitochondrial variables (A Basal, A CI, A
CII and A BCE). Since the BCE assessment is a global marker of the ad-
equacy of mitochondrial metabolism, and given the fact that all patients
received antibiotic therapy as a result of the management of sepsis, we
performed an exploratory analysis evaluating the association between
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improvement in BCE in the second mensuration and the use of combi-
nation antimicrobial therapy (compared to the use of antibiotic mono-
therapy). In this multivariate analysis, we constructed a binomial
logistic regression with the presence of potentially confounding clinical
variables of the outcome (BCE improvement): SOFA score at sepsis
diagnosis, SAPS 3 at admission, clinical admission (versus surgical
admission), nosocomial sepsis (versus community-acquired sepsis),
pulmonary sepsis (versus non-pulmonary sepsis foci). We also per-
formed analysis of collinearity between independent variables in the
different models. Statistical tests were two-tailed with significance
defined as a p-value<0.05. All p-values were two-tailed. We used R 4.1.0
(R foundation) and Jamovi (The jamovi project) version 1.6.23 for all
analyses.

3. Results

A total of 68 patients were included in the study, 43 are men and 25
are women. The mean age was 64.5 (+£16.1) years, 38 had a clinical
admission and 30 had a surgical admission to the ICU, and 43 patients
had nosocomial sepsis. The most prevalent septic foci were pulmonary
(31 patients) and abdominal (29 patients). ICU mortality was 38% and
hospitalar mortality was 50%. Fifty-eight (85%) patients received me-
chanical ventilation and 41% received hemodialysis, and the mean
SOFA score at admission to the ICU was 8 (£3.2) points. The clinical
characteristics of the population studied are described in Table 1.

Eighteen patients received polymyxin, 21 received meropenem, 17
received vancomycin, 9 received amoxicillin-clavulanate, 10 received
azithromycin, 6 received ampicillin-sulbactam, and 32 received
piperacillin-tazobactam, in mono or combined therapy.

Results of mitochondrial variables (Basal D1 and D3, Complex I
respiration D1 and D3, Complex II respiration D1 and D3, BCE D1 and
D3 and its respectively deltas (D3 — D1) are shown in ESM 1 - 7. ESM 8
shows representative images of high-resolution respirometry assay in
lymphocytes. There were no differences in the ABasal, ACI, ACIIL, and

Table 1

Main clinical characteristics of the study population.
Variable N (%)
Clinical ICU admission 38 (55%)
Male:female sex 43:28
Nosocomial sepsis 43 (68%)
Sepsis foci
Abdominal 29
Catheter 1
Cutaneous 2
Lung 31
Primary bloodstream 4
Urinary 1
ICU mortality 25 (36%)
Hospitalar mortality 34 (50%)
Hemodialysis 28 (41%)
Mechanical ventilation 58 (85%)
Polymixin 18
Meropenem 21
Vancomycin 17
Amoxillin-clavulanate 9
Azitromycin 10
Ampicillin-sulbactam 6
Piperacillin-tazobactam 32
SAPS 3 score — mean (dp) 75 (13)
SOFA score — mean (dp) 8(3.2)
Age — mean (dp) 64.5 (16.1)

CRP - median (iqr)

A Basal — median (iqr)

A Complex I respiration — median (iqr)
A Complex II respiration — median (iqr)
ABCE - median (igr)-

220 (153 to 270)

42.7 (4.2 to 106.3)
105.3 (1.1 to 224.9)
163.1 (—111.3 to 409.8)
0.03 (—0.09 to 0.14)

Legend: BCE, biochemical coupling efficiency; CRP, c-reactive protein; ICU,
intensive care unit; SOFA, sequential organ failure assessment; SAPS, simplified
acute physiology score, A: Day 3 - Day 1.
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ABCE values between patients treated with polymyxin, vancomycin,
amoxicillin-clavulanate, and azithromycin compared to those not
treated with these antimicrobials. Patients who used meropenem had
higher ACII values compared to those who did not, but there were no
statistical differences in ACI (p = 0.09), ABCE (p = 0.07) and ABasal (p
=0.17) - ESM 2. Patients who used ampicillin-sulbactam had decreased
ABasal respiration compared to those who did not (p = 0.039), and no
significant differences was found relative to ACI values (p = 0.07), and
ACII values (p = 0.16) — ESM 6. Patients who used piperacillin-
tazobactam displayed decreased ACI respiratory values and increased
ACII values than those who did not use. Additionally, no statistical
differences in ABasal and ABCE values were observed — ESM 7. We did
not find statistically significant differences in D1 and D3 measurements
in the different analysis performed (ESM 1 - 7).

Since the antibiotics studied have specific indications depending on
the focus of sepsis and its origin (nosocomial or community-acquired),
we performed an exploratory analysis regarding the influence of the
primary site of infection on mitochondrial respiratory endpoints. Pa-
tients who had nosocomial septic shock did not show altered mito-
chondrial bioenergetic function compared to those who acquired
community septic shock: ABasal (p = 0.39), ACI (p = 0.08), ACII (p =
0.42), and ABCE (p = 0.84). Furthermore, the foci of septic shock were
not associated with ABasal (p = 0.26), ACI (p = 0.30), ACII (p = 0.20),
and ABCE (p = 0.75). There was no statistically significant differences in
pairwise comparisons (abdominal, catheter, cutaneous, pulmonary,
primary bloodstream and urinary foci). We also performed an analysis
evaluating the hypothesis that the use of antibiotics in monotherapy
would present a smaller change in the values of A Basal, A CI, A CII and
A BCE compared to those patients who used combined antibiotic ther-
apy. We did not find difference between the groups regarding A Basal
(56.9 [IQR 4 to 113] in monotherapy versus 37 [IQR 3 to 93] in com-
bined therapy, p = 0.37), A CI (103 [IQR —7 to 188] in monotherapy
versus 108 [IQR 12 to 240] in combined therapy, p = 0.54), A CII (171
[IQR —49 to 366] in monotherapy versus 155 [IQR —115 to 462] in
combined therapy, p = 0.73) and A BCE (0 [IQR —0.11 to 0.13] in
monotherapy versus 0.03 [IQR —0.08 to 0.14], p = 0.57). In the several
multivariate models in which we analyzed the impact of each antibiotic
in mitochondrial variables (Table 2), piperacillin-tazobactam was
associated with a lesser A Complex II improvement in 72 h (p = 0.001)
when compared with non-users, and ampicillin-sulbactam was associ-
ated with a greater improvement in A Basal when compared with non-
users (p = 0.034). In the another models, only SOFA score at septic
shock diagnosis were independently associated with changes in mito-
chondrial variables. The complete data of these statistical analyzes are
published in a data repository (zenodo.org, https://doi.
org/10.5281/zenodo.6575297).

Healthy controls had higher BCE measurements compared to pa-
tients with septic shock in D1 (0.5 [IQR 0.4 — 0.5] versus 0.3 [0.3 - 0.4],
p = 0.02, respectively) but not in D3 (0.4 [IQR 0.2 - 0.5] in patients with
septic shock, p = 0.28 in comparison between groups). These pop-
ulations did not differ in Routine measurements, both in D1 (127.9 [IQR
85.2-448.9] in healthy controls and 134.7 [IQR 113.6 — 197.2] in septic
patients, p = 0.81) and in D3 (211.4 [IQR 153.4 - 272, p = 0.41).
Healthy controls had lower CI respiration measurements when
compared with septic shock patients, both in D1 (81.6 [IQR 20.9 —
232.9] versus 274.2 [IQR 176.4 — 446.7, respectively, p = 0.01) and in
D3 (408.5 [IQR 287.4 — 620.3], p = 0.01). Healthy controls also had
lower CII respiration measurements when compared with septic shock
patients, both in D1 (46.5 [IQR 36.4 — 118.9] versus 548.5 [IQR 389.7 —
787.2], respectively, p < 0.01) and in D3 (787.8 [IQR 552.9 — 1053.6], p
< 0.01).

We performed an analysis that evaluated the impact of combination
antimicrobial therapy (compared to monotherapy) on improving BCE on
day 3, corrected for potentially confounding variables. Monotherapy
was not associated with the improvement of BCE (OR 0.80, 95% CI 0.28
—2.29; p = 0.69), SAPS 3 score (OR 0.99, 95% CI 0.95 - 1.04; p = 0.97),
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Table 2 Table 2 (continued)
Multlva.rlate e.malysw exploring the impact of different antimicrobials in mito- Intercept 83 (_26.69 to 192.69) 0.135
chondrial variables. Ampicillin-sulbactam use (vs non-use) 95.2 (7.02 to 183.38) 0.034
A BCE: meropenem use Coefficient (95% CI) p Monotherapy (vs combined therapy) -23.07 (—114.4 to 68.25) 0.615
Intercept 0.52 (0.19 — 0.85) 0.002 SOFA at sepsis diagnosis —3.14 (—10.34 to 4.05) 0.386
Meropenem use (Vs non-use) ~0.23 (~0.52 to 0.04) 0.10 Pulmonary sepsis (vs non-pulmonary 28.05 (-17.75 to 73.87) 0.226
Monotherapy (vs combined therapy) —0.08 (—0.2 to 0.04) 0.19 sepsis)
SOFA at sepsis diagnosis ~0.02 (—0.03 to —0.01) <0.001 Nosocomial sepsis (vs community- —4.54 (—52.7 to 43.61) 0.851
Pulmonary sepsis (vs non-pulmonary 0.001 (—0.06 to 0.06) 0.959 acquired sepsis)
sepsis) A Complex I: ampicillin-sulbactam use  Coefficient (95% CI) P
Nosocomial sepsis (vs community- 0.02 (—0.04 to 0.09) 0.486 Intercept 249.13 (-105.92 to 0.166
acquired sepsis) 604.19)
A Basal: meropenem use Coefficient (95% CI) p Ampicillin-sulbactam use (vs non-use) 135.52 (—~149.9 t0 420.95)  0.347
Intercept 116.92 (—20.05 to 446.85)  0.072 Monotherapy (vs combined therapy) —114.62 (—410.24 to 181 0.442
Meropenem use (vs non-use) —94.89 (—300.79 to 111) 0.360 SOFA at sepsis qiagnosis 1.5 (-21.78 to0 24.8) 0.898
Monotherapy (vs combined therapy) —9.82 (—100.68 to 81.03) 0.827 Pulmo'nary sepsis (vs non-pulmonary 99.29 (—49 to 247.59) 0.186
SOFA at sepsis diagnosis —2.15 (—9.34 to 5.03) 0.551 sepsis) ) . )
Pulmonary sepsis (vs non-pulmonary 21.3 (—25.08 to 67.69) 0.362 Nosocomial sepsis (vs community- —90.52 (—246.34 to 65.35) 0.251
sepsis) acquired sepsis)
Nosocomial sepsis (vs community- —20.26 (—68.36 to 27.85) 0.403 A Complex II: ampicillin-sulbactam use Coefficient (95% CI) P
acquired sepsis) Intercept 526.3 (—70.64 to 1123.25)  0.083
A Complex I: meropenem use Coefficient (95% CI) P Ampicillin-sulbactam use (vs non-use) 252.44 (—227.44 to 0.297
Intercept 340.2 (—368. 05 to 0.34 732.33)
1048.46) Monotherapy (vs combined therapy) —304.53 (—801.55 to 0.226
Meropenem use (vs non-use) 181.42 (—443.24 to 0.564 192.49)
806.08) SOFA at sepsis diagnosis —8.51 (—47.68 to 30.66) 0.666
Monotherapy (vs combined therapy) ~117.03 (~392.67 to 0.399 Pulmonary sepsis (vs non-pulmonary 200.95 (—48.42 to 450.23) 0.112
158.6) sepsis)
SOFA at sepsis diagnosis 1.68 (—20.11 to 23.48) 0.877 Nosocomial sepsis (vs community- —54.82 (-316.89 to 0.678
Pulmonary sepsis (vs non-pulmonary 73.78 (—66.95 to 214.51) 0.299 acquired sepsis) 207.24)
sepsis) 1
Nosocomial sepsis (vs community- —120.76 (—266.72 to 0.103 . . . . . .
acquired sepsis) 25.18) BCE, biochemical coupling efficiency.
A Complex II: meropenem use Coefficient (95% CI) P
Intercept 849.80 (—368.05 to 0.154 clinical admission (OR 1.85, 95% CI 0.5 - 6.82, p = 0.35), nosocomial
M } ) 12289"2‘6() 443,241 0737 sepsis (OR 1.09, 95% CI 0.34 — 3.45; p = 0.87) or pulmonary sepsis (OR
eropenem use (Vs non-use. " - . o . . e
P 806.08) 0.94, 95% CI 0.28 — 3.17; p = 0.92). There was, however, a statistically
Monotherapy (vs combined therapy) ~312.51 (—392.67 to 0.177 significant association between BCE improvement at day 3 and SOFA
158.61) score at septic shock diagnosis: OR 0.75, 95% CI 0.6 — 0.93; p = 0.01.
SOFA at sepsis diagnosis —8.42 (—20.11 to 23.49) 0.644
Pulmo.nary sepsis (vs non-pulmonary 157.5 (—66.95 to 214.51) 0.183 4. Discussion
sepsis)
Nosocomial sepsis (vs community- —113.81 (—266.72 to 0.352
acquired sepsis) 25.19) Lymphocytes mitochondrial bioenergetics is an essential component
A BCE: amoxicillin-clavulanate use Coefficient (95% CI) P of immune function (Kramer et al., 2014). Energy metabolism regulates
Intercept 0.21 (0.055 t0 0.371) 0.009 the response of both innate and adaptive immune cells and, hence, po-
Amoxicillin-clavulanate use (vs non-use) —0.01 (—0.12 to 0.005) 0.063 tential int t bet timi bial ith itochondria i
Monotherapy (vs combined therapy) —0.056 (—0.143 to 0.116) 0.386 .en 1a 11.1 erac 1(.)ns etween antimicro .la § with mitochon .I‘la In pa-
SOFA at sepsis diagnosis ~0.017 (~0.027 to 0.001 tients with septic shock may enhance immune cell responsiveness or
—0.007) alternatively conduct immunoparalysis (Cheng et al., 2016).
Pulmonary sepsis (vs non-pulmonary —0.002 (—0.069 to 0.063)  0.937 It has been reported that more than 40% of antibiotics interfere with
sepsis) b . . . . . o pe
acterial and also host protein biosynthetic machinery, more specificall
A Complex I: piperacillin-tazobactam Coefficient (95% CI) P . . . p . y . ¥ . P A y
use with ribosomal sites which may lead to damage in mitochondrial pro-
Intercept 0.21 (~71.03 to 617.25) 0.009 teins involved in bioenergetic activity like the electron transfer com-
Piperacillin-tazobactam use (vs non-use) —0.01 (—342.85 to 0.063 plexes and ATP synthase (McCoy et al., 2011). Antibiotics may also
Monoth } bined th ) ’55622)( 278,07 0.386 interact with other functional effectors present in the cells of the host,
t t -0. —278.07 t . . i .
onotherapy {vs comblned terapy. 303.41) ° resulting in adverse effects organ specific (Blair et al., 2021; Roger and
SOFA at sepsis diagnosis —0.02 (~23.55 to 21.41) 0.001 Louart, 2021). Remarkably, several classes of antimicrobials are
Pulmonary sepsis (vs non-pulmonary —0.002 (—44.2 to 240.47)  0.937 involved with different levels of mitochondrial damage, implying they
sepsis) ) ) impair energy metabolism and ATP-dependent mechanisms. Actually, in
N?:;;‘;?LZ;‘:?; (vs community- 0.023 (-228.42t070.49)  0.506 preclinical studies some antibiotics increases the reactive oxygen species
A Complex IT: piperacillin-tazobactam  Coefficient (95% CI) P production and oxidative damage to proteins and tissues reflecting they
use may cause metabolic uncoupling (Barnhill et al., 2012). (Cheng et al.,
Intercept 574.85 (3.73 to 1145.96) 0.049 2016). Our data demonstrate a lower BCE in septic shock patients
Piperacillin-tazobactam use (vs non-use) *93861-6‘;0 (-624.63 to 0.007 compared with healthy individuals, with increased Complex I and
Monotherapy (vs combined therapy) _57.99 (_540.46 to 0.811 Comple?< I resplrgt1on in Fhes.e Populatlon, wh1c.h may corrobore?te these
data. Differentiating the intrinsic effect of sepsis and the additional ef-
424.49) g p
SOFA at sepsis diagnosis —13.78 (—51.1 to 23.54) 0.463 fect of antibiotic administration, however, cannot be estimated.
Pulmonary sepsis (vs non-pulmonary 199.64 (—36.57 to 435.84)  0.096 In our study, different classes of antibiotics did not alter mitochon-
sepsis) ) ) drial metabolism in lymphocytes of septic shock patients; therefore, we
Nosocomial sepsis (vs community- —30.62 (—278.651t0 217.4) 0.806 R . .. .
acquired sepsis) were not able of reconciliating the detrimental effects of antimicrobials
A Basal: ampicillin-sulbactam use Coefficient (95% CI) P on mitochondria metabolism reported in cell culture and in animal

10

models. However, antimicrobials traditionally associated with
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mitochondrial damage have a reduction in their use (Timsit et al., 2019)
due to limitations in their antimicrobial spectrum, such as amino-
glycosides, the magnitude of side effects, such as chloramphenicol, or in
their induction of bacterial resistance, such as quinolones.

Beta-lactams are the guideline in the treatment of several relevant
clinical conditions, such as nosocomial and community-acquired pneu-
monia as well as intra-abdominal infection, being the class of antimi-
crobials mostly consumed nowadays (Tamma et al., 2021). Here, we
found an impairment in complex II respiration in lymphocytes of pa-
tients who received meropenem, compared with those who not received;
and there was a tendency of improvement in ABCE and AComplex I
respiration in those who received meropenem. In others beta-lactams
studied, we found distinct patterns of response. In patients receiving
ampicillin-sulbactam, there was an impairment in ABasal respiration
but a trend of improvement in AComplex I respiration. In patients who
received piperacillin-tazobatam, there was an impairment in AComplex
I respiration and an improvement in AComplex II respiration being this
oscillation in CI and CII respiration a suggestion of compensatory
mechanism.

When variations in mitochondrial metabolism (delta) are evaluated
for the presence of potential confounders, both as markers of underlying
disease severity (such as the SOFA score), and the primary focus of
sepsis, the associated use of multiple antibiotics and the origin of
infection, the use of different types of antibiotics is not independently
associated with alterations in mitochondrial metabolism, except when
we evaluate the use of piperacillin-tazobactam and A CII and the use of
ampicillin-sulbactam and the ABasal. However, due to the small sample
size when patients are stratified by each antimicrobial employed, and
the multiple comparisons performed, the analyzes are subject to type I
and type II statistical errors. Based on this limitation, we suggest “sta-
tistical trends” regarding improvement or worsening of mitochondrial
metabolic endpoints, depending on the antibiotic studied. However, it is
important to note that we found alterations only in antibiotics of the
beta-lactam class, with intrinsic effects of each drug on specific mito-
chondrial respiratory endpoints.

In this work, our aim was to minimize the confusion bias inherent in
the use of drugs for nosocomial infections, and not for community in-
fections, as well as their use for infections from different sites (e.g.,
pulmonary and abdominal). We did not find significant differences in
mitochondrial respiration between nosocomial patients compared to
those with community-acquired infections, nor in those with infections
at the pulmonary or abdominal site, the most prevalent in our sample.
The small sample size, especially the very small numbers with any one
antibiotic, is a great limitation of our work, because a previously related
risk of a type II error in this context. Critically-ill patients are commonly
exposed to an insufficient antibiotic exposure (Hagel et al., 2022), and
this is a relevant limitation in our study, since there was no monitoring
of serum levels of antibiotics. Thus, is impossible to know if levels of
plasma antibiotics approached those used in in-vitro assays demon-
strating impairment of bioenergetics.

Another potential limitation of this study is the use of different an-
tibiotics, in different combinations, which could theoretically limit a
better understanding of the role of each of them in mitochondrial
function. However, this heterogeneity is in line with current parameters
of antibiotic use in critically ill patients (Curcio and Groupf, 2013;
Lonsdale and Lipman, 2021). In addition, this heterogeneity reflects a
real-life scenario, in which, although the use of a particular antibiotic
may affect the mitochondrial function of an immune cell, this impact is
possibly masked by other conditions that also alter the patient’s mito-
chondrial function, in particular the severity of their disease (measured
by SOFA score in our study). The fact that we found no difference in
mitochondrial metabolism between those patients who used only one
antibiotic, when compared with those who used a combination of two or
more antimicrobials, also corroborates this finding. Possibly, therefore,
the use of a particular antibiotic has a lesser effect on mitochondrial
metabolism than the improvement of the infection per se. In this study,
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the usual regimen of antibiotics for the treatment of septic shock does
not produce a large enough change in lymphocyte bioenergetics over 72
h of administration to be detected amidst the effect of initial adminis-
tration of antibiotics and the critical illness itself.

In conclusion, mitochondrial metabolic signatures in isolated lym-
phocytes challenges the proposed effects of antibiotics in mitochondria
bioenergetics of cell cultures, but at current status have an uncertain
clinical significance.
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ESM 1. Polymixin use and its association with mitochondrial parameters in septic patients

Table 1. Summary statistics of patients that had use compared with those who did not use polymyxin.

Statistic p Mean difference  SE difference
Basal D1 Mann-Whitney U 632 0.572 8.71332
Complex | D1 Mann-Whitney U 620 0.495 24.82015
Complex Il D1 Mann-Whitney U 572 0.248 7547212
BCE D1 Mann-Whitney U 604 0.401 -0.02154
Basal D3 Mann-Whitney U 645 0.661 -8.82382
Complex | D3 Mann-Whitney U 621 0.500 -43.63294
Complex Il D3 Mann-Whitney U 603 0.394 -99.86379
BCE D3 Mann-Whitney U 480 0.767 -0.01243
Delta BCE Mann-Whitney U 494 0.905 -0.00997
Delta Basal Mann-Whitney U 454 0.533 13.69644
Delta Complex | Mann-Whitney U 471 0.682 -20.24700
Delta Complex Il Mann-Whitney U 441 0.431 -93.82934
Group Descriptives
Group N Mean Median SD SE
Basal D1 0 69  160.8606  130.3825 80.535 9.6953
1 20  164.5468  123.3731 110.072 24.6128
Complex | D1 0 69  336.6349  251.5307  227.698 274116
1 20 3119815 2439455  233.398 52.1894
Complex Il D1 0 69  625.7839  557.6072 315943 38.0350
1 20 5357112  485.5082  271.063 60.6114
BCE D1 0 69 0.3003 0.3155 0.114 0.0137
1 20 0.3196 0.3520 0.113 0.0252
Basal D3 0 69 1783576 1844232  121.168 14.5869
1 20 189.6433 188.3835 96.759 21.6360
Complex | D3 0 69  403.7014 3559639  337.436 40.6225
1 20  446.0006  377.1989  300.822 67.2659
Complex Il D3 0 69 7022946 6459623  550.769 66.3048
1 20 7918178 7342167 465225  104.0275
BCE D3 0 56 0.3643 0.3696 0.196 0.0262
1 18 0.3872 0.3675 0.226 0.0534
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Group Descriptives

Group N Mean Median SD SE
Delta BCE 0 56 0.0354 0.0300 0.143 0.0190
1 18 0.0461 0.0350 0.168 0.0396
Delta Basal 0 56 52.6100 53.4650  100.704 13.4572
1 18 32.9028 33.8050 84.653 19.9530
Delta Complex | 0 56  132.8079  100.3550  324.078 43.3067
1 18 1555044  131.6350  271.176 63.9167
Delta ComplexIl 0 56  216.1411 171.9750  549.893 73.4826
1 18  309.3722  236.8050  422.409 99.5628

Legend: 0, no polymyxin use; 1, polymyxin use; BCE, biochemical coupling efficiency; SD, standard deviation; SE,

standard error

Figure 1. Polymixin mitochondrial parameteres

Legend: 0, no polymyxin use; 1, polymyxin use; black square, mean of measurement; D1, first day of polymyxin use;

D3, third day of polymyxin use.

Figure 1.1 Polymixin Routine D1. Routine in graphic refers to Basal respiration.
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Figure 1.5 Polymyxin Routine D3. Routine in graphic refers to Basal respiration.
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ESM 2. Meropenem use and its association with mitochondrial parameters in septc patients
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Difference in mitochondrial variables between use or non-use of meropenem

Statistic p Mean difference  SE difference
Basal D1 Mann-Whitney U 781 0.866 2.48393
Complex | D1 Mann-Whitney U 782 0.873 -4.04463
Complex II D1 Mann-Whitney U 706 0.393 50.53094
BCE D1 Mann-Whitney U 758 0.705 -0.00949
Basal D3 Mann-Whitney U 659 0.197 -33.71290
Complex | D3 Mann-Whitney U 636 0.135 -118.21938
Complex Il D3 Mann-Whitney U 655 0.186 -159.57375
BCE D3 Mann-Whitney U 447 0.191 -0.06236
Delta BCE Mann-Whitney U 412 0.083 -0.07993
Delta Basal Mann-Whitney U 450 0.204 -25.06004
Delta Complex | Mann-Whitney U 436 0.150 -84.47995
Delta Complex Il Mann-Whitney U 406 0.072 -201.42995
Group Descriptives
Group N Mean Median SD SE
Basal D1 0 64  159.2238  130.1766 80.077 10.0096
1 25 167.9995 125.765  105.295 21.0591
Complex | D1 0 64 3282294  248.1481 226.307 28.2884
1 25 3384301 251.531 236.430 47.2861
Complex Il D1 0 64 6232679  546.6613  314.419 39.3024
1 25  560.1665 482.054  289.384 57.8768
BCE D1 0 64 0.3022 0.3187 0.115 0.0144
1 25 0.3109 0.316 0.109 0.0218
Basal D3 0 64 1711329  166.6893 110.058 13.7573
1 25  205.8815 221.124  128.030 25.6060
Complex | D3 0 64  368.1559  339.7060  268.650 33.5812
1 25 5285371 468.193  432.074 86.4148
Complex Il D3 0 64  656.1737 6444149 444272 55.5340
1 25  891.9828 775274  690.098  138.0196
BCE D3 0 53 0.3500 0.2700 0.200 0.0275
1 21 0.4201 0.441 0.205 0.0447
Delta BCE 0 53 0.0189 -0.0100 0.144 0.0198
1 21 0.0862 0.100 0.150 0.0328
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Delta Basal 0 53 39.9392 36.2800 91.771 12.6057

1 21 67.6967 60.510 108.481 23.6724
Delta Complex | 0 53 89.8823 93.8900 248924 34.1924
1 21 260.5981 152.660  410.679 89.6176
Delta Complex Il 0 53 143.1179 154.6200  433.168 59.5003

1 21 480.3500 318.990  644.796 140.7059

Legend: 0, no polymyxin use; 1, polymyxin use; black square, mean of measurement; D1, first day of
polymyxin use; D3, third day of polymyxin use.

ESM Figure 1. Meropenem mitochondrial parameteres

Legend: 0, no meropenem use; 1, meropenem use; black square, mean of measurement; D1, first day of
meropenem use; D3, third day of meropenem use.

Figure 1.1 Meropenem Routine D1. Routine in graphic refers to Basal respiration.
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Figure 1.5 Meropenem Routine D3. Routine in graphic refers to Basal respiration.
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ESM 3. Vancomycin use and its association with mitochondrial parameters in septic patients

Table 1. Summary statistics of patients that had use compared with those who did not use vancomycin.

Statistic p Mean difference  SE difference
Basal D1 Mann-Whitney U 606 0.558 10.1634
Complex | D1 Mann-Whitney U 645 0.845 9.1037
Complex Il D1 Mann-Whitney U 560 0.295 68.3986
BCE D1 Mann-Whitney U 618 0.641 -0.0130
Basal D3 Mann-Whitney U 642 0.817 -3.1533
Complex | D3 Mann-Whitney U 636 0.775 -14.9375
Complex Il D3 Mann-Whitney U 664 0.996 2.24e-5
BCE D3 Mann-Whitney U 419 0.404 -0.0418
Delta BCE Mann-Whitney U 398 0.269 -0.0400
Delta Basal Mann-Whitney U 440 0.572 11.7700
Delta Complex | Mann-Whitney U 429 0.480 50.0000
Delta Complex Il Mann-Whitney U 462 0.777 34.5400
Group Descriptives
Group N Mean Median SD
Basal D1 0 70 162.2140 129.9964 80.132 9.5776
1 19 159.7544 126.858 112.621 25.8370
Complex | D1 0 70 321.5126 249.9863 203.475 24.3199
1 19 366.3975 251.531 305.791 70.1533
Complex Il D1 0 70 612.0818 537.6019 285.152 34.0822
1 19 581.4519 396.770 386.222 88.6055
BCE D1 0 70 0.3015 0.3187 0.111 0.0133
1 19 0.3162 0.286 0.123 0.0282
Basal D3 0 70 178.7612 180.4832 118.207 14.1285
1 19 188.7505 200.224 108.677 24.9322
Complex | D3 0 70 411.0055 357.9313 339.301 40.5543
1 19 421.3169 363.058 292.933 67.2034
Complex Il D3 0 70 722.1043 684.7698 552.272 66.0091
1 19 723.5464 704.156 460.603 105.6695
BCE D3 0 57 0.3583 0.3453 0.192 0.0254
1 17 0.4087 0.414 0.239 0.0580
Delta BCE 0 57 0.0282 0.0300 0.144 0.0190
1 17 0.0706 0.120 0.162 0.0393
Delta Basal 0 57 50.8277 43.7200 99.212 13.1410
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Group Descriptives

Group N Mean Median SD SE

1 17 37.7194 37.010 90.633 21.9818
Delta Complex | 0 57 159.1958 119.2900 309.907 41.0481

1 17 68.3624 97.780 310.965 75.4200
Delta Complex Il 0 57 254.8460 173.1700 537.494 71.1928

1 17 185.0812 126.400 470.413 114.0919

Legend: 0, no polymyxin use; 1, polymyxin use; BCE, biochemical coupling efficiency; SD, standard deviation; SE,
standard error

Figure 1 Vancomycin mitochondrial parameters

Legend: 0, no vancomycin use; 1, vancomycin use; black square, mean of measurement; D1, first day of
vancomycin use; D3, third day of vancomycin use.

Figure 1.1 Vancomycin Basal D1. Routine in graphic refers to Basal respiration.
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Figure 1.5 Vancomycin Basal D3. Routine in graphic refers to Basal respiration.
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ESM 4. Amoxicillin-clavulanate use and its association with mitochondrial parameters in septic patients
Table 1. Summary statistics of patients that had use compared with those who did not use ampicillin-sulbactam.

Statistic p Mean difference  SE difference

Basal D1 Mann-Whitney U 223 0.063 -46.7065

Complex | D1 Mann-Whitney U 270 0.223 -66.1712

Complex Il D1 Mann-Whitney U 232 0.083 -159.9449

BCE D1 Mann-Whitney U 266 0.203 -0.0474

Basal D3 Mann-Whitney U 306 0.466 -31.8845

Complex | D3 Mann-Whitney U 297 0.394 -86.9735

Complex Il D3 Mann-Whitney U 270 0.222 -187.8601

BCE D3 Mann-Whitney U 235 0.346 0.0444

Delta BCE Mann-Whitney U 196 0.110 0.0801

Delta Basal Mann-Whitney U 218 0.221 40.7800

Delta Complex | Mann-Whitney U 273 0.753 36.0101

Delta Complex Il Mann-Whitney U 253 0.519 120.1699

Group Descriptives

Group N Mean Median SD SE

Basal D1 0 80 155.4723 128.0252 81.405 9.1014
1 9 216.9474 182.5412 121.1195 40.3732

Complex | D1 0 80 320.7306 248.1481 216.951 24.2558
1 9 423.2208 326.3080 309.5718 103.1906

Complex Il D1 0 80 582.4828 528.7905 285.620 31.9333
1 9 810.5211 672.9380 424.8752 141.6251

BCE D1 0 80 0.2998 0.3086 0.117 0.0131
1 9 0.3480 0.3444 0.0506 0.0169

Basal D3 0 80 177.2675 180.4832 117.534 13.1407
1 9 213.1273 208.4734 97.7851 32.5950

Complex | D3 0 80 407.5821 347.1218 339.949 38.0074
1 9 463.2046 409.9480 204.6769 68.2256

Complex Il D3 0 80 707.0573 673.1590 550.123 61.5057
1 9 858.9002 852.1465 310.1070 103.3690

BCE D3 0 65 0.3781 0.4136 0.208 0.0258
1 9 0.3101 0.2310 0.1525 0.0508

Delta BCE 0 65 0.0485 0.0500 0.149 0.0185
1 9 -0.0378 -0.0900 0.1183 0.0394

Delta Basal 0 65 54.9662 43.4500 92.803 11.5108
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Group Descriptives

Group N Mean Median SD SE

1 9 -3.8211 25.3600 115.3124 38.4375
Delta Complex | 0 65 151.9455 107.6900 312.121 38.7138

1 9 39.9844 153.5000 295.7286 98.5762
Delta Complex Il 0 65 265.1875 173.1700 521.293 64.6585

1 9 48.3789 155.4500 502.4121 167.4707

Legend: 0, no polymyxin use; 1, polymyxin use; BCE, biochemical coupling efficiency; SD, standard deviation; SE,
standard error

Figure 1. Amoxicillin-clavulanate mitochondrial parameters

Legend: 0, no amoxicillin-clavulanate use; 1, amoxicillin-clavulanate use; black square, mean of
measurement; D1, first day of amoxicillin-clavulanate use; D3, third day of amoxicillin-clavulanate use.

Figure 1.1 Amoxicillin-clavulanate Basal D1. Routine in graphic refers to Basal respiration.
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Figure 1.5 Amoxicillin-clavulanate Basal D3. Routine in graphic refers to Basal respiration.
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Figure 1.10 Amoxicillin-clavulanate Delta Basal. Routine in graphic refers to Basal respiration.
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ESM 5. Azitromycin use and its association with mitochondrial parameters in septic patients

Table 1. Summary statistics of patients that had use compared with those who did not use azitromycin.

- ) SE
Statistic p Mean difference difference
Basal D1 ya””'Wh't”ey 256 0.032 -42.08049
Complex | Mann-Whitney 593 0.091 -84.79207
D1 U
Complex Il Mann-Whitney 281 0.066 -151.13604
D1 U
BCE D1 ya””'Wh't”ey 339 0.265 -0.04301
Basal D3 ya””'Wh't”ey 375 0.504 -21.82278
Complex | Mann-Whitney 384 0578 4228976
D3 U
Complex Il Mann-Whitney 399 0712 -45.89838
D3 U
BCE D3 ya””'Wh't”ey 307 0.843 -0.01081
Delta BCE ya””'Wh't”ey 309 0.868 0.00999
Delta Basal ya””'Wh't”ey 254 0.300 27.90992
Delta Mann-Whitney 272 0453 56.67587
Complex | u
Delta Mann-Whitney 241 0.215 197.77872
Complex Il u
Group Descriptives
Group N Mean Median SD SE
Basal D1 0 78 1550215 1263786 82.556 9.3476
1 11 208.9669 1652247  108.9061 32.8364
g‘;mp'ex ! 0 78 319.0558 247.4986 219464 248494
1 11 4164624 3751647 2774662  83.6592
g‘;mp'ex ! 0 78 582.1640 5244403 289.604  32.7912
1 11 771319 612.1456 3881477  117.0309
BCE D1 0 78 0.2989 03122 0116 0.0131
1 11 0.3454 0.3247 0.0813 0.0245
Basal D3 0 78 177.4981 180.4832 117.733 13.3306
1 11 2049718 2084734  101.8033  30.6949
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SE

Statistic p Mean difference difference

g‘s’mp'ex ! 78 410.8360 348.5482 340246 385253

11 4300183 4099480 2392037  72.1226
g‘s’mp'ex ! 78 7204532 684.7698 551285 624207

11 7363030 7980758 3821282 1152160
BCE D3 64 03673 0.3463 0.205 0.0256

10 0.3863 0.3934 0.1969 0.0623
Delta Basal 64 0.0395 0.0300 0.149 0.0187

10 0.0280 0.0250 0.1467 0.0464
Delta

. 64 544173 43,5850 93.558 11.6947

Routine

10 5.5700 250000 1119582 354043
Delta

64 1549411 119.2850 313913 39.2392
Complex |

10 32.0090 684550  277.8428  87.8616
Delta

64 2758314 1827350 522786 653482
Complex Il

10 1.9390 1377850 4613670  145.8971

Legend: 0, no azitromycin use; 1, azitromycin use; BCE, biochemical coupling efficiency; SD, standard deviation; SE,

standard error

Figure 1. Azitromycin mitochondrial parameters

Legend: 0, no azitromycin use; 1, azitromycin use; black square, mean of measurement; D1, first day of
azitromycin use; D3, third day of azitromycin use.

Figure 1.1 Azitromycin Basal D1. Routine in graphic refers to Basal respiration.
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Figure 1.5 Azitromycin Basal D3. Routine in graphic refers to Basal respiration.
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ESM 6. Ampicillin-sulbactam use and its association with mitochondrial parameters in septic patients

Table 1. Summary statistics of patients that had use compared with those who did not use ampicillin-sulbactam.

- ) SE
Statistic p Mean difference difference
Basal D1 ya””'Wh't”ey 3480 0.876 -3.8797
Complex | Mann-Whitney 358.0 0.984 04620
D1 U
Complex Il Mann-Whitney 3510 0.908 112433
D1 U
BCE D1 ya””'Wh't”ey 2485 0.131 0.0839
BasalD3 ya””'Wh't”ey 357.0 0973 -143e-5
Complex | Mann-Whitney 3410 0.801 0.0606
D3 U
Complex Il Mann-Whitney 340.0 0.790 18846
D3 U
BCE D3 ya””'Wh't”ey 180.0 0.642 0.0548
Delta BCE ya””'Wh't”ey 1915 0.812 0.0101
Delta Basal ya””'Wh't”ey 99.0 0.039 -78.3441
Delta Mann-Whitney 123.0 0.111 -150.1812
Complex | u
Delta Mann-Whitney 141.0 0216 -220.6252
Complex Il u
Group Descriptives
Group N Mean Median SD SE
Basal D1 0 80  164.1554 129.2743 90.901 10.1630
1 9 1397644 136.1234 41627 138757
g‘;mp'ex ) 80  336.2861 2494733 234994 262731
1 9 2849498 2782124 152536  50.8453
g‘;mp'ex S 80  607.4511 5485477 314383  35.1491
1 9 5885804 5242166 249646 832154
BCE D1 0 80 03111 03212 0.110 0.0124
1 9 0.2470 02135 0.126 0.0421
Basal D3 0 80 1813618 1804832  112.333 12.5592
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SE

Statistic p Mean difference difference
9 1767330 1975617 150482  50.1608
g‘s’mp'ex ! 80  416.2301 3606101  327.096 365704
9 3863331 3224998 358856  119.6188
g‘s’mp'ex ! 80 7307077 6847698 528609  59.1003
9 6486742 6886660  584.685  194.8949
BCE D3 68 03737 0.3696 0.202 0.0245
6 0.3266 0.3638 0.220 0.0900
Delta BCE 68 0.0388 0.0300 0.147 0.0179
6 0.0283 0.0400 0.169 0.0688
Delta Basal 68 409176 36.6450 95111 11,5339
6 1260017 120.8450 88189  36.0028
Delta
68  127.1909 1053100 317596 385142
Complex |
6 2645567 2731300 185169 755951
Delta
68 2243954 163.1150  533.321 64.6747
Complex Il
6  402.2850 3796300 332068 1355662

Legend: 0, no polymyxin use; 1, polymyxin use; BCE, biochemical coupling efficiency; SD, standard deviation; SE,

standard error

Figure 1. Ampicillin-sulbactam mitochondrial parameters

Legend: 0, no ampicillin-sulbactam use; 1, ampicillin-sulbactam use; black square, mean of measurement;

D1, first day of ampicillin-sulbactam use; D3, third day of ampicillin-sulbactam use.

Figure 1.1 Ampicillin-sulbactam Basal D1. Routine in graphic refers to Basal respiration.
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Figure 1.5 Ampicillin-sulbactam Routine D3. Routine in graphic refers to Basal respiration.
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ESM 7. Piperacillin-tazobactam use and its association with mitochondrial parameters in septic patients

Table 1. Summary statistics of patients that had use compared with those who did not use piperacillin-tazobactam.

Mann-Whitney U test between

groups
Statistic Mean SE
P difference difference
Basal D1 Mann-Whitney U 871 0.392 10.4684
Complex | D1 Mann-Whitney U 941 0.782 5.0650
Complex Il D1 Mann-Whitney U 960 0.905 -6.9773
BCE D1 Mann-Whitney U 901 0.541 -0.0108
Basal D3 Mann-Whitney U 827 0.220 28.6568
Complex | D3 Mann-Whitney U 812 0.178 84.3640
Complex Il D3 Mann-Whitney U 773 0.095 174.4211
BCE D3 Mann-Whitney U 629 0.645 -0.0224
Delta BCE Mann-Whitney U 665 0.939 4.00e-5
Delta Basal Mann-Whitney U 552 0.194 23.2550
:De'ta Complex 1 nn-Whitney U 450  0.015 112.4500
ﬁe'ta Complex 1 nn-Whitney U 438  0.010 248.4250
Group Descriptives

Group N Mean Median SD SE
Basal D1 0 50 170.4914 134.6876 96.5350 13.6521

1 39 150.4037 129.1928 73.624 11.7892
Complex | D1 0 50 332.2138 264.8716 229.0131 32.3873

1 39 329.6601 247.3621 229.413 36.7355
Complex Il D1 0 50 605.3558 534.1903 318.4323 45.0331

1 39 605.7826 557.6072 296.515 47.4804
BCE D1 0 50 0.2997 0.3147 0.0979 0.0138

1 39 0.3111 0.3225 0.131 0.0210
Basal D3 0 50 195.2006 204.3486 123.9850 17.5341

1 39 162.5516 166.8735 102.805 16.4620
Complex | D3 0 50 470.8027 388.7523 378.6929 53.5553

1 39 339.3660 332.6894 234.200 37.5020
Complex Il D3 0 50 824.4159 769.7757 607.2799 85.8823

1 39 591.6381 642.8675 384.099 61.5051
BCE D3 0 42 0.3600 0.3934 0.1903 0.0294

1 32 0.3828 0.3311 0.220 0.0390
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Group Descriptives

Group N Mean Median SD SE
Delta BCE 0 42 0.0402 0.0300 0.1489 0.0230
1 32 0.0350 0.0100 0.149 0.0264
Delta Basal 0 42 56.1824 53.4650 105.4198 16.2666
1 32 36.8359 22.9650 84.709 14.9746
Delta Complex | 0 42 208.4286 164.3450 345.1366 53.2557
1 32 46.3225 46.2700 232.270 41.0599
Delta Complex Il 0 42 370.9586 329.1100 565.2265 87.2163
1 32 65.3856 71.1300 401.132 70.9109

Legend: 0, non-piperacillin-tazobactam users; 1, piperacillin-tazobactam users; BCE, biochemical coupling
efficiency; SD, standard deviation; SE, standard error.

Figure 1. Piperacillin-tazobactam mitochondrial parameters

Legend: 0, no piperacillin-tazobactam use; 1, piperacillin-tazobactam use; black square, mean of measurement; D1,
first day of piperacillin-tazobactam use; D3, third day of piperacillin-tazobactam use.
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Clinical study
Antibiotic therapy does not alter mitochondrial bioenergetics in lymphocytes of patients

with septic shock - a prospective cohort study.

Wagner L. Nedel, MD, MSc. (1), Marcelo S. Rodolphi MSc. (2), Nathan R. Strogulski, MSc. (2),
Afonso Kopczynski, UG. (2), Thiago H. M. Montes, MD (1), Jose Abruzzi Jr, MD (1), Luis V.

Portela, Ph.D. *(2).

1. Intensive Care Unit — Hospital Nossa Senhora da Conceigdo, Grupo Hospitalar
Conceigéao, Porto Alegre, RS, Brazil

2. Laboratory of Neurotrauma and Biomarkers, Departamento de Bioquimica,
Programa de Pds-Graduagédo em Bioquimica, ICBS, Universidade Federal do Rio
Grande do Sul — UFRGS, Porto Alegre, RS, Brazil

3. Programa de P6s-Graduagao em Pneumologia, Universidade Federal do Rio Grande

do Sul — UFRGS, Porto Alegre, RS, Brazil

Statistical analysis: association between antibiotic and mitochondrial variables

Meropenem ~ Delta BCE

Coefficient (95% Cl) P
Intercept 0.526 (0.199 — 0.852) 0.002
Meropenem use (vs non- | -0.082 (-0.209 to 0.044) 0.10
use)
Monotherapy (vs combined | -0.082 (-0.209 to 0.044) 0.198
therapy)
SOFA at sepsis diagnosis -0.018 (-0.028 to -0.008) <0.001
Pulmonary sepsis (vs non- | 0.001 (-0.063 to 0.066) 0.959
pulmonary sepsis)
Nosocomial sepsis (vs | 0.023 (-0.043 to 0.091) 0.486
community-acquired sepsis)

Breusch Pagan test for homoscedasticity evaluation: p = 0.858

VIF values for multicollinearity: meropenem use (1.25), monotherapy (1.33), SOFA at sepsis
diagnosis (1.09), pulmonary sepsis (1.03), nosocomial sepsis (1.07)

P value of F statistic = 0.0123; adjusted R squared = 0.148

Meropenem ~ Delta Routine

Coefficient (95% Cl) P
Intercept 116.929 (-20.058 to 446.85) | 0.072
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community-acquired sepsis)

Meropenem use (vs non- | -94.890 (-300.79 to 111) 0.360
use)

Monotherapy (vs combined | -9.826 (-100.68 to 81.03) 0.827
therapy)

SOFA at sepsis diagnosis -2.155 (-9.34 to 5.03) 0.551
Pulmonary sepsis (vs non- | 21.302 (-25.08 to 67.69) 0.362
pulmonary sepsis)

Nosocomial sepsis (vs | -20.259 (-68.36 to 27.85) 0.403

Adjusted R square -0.014, P value for F statistic 0.551
Breusch Pagan test for collinearity evaluation p = 0.915

VIF values for collinearity: meropenem use (1.25), monotherapy (1.33), SOFA (1.09),

pulmonary sepsis (1.03), nosocomial sepsis (1.07)

Meropenem ~ delta Complex |

community-acquired sepsis)

Coefficient (95% Cl) P
Intercept 340.2 (-368. 05 to 1048.46) | 0.34
Meropenem use (vs non- | 181.42 (-443.24 to 806.08) | 0.564
use)
Monotherapy (vs combined | -117.03 (-392.67 to 158.6) 0.399
therapy)
SOFA at sepsis diagnosis 1.688 (-20.11 to 23.48) 0.877
Pulmonary sepsis (vs non- | 73.783 (-66.95 to 214.51) 0.299
pulmonary sepsis)
Nosocomial  sepsis (vs | -120.76 (-266.72 to 25.18) 0.103

Adjust R squared 0.090, p value for F statistic = 0.063
Breush-Pagan test for homoscedasticity p = 0.782

VIF values for collinearity: meropenem use (1.25), monotherapy (1.33), SOFA (1.09),

pulmonary sepsis (1.03), nosocomial sepsis (1.07)

Meropenem ~Complex Il

Coefficient (95% Cl) P
Intercept 849.807 -368.056754 | 0.154
1048.46389
Meropenem use (vs non- | 174.927 -443.24472 | 0.737
use) 806.08460
Monotherapy (vs combined | -312.508 -392.67237 | 0.177
therapy) 158.60864
SOFA at sepsis diagnosis -8.426 -20.11437 | 0.644
23.48949
Pulmonary sepsis (vs non- | 157.504 -66.95042 | 0.183
pulmonary sepsis) 214.51663
Nosocomial  sepsis (vs | -113.810 -266.72116 | 0.352
community-acquired sepsis) | 25.18735

Adjusted R squared 0.10, p value for F statistic 0.041
Breush-Pagan test for homoscedasticity p = 0.765

VIF values for collinearity: meropenem use (1.25), monotherapy (1.33), SOFA (1.09),

pulmonary sepsis (1.03), nosocomial sepsis (1.07)

Amoxicillin-clavulanate ~ delta BCE

Coefficient (95% Cl) P
Intercept 0.213734 0.05590646 | 0.0087
0.371561438
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Amoxicillin-clavulanate use | -0.097293 -0.19996670 | 0.0629

(vs non-use) 0.005380506

Monotherapy (vs combined | -0.056225 -0.14336532 | 0.3867

therapy) 0.116599353

SOFA at sepsis diagnosis -0.017553 -0.02773427 - | 0.0010
0.007371806

Pulmonary sepsis (vs non- | -0.002572 -0.06807101 | 0.9378

pulmonary sepsis) 0.062926373

Nosocomial  sepsis (vs | 0.023068 -0.04579552 | 0.5060

community-acquired sepsis) | 0.091930894

Adjusted R squared = 0.12, p value for F statistic. = 0.022

Breush-Pagan test for homoscedasticity p = 0.819

VIF values for collinearity: amoxicillin-clavulanate use (vs non-use) 1.085, monotherapy (vs
combined therapy) 1.19, SOFA at sepsis diagnosis 1.087, pulmonary sepsis (vs non-
pulmonary sepsis) 1.02, nosocomial sepsis (vs community-acquired sepsis) 1.089

Piperacillin-tazobactam vs Delta Complex |

Coefficient (95% Cl) P
Intercept 0.213734 0.0087
Piperacillin-tazobactam use | -0.097293 0.0629.
(vs non-use)
Monotherapy (vs combined | -0.056225 0.3867
therapy)
SOFA at sepsis diagnosis -0.017553 0.0010
Pulmonary sepsis (vs non- | -0.002572 0.9378
pulmonary sepsis)
Nosocomial sepsis (vs | 0.023068 0.5060
community-acquired sepsis)

Adjusted R squared 0.12, p value for F statistic 0.022

Breusch-Pagan test for homoscedasticity p = 0.787

VIF values for collinearity: piperacillin-tazobactam 1.26, monotherapy (vs combined therapy)
1.3, SOFA score at sepsis diagnosis 1.12, pulmonary sepsis (vs non-pulmonary sepsis) 1.02,
nosocomial sepsis (vs community-acquired sepsis) 1.08.

Piperacillin-tazobactam vs Complex Il

Coefficient (95% Cl) P
Intercept 574.85 3.736144 | 0.04856
1145.96018
Piperacillin-tazobactam use | - 361.40 -624.637739 - | 0.00786
(vs non-use) 98.16183
Monotherapy (vs combined | -57.99 -540.466333 | 0.81114
therapy) 424.48990
SOFA at sepsis diagnosis -13.78 -51.091951 | 0.46376
23.53935
Pulmonary sepsis (vs non- | 199.64 -36.572863 | 0.09626 .
pulmonary sepsis) 435.84614
Nosocomial  sepsis  (vs | -30.62 -278.650100 | 0.80608
community-acquired sepsis) | 217.40115

Adjusted R squared 0.07, p value for F statistic: 0.074

Breusch-Pagan test for homoscedasticity p = 0.579

VIF values for collinearity: piperacillin-tazobactam 1.26, monotherapy (vs combined therapy)
1.3, SOFA score at sepsis diagnosis 1.12, pulmonary sepsis (vs non-pulmonary sepsis) 1.02,
nosocomial sepsis (vs community-acquired sepsis) 1.08.

Ampicillin-sulbactan Delta Routine
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Coefficient (95% Cl) P
Intercept 83.003 0.1357
Ampicillin-sulbactam  use | 95.204 0.0348
(vs non-use)
Monotherapy (vs combined | -23.074 0.6157
therapy)
SOFA at sepsis diagnosis -3.143 0.3866
Pulmonary sepsis (vs non- | 28.056 0.2259
pulmonary sepsis)
Nosocomial  sepsis (vs | -4.543 0.8512
community-acquired sepsis)

Adjusted R square = 0.015, p value for F statistic = 0.321

Breusch-Pagan test for homoscedasticity evaluation p = 0.874

VIF values for collinearity: ampicillin-sulbactam 1.16, monotherapy (vs combined therapy)
1.21, SOFA at sepsis diagnosis 1.13, pulmonary sepsis (vs non-pulmonary sepsis) 1.04,
nosocomial sepsis (vs community-acquired sepsis) 1.11

Ampicillin-sulbactam Delta complex |

Coefficient (95% Cl) P
Intercept 249.136 -105.92192 | 0.166
604.19397
Ampicillin-sulbactam  use | 135.523 -149.90598 | 0.347
(vs non-use) 420.95105
Monotherapy (vs combined | -114.619 -410.24140 | 0.442
therapy) 181.00347
SOFA at sepsis diagnosis 1.504 -21.79609 24.80507 | 0.898
Pulmonary sepsis (vs non- | 99.296 -49.00009 | 0.186
pulmonary sepsis) 247.59282
Nosocomial sepsis (vs | -90.523 -246.39762 | 0.251
community-acquired sepsis) | 65.35141

Adjusted R square = -0.0043, p value for F statistic = 0.467

Breusch-Pagan test for homoscedasticity evaluation p = 0.669

VIF values for collinearity: ampicillin-sulbactam 1.16, monotherapy (vs combined therapy)
1.21, SOFA at sepsis diagnosis 1.13, pulmonary sepsis (vs non-pulmonary sepsis) 1.04,

nosocomial sepsis (vs community-acquired sepsis) 1.11

Ampicillin-sulbactam Dalta Complex Il

Coefficient (95% Cl) P
Intercept 526.304 -70.64774 | 0.083
1123.25647
Ampicillin-sulbactam  use | 252.446 -227.43942 | 0.297
(vs non-use) 732.33153
Monotherapy (vs combined | -304.532 -801.55612 | 0.226
therapy) 192.49253
SOFA at sepsis diagnosis -8.509 -47.68351 30.66612 | 0.666
Pulmonary sepsis (vs non- | 200.95 -48.42327 | 0.112
pulmonary sepsis) 450.23269
Nosocomial  sepsis  (vs | -54.825 -316.89344 | 0.678
community-acquired sepsis) | 207.24422

Adjusted R square = 0.009, p value for F statistic = 0.509
Breusch-Pagan test for homoscedasticity evaluation p = 0.4299

VIF values for collinearity: ampicillin-sulbactam 1.16, monotherapy (vs combined therapy)
1.21, SOFA at sepsis diagnosis 1.13, pulmonary sepsis (vs non-pulmonary sepsis) 1.04,
nosocomial sepsis (vs community-acquired sepsis) 1.11
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Capitulo 5: “Mortality of septic shock patients is associated with impaired
mitochondrial oxidative coupling efficiency in lymphocytes: a prospective cohort
study.”

Estudo publicado na revista Intensive Care Medicine Experimental. Neste
estudo, avaliamos 75 pacientes no primeiro e no terceiro dias do manejo do
choque séptico. Quinze pacientes triados faleceram no periodo entre as coletas
e ndo foram analisados. Avaliamos os marcadores de metabolismo mitocondrial
(BCE, respiragao basal, respiracdo de Complexo | e respiragdo de Complexo Il)
nos dois intervalos de tempo, com os seus respectivos deltas (dia 3 - dia 1), e
investigamos a sua associagdo com a mortalidade dos pacientes, tanto em curto
(internacdo na UTI e internagdo hospitalar) quanto em longo prazo (6 meses).

Encontramos o delta BCE, em analise multivariada, como um preditor
independente de mortalidade nestes pacientes, tanto em curso quanto em longo
prazo. Também estabelecemos um ponto de corte para o delta BCE como
preditor de mortalidade a longo prazo nesta populagao.
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Abstract

Background: Septic shock is a life-threatening condition that challenges immune
cells to reprogram their mitochondrial metabolism towards to increase ATP synthesis
for building an appropriate immunity. This could print metabolic signatures in mito-
chondria whose association with disease progression and clinical outcomes remain
elusive.

Method: This is a single-center prospective cohort study performed in the ICU of one
tertiary referral hospital in Brazil. Between November 2017 and July 2018, 90 con-
secutive patients, aged 18 years or older, admitted to the ICU with septic shock were
enrolled. Seventy-five patients had Simplified Acute Physiology Score (SAPS 3) assessed
at admission, and Sequential Organ Failure Assessment (SOFA) assessed on the first
(D1) and third (D3) days after admission. Mitochondrial respiration linked to complexes
I, 11,V, and biochemical coupling efficiency (BCE) were assessed at D1 and D3 and A
(D3-D1) inisolated lymphocytes. Clinical and mitochondrial endpoints were used to
dichotomize the survival and death outcomes. Our primary outcome was 6-month
mortality, and secondary outcomes were ICU and hospital ward mortality.

Results: The mean SAPS 3 and SOFA scores at septic shock diagnosis were 75.8
(£12.9) and 8 (&£ 3) points, respectively. The cumulative ICU, hospital ward, and
6-month mortality were 32 (45%), 43 (57%), and 50 (66%), respectively. At the ICU, non-
surviving patients presented elevated arterial lactate (2.8 mmol/L, IQR, 2—-4), C-reactive
protein (220 mg/L, IQR, 119-284), and capillary refill time (5.5 s, IQR, 3-8). Respiratory
rates linked to Cll at D1 and D3, and ACII were decreased in non-surviving patients.
Also, the BCE at D1 and D3 and the ABCE discriminated patients who would evolve to
death in the ICU, hospital ward, and 6 months after admission. After adjusting for pos-
sible confounders, the ABCE value but not SOFA scores was independently associated
with 6-month mortality (RR 0.38, Cl 95% 0.18-0.78; P=0.009). At a cut-off of — 0.002,
ABCE displayed 100% sensitivity and 73% specificity for predicting 6-month mortality

©The Author(s), 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.
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Conclusions: The ABCE signature in lymphocytes provided an earlier recognition of
septic shock patients in the ICU at risk of long-term deterioration of health status.

Keywords: Septic shock, Lymphocytes, Mitochondrial signatures, Mortality, Prognostic
biomarker

Introduction

Sepsis is a disorder that develops as organ disfunction, and remains one of the leading
causes of death globally. Although it may benefit from early diagnostic and prompt treat-
ments to minimize mortality, the availability of diagnostic tools to better predict out-
comes and support early clinical decisions are still limited. Septic shock, the most severe
end of the spectrum of sepsis, represents a life-threatening condition, which requires
vasopressor therapy to treat profound circulatory and metabolic abnormalities [1, 2].
Indeed, during septic shock the oxidative metabolism in several tissues may be limited
by the oxygen saturation, delivery, and utilization by mitochondria. Therefore, an early
antibiotic therapy, fluid resuscitation and vasopressor drugs alone may not overcome the
respiratory deficits at the cellular level. This highlights that inherent or acquired mito-
chondrial defects associated with septic shock may hinder oxygen consumption coupled
with ATP synthesis (OXPHOS), independent of standard therapeutic interventions,
thereby contributing to mechanisms underlying organ failure and, eventually, to patient’s
death [3-5].

Current advances in the understanding of the physiopathology of sepsis have incor-
porated the concept of an existing crosstalk between immune cells metabolism and
immunity [5-9]. The inflammatory course of septic shock challenges the immune cells
to enhance their production of antibodies and signaling molecules over time, which
relies on an increased energy consumption supported by the mitochondrial metabolic
machinery [7, 10]. Based on this, mitochondria of lymphocytes are constantly repro-
gramming their metabolism, with the increased activity of oxidative complexes reflect-
ing their higher requirements for ATP synthesis by working at high respiratory rates or
the downregulation of oxidative complexes reflecting decreased ATP demands or mito-
chondrial metabolic exhaustion [9]. These unique features suggest that mitochondria
might print metabolic signatures in immune cells of septic shock patients whose clinical
significance as a biomarker remains elusive [4, 5, 11-14]. Remarkably, the rates of oxy-
gen consumption associated with individual mitochondrial complexes can be profiled
in lymphocytes by respirometry protocols allowing to derive a composite of metabolic
signatures that may serve as candidate biomarkers of clinical outcomes. Particularly, the
BCE is a parameter which scores how efficiently the mitochondrial machinery are syn-
chronized towards ATP-synthesis [15, 16].

Early studies have analyzed OXPHOS metabolism in sepsis, with controversial results
mainly regarding the capability of metabolic endpoints to predict organ failure and mor-
tality [4, 5, 11-14, 17]. In general, they focused on sepsis and did not include a large
number of patients with septic shock, which reduced the power of clinical associations
between organ failure, mortality, the effectiveness of therapies and specific mitochon-
drial respiratory states. Also, few studies conducted a strategy of two sequential assess-
ments in the ICU setting and following its impact on the short-, mid- and long-term

prognosis.
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Therefore, there are still gaps to fill regarding mitochondrial metabolic signatures
in immune cells as feasible biomarkers for septic shock patients admitted to the ICU.
Accordingly, we aimed to investigate mitochondrial bioenergetic signatures in lympho-
cytes associated with mortality for septic shock.

Material and methods

Participants and study design

This is a prospective cohort study designed to evaluate the mitochondrial metabolism
of circulating lymphocytes in septic shock patients admitted to four different ICUs from
one tertiary university public hospital in Brazil. This study was approved by the local
ethics committee (Plataforma Brazil number 66240017.0.0000.5530). We prospectively
enrolled 90 adult patients (>18 years old, 45% were women) admitted to the ICU due
to septic shock between November 2017 and July 2018 as indicated in Fig. 1. Patients
were excluded if they presented with a known mitochondrial disease, pregnancy, refusal
of the patient or the next of kin to sign the informed consent, patients with imminent
death, and patients with withholding or withdrawing treatments. Septic shock was
defined as the presence of persistent hypotension with the requirement of vasopres-
sor therapy to maintain a mean arterial pressure of 65 mmHg or greater according to
Sepsis 2001 definition [18]. The following demographic and clinical characteristics were
prospectively recorded: gender, age, primary site of infection, community-acquired or
hospital-acquired infection, comorbidities, noradrenaline maximum dose, lactate level,

543 patients admitted in ICU
between November 2017 and July
2018.

453 patients were excluded:

240 non-septic sock

176 admitted in weekends
36 in imminent death

1 with previous mitocondriopathy

90 patients with septic sock

analyzed at Day 1.

> 15 patients died between Day 1 and Day 3.

75 patients included

(Analyzed at Day 1 and Day 3).

Fig. 1 Flow diagram. Ninety patients were initially engaged in the study protocol, but 15 progressed to

death on day 1 of admission. Seventy-five septic shock patients completed the study
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urine output, PaO,:FiO, ratio, serum creatinine, total bilirubin, platelets, international
normalized rate (INR), Glasgow Coma Scale, capillary refill time, central venous satura-
tion (SvO,), length of ICU and length of hospital stay. Also, Simplified Acute Physiol-
ogy Score (SAPS 3) and the Sequential Organ Failure Assessment (SOFA) score were
assessed [19, 20]. The SOFA score was used as a tool for defining both, the clinical condi-
tion of the individual patient and the response to therapies [21], as well as delta SOFA
as an indicator of resolved or unresolved clinical condition [22]. This score is a gold
standard for predicting hospital mortality, providing detailed information regarding the
number and severity of organic failure in septic patients [23]. The management of septic
shock in these patients was carried out as recommended by Surviving Sepsis Campaign
[24] guidelines, especially with regard to early antibiotic therapy, culture collection, fluid
replacement and preferential use of norepinephrine as first-line vasopressor drug.

Clinical and laboratory endpoints, including mitochondrial respirometry in permea-
bilized lymphocytes (digitonin 0.005% w/v), were evaluated at two timepoints: the first
day of ICU admission (D1) and three days after admission (D3). The pairwise variations
between D1 and D3 (A) were used to estimate the improvement or the worsening of the
clinical, laboratory and mitochondrial endpoints. SOFA and mitochondrial endpoints
were used to dichotomize the survival and death outcomes. The primary outcome was
6-month mortality for septic shock, and the secondary outcomes were ICU and hospital
mortality.

Isolation of lymphocytes and mitochondrial respirometry

Six milliliters of blood were sampled in EDTA tubes at D1 and D3. Lymphocytes were
isolated as described by Pecina et al. [25]. We assayed mitochondrial respiration in per-
meabilized lymphocytes isolated at D1 and D3. The cells counting showed 98% of the
lymphocytes in the fraction.

The high-resolution respirometry measurements were performed within 3 h of blood
sampling using oxygraphy (Oxygraph-2 k; Oroboros Instruments, Innsbruck, Austria)
at 37 °C. Oxygen concentration (micromolar) and oxygen flux (expressed in pmol O,.
s~'.mg of protein) were recorded with DatLab software 6.0. The basal oxygen consump-
tion (oxygen flow per volume or per mass) was established without metabolic substrates.
Subsequently, stepwise additions of pyruvate, malate and glutamate (10, 10 and 20 mM,
respectively), followed by 2.5 mM ADP, 10 mM succinate, a second 2.5 mM ADP, and
finally sodium azide plus antimycin A were performed. This protocol assesses the res-
piration linked to Complex I (CI), Complex II (CII) and maximal oxygen flow rate con-
sumption coupled to ATP production (P), and nonmitochondrial oxygen consumption
[26].

The BCE (also known as & P control factor) was measured to estimate the mitochon-
drial oxygen flow coupled to ATP production. The BCE is calculated by the P-L/P fluxes;
(] # P=(P — L)/P), as described previously [15, 16]. A representative image display-
ing the sequential addition of the substrates to the permeabilized lymphocytes, and the
derived respiratory parameters obtained from a control subject, are shown in Additional
file 1: Figure S1. The researchers involved in the mitochondrial analysis were blinded
to the clinical outcomes, and the researchers involved in the clinical data collection
were blinded to the mitochondrial outcomes. All chemicals used for high-resolution

Page 4 of 14

113



Nedel et al. ICMx

(2021) 9:39

respirometry analysis were analytical grade, purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA).

Statistical analysis
Descriptive statistics included frequencies and percentages for the categorical variables
and means, and standard deviation, confidence intervals, medians, and interquartile
ranges for continuous variables. Student’s ¢-test or the Mann—Whitney U test were used
to compare continuous variables according to normality, assessed by Shapiro—Wilk test.
Chi-square test or Fisher’s exact test were used to analyze categorical variables. Associa-
tion between two continuous variables was measured with Spearman correlation coef-
ficient. To access the impact of BCE improvement at D3 (ABCE >0) on the outcomes,
Poisson regression was performed with 6-month mortality as the dependent variable,
and hematological neoplasia, chronic kidney disease, lactate at septic shock diagnosis,
SOFA improvement at D3 (ASOFA <0) and the SAPS 3 score at ICU admission as inde-
pendent variables in the model. These variables were selected for the model because they
presented a p value of less than 0.20 in the univariate analysis. In this statistical model
Abasal, ACI and ACII, were not included since they are partial components of the BCE.
ASOFA score was dichotomized between improvement (ASOFA <0) and worsening
(ASOFA > 0) on D3, rather than using its value in D1 and D3. The variation between BCE
in D3 and D1 (ABCE) was analyzed as a continuous variable, in an exploratory analysis.
A receiver-operating characteristic (ROC) curve was performed to evaluate the accuracy
of ABCE to predict 6-month mortality. The optimal cut-off point was mathematically
defined using the Youden index [27-31].

Statistical tests were two-tailed with significance defined as a P value less than 0.05.
All P values were two-tailed. We used SPSS version 21.0 (SPSS, Chicago, IL, USA) and R
4.1.0 (R Foundation for Statistical Computing) for all analyses.

Results

Clinical and epidemiological characteristics

A total of 90 patients were included in D1, but 15 deceased before D3. A total of 75
patients were included in the D1 and D3 analysis (Fig. 1). The mean age of the patients
was 64.8 (+£15.9) years, 42 (56% were male), and 54 (61%) with clinical ICU admission.
The most frequent foci of sepsis were the lung (n =41; 46%) and abdominal (n = 36; 40%)
infections. The mean SAPS 3 score was 75.8 (+12.9) points and the mean SOFA score
at sepsis diagnosis was 8.5 (£ 3.2) points (Table 1). At study period, 32% of the patients
were submitted to hemodialysis and 85% to mechanical ventilation. Median arterial lac-
tate at septic shock diagnosis was 2.0 mmol/DI (IQR 1.2-3.0), and the median volume
of fluid resuscitation in septic shock was 44 ml/kg (IQR 30-65). Fluid balance in the
first day of ICU admission was 2874 ml (IQR 1635-5493). Thirty-seven patients (49%)
received hydrocortisone in the septic shock management. Maximum norepinephrine
dose in the first day was 0.24 pg/kg/min (IQR 0.07-0.6124 pg/kg/min).
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Table 1 Patient demographic and clinical variables at admission

Overall population

Distribution and values

Patients, N 90
Sex
Male 50 (55%)
Female 40 (45%)
Age (years) 64.8 (15.9)
Clinical variables
Surgical patients 35 (38%)
Sepsis foci
Abdomen 36 (40%)
Cutaneous 2 (2%)
Blood 7 (8%)
Urinary 4 (4%)
Lung 41 (46%)
Capillary refill time (s) 4(2-6)
Arterial lactate (mmol/L) 2(1.2-3)
SvO2 (%) 70(10.2)
PaCO,—PvCO, (mmHg) 6.5(3.9-109)
SOFA 8(3.1)
SAPS 3 75.8(12.8)
Clinical comorbidities
Solid cancer 7 (8%)
Blood cancer 7 (8%)
HIV 2 (2%)
Cirrhosis 7 (8%)
Chronic kidney disease 10 (11%)
Diabetes 25 (27%)
Hypertension 32 (35%)

Data are N (%), mean (SD), or median (IQR). SOFA sequential organ failure assessment, SAPS 3 simplified acute physiology
score 3

Impact of bioenergetic and clinical variables on mortality

Overall, mitochondrial metabolic endpoints were associated with short- and long-term
mortality. The variations (D3-D1) in the mitochondrial respiration sustained by the
presence of endogenous intracellular substrates (ABasal), and the stimulated respira-
tion linked to complex II (ACII) were significantly decreased in non-surviving patients
in all timepoints evaluated (Fig. 2A and C, respectively). Further, stimulated respiration
linked to complex I (ACI) was decreased in 6 months non-surviving patients relative
to surviving (Fig. 2B). Individual values for mitochondrial oxygen consumption at D1
and D3 at basal, linked to CI and CII as well as ACII were associated with ICU, hospi-
tal and 6-month mortality after sepsis diagnosis (Additional file 3: Table S1). Patients
that deceased in the ICU presented elevated arterial lactate, C-reactive protein, capil-
lary refill time and SOFA scores at D1. These patients also had increased SOFA score at
and D3 compared with those that survived (Table 2). BCE at D1 and D3 were reduced
in non-surviving patients. The number of patients that improved SOFA (ASOFA <0; 11
[34%] versus 38 [88%], P< 0.001) and BCE (ABCE > 0; 2 [6.3%)] versus 33 [77%], P< 0.001)
was lower in nonsurvivors (Table 2). Patients that deceased during hospital admission
had increased arterial lactate, SOFA at D1 and D3, capillary refill time and SAPS 3. BCE
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Fig. 2 Mitochondrial bioenergetic function is reduced in lymphocytes of non-surviving septic shock
patients. Variations (day 3 minus day 1 admission) in mitochondrial oxygen consumption rates in conditions
not stimulated by metabolic substrates (A, ABasal), stimulated by complex | substrates, pyruvate, malate,
and glutamate (B, ACl), and stimulated by complex Il substrate, succinate (C, ACII). Figures are presented as

median % IQR. *Indicates significant differences relative to surviving at P<0.05; **P <0.01; and ***P <0.001

at D1 and D3 are lower in non-surviving than surviving patients. Survivors had greater
incidence of improvement in SOFA (ASOFA <0), as well as in BCE (ABCE > 0) than non-
survivors (Table 2).

Patients who died within 6 months after septic shock presented elevated arterial lac-
tate levels at ICU admission and increased SAPS 3, and had the highest SOFA scores at
D1 and D3. Survivors also had greater incidence of improvement in SOFA (ASOFA <0)
and in BCE (ABCE>0) than nonsurvivors (Table 2). Remarkably, after adjusting for
possible confounders, the 6-month mortality rate was lower in patients who had an
improved BCE at D3 (RR 0.38, CI 95% 0.18-0.78; P< 0.001), while classic laboratory and
clinical variables such as lactate, CRP, SOFA and SAPS 3 were not associated with sur-
vival or death (Table 3).

BCE at D1 was inversely associated with SOFA (Spearman=— 0.28; P=0.005), but
had no associations with arterial lactate (Spearman=— 0.2; P=0.057) or with plasma
C-reactive protein levels (CRP) (Spearman=0.007; P=0.947). Six patients (8%) devel-
oped a need for a tracheostomy during ICU admission. These patients worsened in the
ABCE when compared to those who did not need a tracheostomy (— 0.085+0.1 versus
0.048 £ 0.14, respectively; P=0.11), but without reaching statistical significance. Thirty-
six patients developed a new infection after the initial injury, and these patients had no
statistically significant difference in their median ABCE when compared to those who
did not developed reinfection (— 0.008 £ 0.23 versus 0.089 +0.19, respectively, P=0.29).
Patients who needed MV had lower values of ABCE when compared with those who did
not need it, reaching statistical significance: 0.006 +0.14 versus 0.1 £0.13, respectively;
P=0.05. Patients who needed hemodialysis had worsening in the ABCE, while those
who did not need hemodialysis had an improvement in their values (— 0.029+0.1 versus
0.07£0.2; P<0.01). Patients who improved ABCE (ABCE >0) had a shorter ICU length
of stay when compared with those who impaired ABCE (ABCE<0): 6 +4 days versus
9.5+ 14 days, respectively (P=0.02). The AUROC for ABCE as prognostic biomarker
of 6-month mortality was 0.90 (95% CI 0.83-0.91, P<0.01) (see Additional file 2: Figure
S2). A cut-off point of — 0.002 in ABCE had a 100% of sensitivity and 73% of specific-
ity for the outcome (Youden’s ] Index=0.73). Distinct cut-off values of ABCE relative to

sensitivity and specificity, and Youden’s ] Index are shown in Table 4.
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Table 2 Univariate analysis of variables associated with ICU, hospital and 6-month mortality

Variables  ICU P Hospital P Six months P
Survivors  Non- Survivors  Non- Survivors  Non-
n=43 survivors n=32 survivors n=25 survivors
n=32 n=43 n=50
Age 64.14 (18.1) 67.16(14.7) 0443 6197 (16.5) 68.00(166) 0.122 62.1(140) 67.1(178) 0228
Clinical 25 (58%) 21(66%) 051 21 (66%) 25(58%) 051 16 (64%) 30(60%) 0.737
admis-
sion at
ICU
Sex (male) 26 (60%) 16 (50%) 0.366 18 (57%) 24 (56%) 097 15 (60%) 27 (54%) 0622
Pulmonary 21(51%) 12(38%) 024 18 (56%) 6(37%) 0.101 13 (52%) 21(42%) 0412
sepsis
Solid neo- 3(30%) 4(11%) 007 9 (28%) 8(18%) 033 6 (24%) 1(22%) 0.845
plasia
Hemato- 2 (4.6%) 3(94%) 0417 1(3.1%) 4(9.3%) 0386 0 (0%) 5(10%) 0.162
logical
neoplasia
Cirrhosis 1(2.3%) 4(13%) 0.081 1(3.1%) 4(93%) 0386 1(4.0%) 4(8.0%) 0.66
COPD 7 (16%) (13%) 0647 5(16%) 6(14%) 084 3(12.0%) 8(16%) 0.742
CKD 5 (12%) 2(6.2%) 0428 5 (16%) 2(46%) 011 4 (16%) 3 (6%) 0.161
Chronic 11 (26%) 13(41%) 0.167 9 (28%) 15(35%) 0534 7 (28%) 17 (34%) 0.6
hyper-
tension
Diabetes 1 (26%) 10(31%) 0589 10 (32%) 1(26%) 0589 9 (36%) 12 (24%) 0275
SVO, (%) 6801 (6.1) 7136(116) 0215 67.71(9.00 7070(11.1) 0266 68.18(9.1) 7006 (109) 0504
Lactate D1 14(1.1-2.1) 2.8(2.0-40) 0.002 14(.1-19 255(1.7-36 0015 14(09-16) 2.2(1.6-35) 0.041
(mmol/L)
SOFA D1 763 (3.0) 1.0(24) <0.0001 7.25(255) 967 (295 <0.0001 740 (2.6) 9.26 (3.0) 0.011
SOFA D3 3(2-5) 12.5(7-19.5) <0.0001 3(1.7-5  9(4-165) <0.0001 3(1-4) 75 <0.0001
(3.25-15.5)
ASOFA <0 38 (88%) 1(34%) <0.0001 28 (88%) 21(49%) <0.0001 22 (88%) 27 (54%)  0.004
SAPS 3 7398(132) 7860(12.1) 0.1 7216(13.1) 7877(120) 0.026 7068 (11.2) 7858(129) 0.011
CRP (mg/L) 153 220 0.02 153(69-223) 196 0.062 153(72.6- 188 (98-258)  0.076
(69.7-216)  (119-284) (119-269) 209)
CRT D1 (s) 4(2-4) 55(3-8) 004 .5 (2-4) 4(3-7) 0046 4(3-4) 4(2.25-7) 0319
BCED1 0.354(0.1)  0.243(0.1) <0.0001 0.378(0.1)  0.254(0.1) <0.0001 0.380(0.1)  0.270(0.1) <0.0001
BCE D3 0456 (0.18) 0.210(0.1)  <0.0001 0.535(0.1)  0.215(0.1)  <0.0001 0.543(0.1)  0.267(0.2) <0.0001
ABCE>0 3(77%) 2(6.3%) <0.0001 1(97%) 4(9.3%) <0.0001 24 (96%) 11 (22%) <0.0001

A indicates the pairwise variation between values obtained at day 3 and day 1, mathematically represented as day 3-day 1
for the indicated variable. Data are mean (SD), median (IQR), or n (%).CRP C-reactive protein, SOFA sequential organ failure
assessment, /ICU intensive care unit, SAPS 3 simplified acute physiology score 3, BCE biochemical coupling efficiency, COPD
chronic obstructive pulmonary disease, CKD chronic kidney disease, CRT cardiac resynchronization therapy

Table 3 Multivariate analysis of variables associated with 6-month mortality

Variables Multivariate analysis P
Hematological neoplasia RR 1.1 (0.37-3.26) 0.86
CKD RR 0.75 (0.22-2.48) 0.64
Lactate—D1 01(0.88-1.14) 0.88
ASOFA <O RR 1.01 (0.49-2.08) 0.96
SAPS 3 RR 1.01 (0.98-1.03) 0321
ABCE>0 RR 0.38 (0.18-0.78) 0.009

A mathematically indicates the pairwise variation between values obtained at day 3 (D3) minus day 1 (D1), for the indicated
variable. SOFA sequential organ failure assessment, SAPS 3 simplified acute physiology score 3, BCE biochemical coupling

efficiency, CKD chronic kidney disease, RR risk ratio
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Table 4 Sensitivity, specificity and Youden's J index for measurements of ABCE

ABCE Sensitivity Specificity Youden’s
JIndex

—0.220 100% 0% 0

—0.111 98% 31% 031

— 0.002 100% 73% 0.73

0.11 70% 88% 0.58

0219 33% 97% 031

0.354 3% 100% 0.03

Discussion

Our findings highlight a high short- and long-term mortality among septic shock
patients. Mitochondrial metabolism in the lymphocytes of these patients provided a
particular signature for the deterioration of clinical outcomes. Among the clinical and
mitochondrial metabolic endpoints, ABCE was independently associated with long-
term mortality in our cohort.

Although SOFA is a well-validated instrument to estimate mortality risk, the addi-
tion of new and more sensitive laboratory variables to this score may benefit its predic-
tive validity. Indeed, in the “The Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3)” [1], Kramer suggests the incorporation of new candidate
biochemical markers to improve the SOFA score sensitivity. Such an approach is perti-
nent because it may provide earlier information to support clinical decisions, and thus,
patients are more likely to achieve better clinical outcomes that reflect their prognosis
beyond the ICU [1, 32]. In this context, our approach does not rule out the clinical rel-
evance of SOFA or other clinical scores, but proposes “a look” to a promising comple-
mentary prognostic tool. Physiologically, the mitochondria are capable of adjusting their
metabolic energy demands and signals to protect cells from insults [7, 9, 14]. This has
been clinically investigated in immune cells of patients with sepsis and in septic shock,
to estimate the influence of bioenergetics on inflammatory responsiveness, severity of
symptoms and the deterioration of health status due to organ failure [9, 33, 34]. Such
relevance is conceptually well-illustrated by proposals that activated immune cells can
undergo complex plasticity phenomena, which is sustained by mitochondria, “the pow-
erhouses of immunity” [6]. Accordingly, it was demonstrated in blood mononuclear cells
that mitochondrial dysfunction and damage progress over time, along with the severity
of symptoms, albeit strong conclusions were limited by the small number of patients [6,
9, 34].

Here, we showed an improved metabolism from D1 to D3 (ABCE) admission to the
ICU which paralleled survival, implying that increments in mitochondrial bioenergetic
function may reflect metabolic reprograming leading to improvements of the general
health status in septic shock patients. Another study found that an early normalization
of mitochondrial biogenesis genes expression profile accelerated sepsis recovery and
shortened the time in the ICU [34], thus reinforcing the suggestion of clinical and func-
tional relevance in approaching mitochondrial phenotypes. Although we do not address
gene-profile, our study conciliates the mechanistic concept that an increased biogen-
esis governs plasticity mechanisms directed to renew damaged mitochondria, and as
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consequence, increase energetic efficiency. On the other hand, some intrinsic features
support the investigation of mitochondrial bioenergetic effectors in immune cells as bio-
markers of outcomes. For instance, dysregulation of immune cells, including lympho-
cytes, are key components of inflammatory overreaction and organ failure, considered
as hallmarks of septic shock; and as resident cells in the circulation, they survey whole
body microenvironments, are cells easy to sample and to perform metabolic profiling in
routine intensive care practice. The association between improved mitochondrial func-
tion with clinically relevant outcomes, such as length of stay in the ICU, the need for
mechanical ventilation and the need for hemodialysis, reinforces this hypothesis.

The other clinically relevant spectrum of the sepsis, the compensatory anti-inflamma-
tory response syndrome (CARS), is an event that occurs in a subgroup of septic patients
that develop profound acquired immunosuppression. Such condition may cause dif-
ficulties to efficiently eradicate the primary infection despite patients are submitted to
standardized treatment protocols [35]. Hence, it is important to take into consideration
that sepsis leads to a complex immune response that evolves over time, with the simul-
taneous implication of both, proinflammatory and anti-inflammatory mechanisms for
the clinical outcomes [36]. The intensity and duration of the mentioned exacerbated
anti-inflammatory phase seem to be closely related with the development of nosocomial
infections. Also, an immunometabolic reprogramming in response to sepsis may rely
on the interplay between the energy demands and capacity of lymphocyte mitochon-
dria to produce ATP [37]. However, whether or not a metabolic reprograming, here mir-
rored by BCE, exerts a significant influence in the state of immunosuppression remains
to be explored [38]. It is known that the lymphocytes challenged by sepsis displayed an
exhausted-like phenotype characterized by decreased functions including the capacity
of proliferation, cytokine production and increased coinhibitory receptor expression,
culminating in apoptotic cell death [35]. Considering that it is not completely known the
exact extrinsic and intrinsic factors that determine the severity of lymphocytes exhaus-
tion, and likely immunosuppression, we tend to suggest decreased mitochondrial bio-
energetics as an active player. Accordingly, in physiological conditions lymphocytes are
highly oxidative cells which implies in immunological processes highly dependent of an
appropriate ATP support. Studies have shown a bidirectional interaction between mito-
chondria and molecular inflammatory effectors that drive cell responses to an infection.
This crosstalk between immunogenic effectors and mitochondrial activity involves toll-
like receptors, damage-associated molecular patterns (DAMP’s), pathogen-associated
molecular patterns (PAMP’s); and NLRP3 inflammasome activation, all driving mito-
chondrial mechanisms such as increased reactive oxygen species production, and lym-
phocyte cytokines release [39, 40].

To expand the exploratory analysis of our study, we found that patients who did not
develop a secondary infection, who theoretically would be less susceptible to immuno-
suppression, had greater increases in BCE when compared to those who had a second-
ary infection. However, this result was not statistically significant and the sample size
was not designed for this analysis, being any conclusions based on these observations
merely conjectures that deserve attention in future studies.

Moreover, in cases of unresolved inflammatory-related immunosuppression activ-

ity, this condition may progress to a persistent inflammation—immunosuppression
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and catabolism syndrome (PICS), that often evolve to a chronic critical illness state
[41]. A hallmark of this condition is the need for a tracheostomy during the course
of septic shock, that is associated with impairment in adaptive immunity related to
lymphocytes [42]. In our study, patients who needed a tracheostomy had a worsening
in BCE (data no shown), when compared with those who did not. Despite this result
did not reach statistical significance, we believe that the small number of tracheos-
tomized patients in our sample could explain this fact.

Our study has the merits of enrolling a large number of septic shock patients in
which the respiratory abnormalities in specific mitochondrial complexes represent
immunometabolic targets associated with disease pathogenesis. Indeed, no previ-
ous study has integrated the activity of mitochondrial complexes CI, CII, and CV, and
BCE in lymphocytes using two time-points, which allowed us to estimate metabolic
reprogramming relative to the disease progression. The resulting improvement or
worsening of the mitochondrial respiratory endpoints in the ICU highlight potential
immunometabolic mechanistic targets, and also provide perspective regarding how
metabolic reprogramming influences clinical outcomes. This approach outlined BCE
as a candidate prognostic biomarker to be incorporated into clinical practice to sup-
port therapeutic management and decision-making. Although we provided promis-
ing insights regarding mitochondria bioenergetics as biomarker, this approach still
requires advances to reach a clinical applicability. The development of ready-to-use
assays may increase the potentialities of clinical utilization, nonetheless before pursu-
ing this goal, it is imperative to identify specific mitochondrial functions implicated
in the response to the disease.

Our study has a number of limitations that should be further explored. It is a uni-
centric study, which may limit the external validity of the main findings. Second, it
is a population that presented with a high risk of mortality independent of the sep-
tic shock. Even so, the mortality reported here reflects the severity measured by the
SAPS 3 score, and it is similar to previous studies performed in Brazil and worldwide
[43—-45]. Third, we evaluated lymphocytes as a whole, albeit different types of lym-
phocytes may have specific metabolic phenotypes; however, such specificity did not
interfere with the predictive nature of ABCE. Indeed, the sensitivity and specificity
ABCE assessed with a ROC curve further confirmed its potential prognostic value
for 6- month mortality. As a future perspective, it is important to investigate asso-
ciations with other clinically relevant outcomes, such as clinical frailty, quality of life,
long-term functional status, secondary immunosuppression, incidence of PICS and

chronic organ failure after septic shock.

Conclusions

Our work highlights that impaired mitochondrial capacity to improve BCE provided
an earlier recognition of septic shock patients in the ICU at risk of deterioration of
health status. On the contrary, improved BCE capacity was associated with favora-
ble clinical outcomes. Further research is needed to outline BCE as a prognostic bio-
marker to be incorporated into intensive care setting.
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Supplemental Figure 1. Representative image of a respirometry assay performed in lymphocytes from a healthy subject. After basal
respiration was reached, pyruvate, malate and glutamate (10, 10 and 20 mM, respectively) were added, leading to corresponding leak respiration

(L), followed by stepwise additions of 2.5 mM ADP, 10 mM succinate, and a second 2.5 mM ADP, allowing for the steady-state rate of oxygen
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consumption in each step (oxygen flow per volume or per mass). This substrate titration protocol enables derivation of the Complex I (CI), Complex
IT (CII) and maximal oxygen flow rate consumption coupled to ATP production (State III). Sodium azide plus antimycin A was added to inhibit
mitochondrial complex IV, allowing for the estimation of non-OXPHOS oxygen flow rate (ROX) and these fluxes were discounted to obtain an
authentic flow rate from all of the abovementioned states, and tissue-mass specific oxygen fluxes were compared in different substrates and

coupling states, and inhibitors (SUIT protocol) (ROX). Lymphocytes were permeabilized with 0.005%, digitonin w/v.
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Table 2. Mitochondrial respiratory rates in lymphocytes of survival and non-survival

patients.
Variables ICU Hospital ward Six-months
Survivors ~ Non-survivors P Survivors Non-survivors P Survivors  Non-survivors P
n=43 n=32 n=32 n=43 n=25 n=50
Basal D1 192.3 128 <.001 208 131.1 <.001 214 128.7 .001
(99.7) (43.5) (104.7) (46.7) (116.9) (43.9)
Basal D3 250.4 157.7 <.001 276 159 <.001 257.7 149.3 <.001
(88.7) (51.9) (79) (53.6) (51.2) (68.8)
ABasal 72.3 21.2 .04 89.1 21.2 .01 90 253 .03
(3-125) 6-57) (24 - 136) (-3-61) (23 - 140) (-3-70)
CI D1 445.1 197.1 <.001 503.7 210.7 <.001 525.2 2353 <.001
(248.3) (64.3) (245.6) (86.1) (231.2) (142.5)
CID3 606.8 295.4 <.001 697.6 294.8 <.001 756.2 296.5 <.001
(308.5) (92.6) (285.9) (100.5) (386.5) (146.9)
A CI 149.5 95.7 A4 209.2 90.9 .07 209.2 88.9 .01
(-56 - 344) (37-178) (-58.7-393) (12.8-150) (-9 -512) (-1-164)
CII D1 698.2 498.4 .01 760.2 494.1 <.001 715.9 555.2 .02
(348.2) (182.2) (355.5) (191.8) (309.4) (297.6)
CII D3 1026.9 577.8 <.001 1138.8 596.4 <.001 1174.5 671.7 <.001
(481.3) (193.2) (466.7) (230.1) (513.7) (296.2)
ACII 319 98.5 .03 350.6 126.4 .02 350.6 110.9 <.001
(-35-618)  (-140to0 333) (-29-689) (-121-316) (32-805)  (-121-356)

Basal reflects respiratory rates without addition of exogenous substrates; D1: day first

admission ICU; D3: day 3 admission ICU; CI: mitochondrial complex I; CII: mitochondrial

complex II. A mathematically indicates the pairwise variation between values obtained at day

3 minus day 1, for the indicated variable. Respiratory rates of CI, CII, and the equivalent A

values are expressed as pmol O -s! ‘mg of protein. Data are mean (SD) or median (IQR).

Lymphocytes were permeabilized with digitonin 0.005% (w/v).
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Capitulo 6: “Sepsis-induced mitochondrial dysfunction: A narrative review.”

Artigo aceito na revista World Journal of Critical Care Medicine, em fase
de edicdo e publicagdo. Inserimos neste capitulo a versdo do manuscrito
corrigida pelo Corpo Editorial da revista e a carta de aceite da publicagao.

Trata-se de um artigo de revisdo ndo-sistematica, abordando os aspectos
fisiopatoldgicos da disfungao mitocondrial na sepse e suas diferentes formas de
mensuragao e interpretacdo. Realizamos uma analise dos estudos que
abordaram este tdépico, e apresentamos, também, uma avaliagdo propositiva
para estudos posteriores nesta area.
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Abstract

Sepsis represents a deranged and exaggerated systemic inflammatory response to
infection, and is associated with vascular and metabolic abnormalities that trigger
systemic organic dysfunction. Mitochondrial function has been shown to be severely
impaired during the early phase of critical illness, with a reduction in biogenesis,
increased generation of reactive oxygen species and a decrease in adenosine triphosphate
synthesis of up to 50%. Mitochondrial dysfunction can be assessed using mitochondrial
DNA concentration and respirometry assays, particularly in peripheral mononuclear
cells. Isolation of monocytes and lymphocytes seems to be the most promising strategy
for measuring mitochondrial activity in clinical settings because of the ease of collection,
sample processing, and clinical relevance of the association between metabolic alterations
and deficient immune responses in mononuclear cells. Studies have reported alterations
in these variables in patients with sepsis compared with healthy controls and non-septic
patients. However, few studies have explored the association between mitochondrial
dysfunction in immune mononuclear cells and unfavorable clinical outcomes. An
improvement in mitochondrial parameters in sepsis could theoretically serve as a
biomarker of clinical recovery and response to oxygen and vasopressor therapies as well
as reveal unexplored pathophysiological mechanistic targets. These features highlight the
need for further studies on mitochondrial metabolism in immune cells as a feasible tool
to evaluate patients in intensive care settings. The evaluation of mitochondrial
metabolism is a promising tool for the evaluation and management of critically ill
patients, especially those with sepsis. In this article, we explore the pathophysiological

aspects, main methods of measurement, and the main studies in this field.

Key Words: Sepsis; Mitochondria; Mitochondrial dysfunction; Oxidative

phosphorylation; Inflammation; Respirometry

Nedel W, Deutschendorf C, Portela LVC. Sepsis-induced mitochondrial dysfunction: A
narrative review. World | Crit Care Med 2023; In press

3/36

133



Core Tip: The Evaluation of mitochondrial metabolism is a promising tool for the
evaluation and management of critically ill patients, particularly those with sepsis. In this
article, we explore the pathophysiological aspects, main methods of measurement, and

main studies in this field.

INTRODUCTION

Sepsis is a major health problem worldwide and can be characterized by a dysregulated
host response to infectionl-®l. Particularly, an imbalanced systemic inflammatory
response to infection contribute to the clinical progress to multi-organ dysfunction!24l.
There is a great effort in the recognition and prompt treatment of sepsis, especially with
regard to early antibiotic administration, hemodynamic resuscitation, and evacuation of
septic focilll. The ultimate cause of death in patients with sepsis, however, remains
unclear. Infections usually are eradicated through an intense, but localized, inflammatory
response. Nonetheless, fatal infections are characterized by an inability to resolve the
inflammatory response because cytokines released into the systemic circulation, activates
inflammatory cells in remote locationsl®l. This response leads to organ injury and
dysfunction, which cannot be completely explained by a decrease in tissue oxygenation
due to an impairment of blood flow!>43l but likely to problems in oxygen utilization.
Mitochondria is a highly specialized organelle that is considered the power plant of
cells thus supporting energy in the form of adenosine triphosphate (ATP) according to
functional demandsl®l. In the blood, except for erythrocytes, all cell types possess
mitochondria which imply they are dependent on oxidative metabolism. Remarkably,
mitochondria tightly connect ATP biosynthesis with oxygen consumption, and even
minor changes in mitochondrial functional integrity affect many aspects of cellular
homeostasis. Although, the main proposed function of mitochondria is to generate ATP
via oxidative phosphorylation (OXPHOS) of adenosine diphosphate (ADP), additional
functions include generation and detoxification of reactive oxygen species (ROS), calcium
homeostasis, involvement in apoptosis, synthesis and catabolism of metabolites, and
transport of organelles within the celll®7l. Any alteration in one of these processes can be

defined as mitochondrial dysfunctionl®l. Actually, we know that impaired mitochondrial
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metabolism is an important mechanism that leads to organ dysfunction(?>l. In acute
diseases, such as sepsis, the measurement of mitochondrial metabolism, through cellular
respiration, has the potential to identify those patients at risk of progressing in their organ
failures. In addition, it can potentially help in monitoring the therapeutic response of
these patientsl®l.

Considering that mitochondria interact with various other pathways involved in
inflammation, Ca?* balance, redox signaling, and apoptosis, it can be assumed that
mitochondria are fundamental in cell survival and death!'%. Mitochondrial metabolism
has been shown to be severely impaired during the early phase of an acute disease, with
a reduction in biogenesis, increased generation of ROS, and a decrease in ATP
synthesisl112l. The presence of an impaired mitochondrial metabolism is associated with
the presence of a multiple organ failure syndrome, highlighting mitochondrial
components as potential targets for therapeutic strategiesl1113l. There has been an
increased interest in this field, with new studies exploring mitochondrial impairment and
organ dysfunction and their relationship with prognosis in sepsis(14-17].

The main objective of this review is analyze the current state of the art in this field,
explore potential methods for assessing mitochondrial metabolism in intensive care
settings, and explore future perspectives on mitochondrial metabolism as a biomarker of

clinical outcomes in sepsis.

PHYSIOPATHOLOGY
ATP is produced by mitochondria through OXPHOS by F1Fo-ATP synthase. ATP is

generated to a greater extent by the oxidation of metabolic substrates in the tricarboxylic
acid cycle leading to reduction of the electron acceptors NAD* and FAD to nicotinamide
adenine dinucleotide (NADH) and 1,5-dihydroflavin adenine dinucleotide (FADH2)[181.
Both NADH and FADH2 are subsequently oxidized in the electron transport system of
mitochondria. The electron transport chain is composed by enzyme complexes I to IV and
the transporters ubiquinone and cytochrome c. With the electrons movement across the
respiratory chain, protons are pumped across the inner mitochondrial membrane,

generating an electrical potential. This proton-motive force provides the energy for F1Fo-
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ATP synthase, as known as Complex V, to phosphorylate ADP to ATP (Figure 1). This
mechanism is favored by the electrochemical gradient produced by the proton motive
force. Oxygen is the terminal electron acceptor of the chain in Complex IV and is reduced
to water(1”l. An incomplete reduction of oxygen increases superoxide radical production
in Complex IIl and at Complex I. As part of this process, ROS are generated as by-
products of the incomplete four-electron reduction of molecular oxygen to waterl20.211.

Under physiological conditions, mitochondria consume approximately 90% of the
cellular Oy; however, 1%-4% of the respiratory chain reactions lead to a leak of electrons
that directly react with Oz to form Oz(*-), which can oxidize lipids, DNA, or proteinsl?2l.
To avoid self-damage, mitochondria have intrinsic defense mechanisms that protect
against ROS-induced damage through a large array of antioxidants!'?l. In sepsis, not only
ROS are generated, but also reactive nitrogen species (RNS), nitric oxide, and
peroxynitritel”.2021. Enzymatic defenses, such as the superoxide dismutase 2 (SOD2),
convert Oz(*-) into hydrogen peroxide (H20z), which can then be detoxified to water by
catalase or selenium-containing glutathione peroxidasel?>24. SOD2 expression is higher
in survivors of critical illness!??l. Glutathione and Coenzyme Q10 (CoQ10) also have an
important mitochondrial antioxidant function. CoQ10 Levels are lower in sepsis,
suggesting a potential role in mitochondrial dysfunction!?3l.

Mitochondria are also essential for other cellular functions, such as calcium
homeostasis, apoptosis, autophagy, and cellular signalingl®12l. Mitochondrial DNA
(mtDNA) is susceptible to mutations and deletions due to ROS increased levels and
requires a set of self-regulated repair mechanismsl®l. mtDNA damage resulting from this
phenomenon is associated with reduced mitochondrial respiratory capacity, which are
potentially irreversible, depending on the intensity of oxidant “attack”[23l. Mitochondrial
function is maintained by an equilibrium between fission, fusion, biogenesis, and
autophagyl®l. In the case of an impairment in mitochondrial metabolism, various
signaling routes allow an interaction between the mitochondria and nucleus, triggering
mitochondrial biogenesis!!%l. Defective mitochondria can become toxic by excessive ROS
production, that can lead to apoptosis. Autophagy compensates for nutrient depletion or

copes with cellular stress by recycling cellular components, to produce amino acids and
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fatty acids that can be metabolized and used in OXPHOSI?’l. Despite being important for
critical illness recovery, excessive induction of autophagy can trigger apoptosis[?8l. ROS
is one of some signaling pathways that regulate autophagy, and, since mitochondria are
the primary source of ROS, mitochondria themselves play a key role in regulating
autophagyll%. Disturbances in mitochondrial function leading to impaired ATP
biosynthesis, increased ROS production, and oxidative stress are associated with skeletal
muscle damage, which correlates with septic shock severity and is associated with
impaired clinical outcomes(18l.

Many inflammatory mediators are linked to the altered mitochondrial metabolism.
Tumoral necrosis factor-alpha (TNF-a) is a major interleukin that participates in the host
response to sepsis and is capable of causing mitochondrial impairment!?’l. TNF-a binds
to several TNF receptors, ultimately promoting the intracellular release of ceramides and
production of ROS, which may lead to mitochondrial dysfunction. TNF receptor
activation promotes pro-inflammatory responses in polymorphonuclear leukocytes and
monocytes, that induce ROS formation, leading to mtDNA damage and inhibition of
mitochondrial metabolism in these cells3l. Inhibition of mitochondrial complexes causes
deviation of electrons, also producing even more ROS. These phenomena can lead to an
imbalance between ROS production and mitochondrial antioxidant capacity, through
manganese superoxide dismutase and glutathione reductase. This imbalance can trigger
mitochondrial uncoupling related to the opening of mitochondrial permeability
transition pores (PTP)BU. The resulting mitochondrial permeability transition leads to
dissolution of the electrochemical gradient required to form ATP, and these
dysfunctional mitochondria are targeted for removal via autophagy. The induction of
mitochondrial PTP win this context can promote apoptosis. Therefore, the pro-
inflammatory activity in sepsis, especially in its initial phase, can lead to both a reduction

in mitochondrial mass and a decrease in its function.

MECHANISMS OF MITOCHONDRIAL DYSFUNCTION

Hypoxia has been assumed to be the main causative agent of mitochondrial

dysfunctionl®2l. However, it was later shown that tissue oxygen levels are normal or even
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elevated in sepsis/®l. Instead of a lower availability of oxygen, there is a lower use of it in
septic patientsl?4l. Thus, OXPHOS dysfunction explain the inability to maintain ATP
levels in this context, leading to increased glycolysis and increased lactate levels(®l. This
imbalance between ROS production and antioxidant capacity leads to an oxidative stress
that damage the electron transport chain and mtDNA, creating a vicious circle of
mitochondrial damage and ROS production!?’l. ROS and calcium overload cause an
increased membrane permeability, and mitochondrial products such as mtDNA leak into
the circulation, acting as danger-associated molecular patterns and contributing to
multiorganic failurel®! in a vicious cycle (Figure 2). This cascade can trigger cell
apoptosisl’], a component of tissue damage and organ failure.

Changes in mitochondrial form and function in critical illnesses suggest that
mitochondria try to rescue mechanisms and adapt to harmful environments.
Mitochondrial fission and fusion are upregulated during critical illness, although it
appears to be insufficient for restoring mitochondrial function/®l. Mitochondrial
biogenesis was observed in skeletal muscle taken on days 1 to 2 in intensive care unit
(ICU) survivors, but not in non-survivorsi®l. During extreme conditions, such as
refractory shock, mitochondrial damage is disseminated, causing the induction of
mitochondrial PTP in many mitochondria and a great decrease in ATP productionl3¢l. In
contrast, a reduction in mitochondrial density was observed after the onset of sepsis,
suggesting that although upregulated, biogenesis may be insufficient to maintain

homeostasis[19].

Mitochondrial metabolism and inflammatory activity in sepsis-what is the
relationship?

The hallmark of sepsis inflammatory response is an imbalance between a systemic
inflammatory response and compensatory anti-inflammatory responsel3”38l. The
imbalance of pro- and anti-inflammatory responses often results in immunoparalysis
among critically ill patients, making them more vulnerable to additional infections, and
is linked to higher mortality ratesl*l. Actually, the cause of immune dysfunction is matter

of debatel®], and immune response is dependent of metabolic pathwaysl*’l, that is known
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as “immunometabolism”. Mitochondria are a hub of the immune system, playing a
crucial role in regulating the function of immune cells and shaping and modulating the
response of the immune system to infection”]. Evidence suggests that leukocytes from
critically ill patients display mitochondrial dysfunction, which is thought to be the root
cause of immunoparalysis and could be responsible for the onset of organ
dysfunctionl*142l. Moreover, the recovery of mitochondrial function is associated with
improved recovery in critically ill patientsl4l. These changes are mostly detected in
lymphocytes, monocytes, and macrophagesl*3l.

Lymphocytes respond to cytokine stimuli induced by monocyte-macrophages,
dendritic cells, and neutrophils, which are responsible for the innate immune response.
Activated phagocytic cells, such as monocytes and macrophages, release the
proinflammatory cytokines interleukin-1 (IL-1) and IL-6[44l. This phenomenon has been
associated with energy deprivationl®l. Lymphocytes also attenuate the potentially
harmful effects of the proinflammatory response, and this modulation of the immune
response has a major impact on prognosis in septic patients/4?l. On the other hand, IL-10
plays a major role in modulating the immune system by inhibiting monocyte-
macrophage activation and suppressing the production of TNF-a, IL-1, and interferon-
gamma (IFN-y) from lymphocytes acting at the level of accessory cellsl#’l. In addition to
cytokines, Krebs cycle intermediates, such as citrate, succinate, and itaconate, can activate
pro-inflammatory gene expressionl*8l. Metabolites from the Krebs cycle impact the
reprogramming of macrophages from the M1 phenotype (pro-inflammatory) to the M2
phenotype (anti-inflammatory). M1 macrophages have impaired OXPHOS, and M2
macrophages have an intact Krebs cycle, with OXPHOS as the main source of ATP
generation3l.

Two major pathways are implicated in this interaction between mitochondrial function
and inflammatory responses. The mammalian target of rapamycin (mTOR) pathway
plays a pivotal role in metabolic regulation by modulating glycolysis. Furthermore,
metabolic reprogramming and a transition to glycolysis for energy production in CD4*
and CD8* T cells are also induced by the activation of mTOR and OXPHOSBOL. The

nuclear factor kappabeta (NF-xf) is a stress-induced pathway (i.e., tissue damage,
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cytokine, and PAMPs release) that promotes the expression of target genes involved in
the immune response. Upon activation of the NF-x[3 pathway and subsequent induction
of cytokine expression, macrophages undergo differentiation into either M1 or M2
subtypes, contingent on the local cytokine milieu present at the site of infection. IFN-y
typically drives the differentiation of M1 macrophages, which in turn produce pro-
inflammatory cytokines. Conversely, M2 cells refer to macrophages exposed to immune

complexes, IL-4, IL-13, and IL-10[301.

MEASUREMENT OF MITOCHONDRIAL DYSFUNCTION

Regrettably, it is currently impractical to perform a thorough and accurate real-time
analysis of the modified cells and tissues within malfunctioning organs of living human
patients in a hospital setting. Therefore, mechanisms must be inferred from tissue
specimens obtained from nonvital organs (e.g., blood, skeletal muscle) or from
postmortem examinations. In postmortem studies, septic patients exhibit mild to
moderate mitochondrial swelling and autophagocytosis, with minimal cell death or

indications of permanent damage, such as tissue fibrosis[*’.

Mitochondrial biogenesis

The process of mitochondrial biogenesis encompasses the synthesis of mitochondrial
proteins encoded by nuclear DNA, which are subsequently imported and integrated into
the mitochondria. Additionally, biogenesis can also occur through mitochondrial DNA,
which encodes 13 proteins primarily located within the OXPHOS pathway. In this way,
biogenesis serves to replace damaged proteins and enhances the ability to generate
energy if energy demand increases over timel*l. Increased mitochondrial biogenesis is
detected in postmortem studies in critically ill patients, with increased expression of
transcription factorsl34l. A decrease in mitochondrial content has also been reported in the
muscles of critically ill patients with sepsis-induced multiple organ failurel®l. Taken
together, these data suggest that biogenesis activation may have a role in the recovery
phase of critical illness[??], time when there was also an increase in RNA expression,

participating in the restorative process!'®l. These data point to compromised
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mitochondrial biogenesis in critically ill patients; and an activation of the biogenesis
pathway may represent a key prognostic factor in critically ill patients, associated with
recovering of the initial injury(?2.

From this point of view, it seems reasonable to imagine that the dynamic processes of
mitochondrial fusion and fission must change during acute inflammatory injury
observed in sepsis. This activity can be measured by assessing the concentrations of
mitochondrial fusion proteins (mitofusins 1 and 2, optic atrophy 1 protein) and
mitochondrial fission proteins (dynamin-related protein 1 and fission 1 protein)22l.
Currently, adequate characterization in relation to the pro-fusion or mitochondrial fission
profile in sepsis is merely speculative, lacking clinical studies that may show some signs

regarding its in vivo effects.

Mitochondrial DNA

Mitochondria experience various morphological changes during fusion and fission
events, which help to sustain a healthy mitochondrial population by facilitating
mitochondrial DNA exchange, preserving mitochondrial DNA integrity, and regulating
the size, quantity, distribution, and upkeep of OXPHOS capacity(??l. These morphological
changes also play a crucial role in cell division and proliferation, as well as in the selective
elimination of damaged or excess mitochondria through a process referred to as
mitophagy!4l. Proteins that facilitate fusion events (such as mitofusin-2) and fission events
(such as dynamin related protein-1) have been linked to changes in mitochondrial
membrane potentials and diminished oxygen consumption®ll. Fission and fusion
processes become more prevalent under stressful conditions and play a crucial role in
eliminating damaged mitochondria and enhancing repair mechanisms. Currently, there
is insufficient data regarding these mitochondrial dynamics in septic patients, and the
data may vary based on the tissue type. From a hypothetical perspective, the balance of
mitochondrial dynamics in septic patients may shift in favor of mitochondrial fusion,
which could represent a cellular response aimed at improving mitochondrial function

and decreasing oxidative stress!>2l.
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However, mitochondrial DNA levels in the serum should be interpreted as a potential
damage-associated molecular pattern, propagating an inflammatory response through
interactions with the immune systeml[253. Thus, mtDNA damage can lead to a
pathological cycle, resulting in metabolic dysfunction, especially in white blood cells[>4l.
A reduction in mtDNA content in the peripheral blood, observed in the acute phase of
sepsis, could be due to an increased concentration of neutrophils in the peripheral
blood®3]. Therefore, it remains uncertain whether there is an interaction between DNA
concentration and changes in mitochondrial function, especially in immune cells.
Mitochondria contain their own DNA, and the depletion of mtDNA in an injury process

may theoretically cause a respiratory chain defect and compromise ATP synthesis[?355.

Qualitative measurements of mitochondrial metabolism

In addition to changes in mitochondrial mass, the quality of mitochondrial function and
a shift towards glycolytic pathways are regulated by several hormones, enzymes, and
regulatory pathways within cells. Reactive derivatives of nitric oxide and superoxide
anion (such as peroxynitrite), which cause oxidative stress, promote glycolysis by
activating the rate-limiting step of the pentose pathway, glucose-6-phosphate
dehydrogenase. The pentose pathway results in the formation of NADPH relative to
NADH. While NADH is the substrate for mitochondrial OXPHOS of high-energy
phosphates, NADPH is crucial for the formation and repair of proteins, DNA, and lipids.
Thus, by diverting glycolytic intermediates from the Krebs cycle to suppress aerobic
mitochondrial respiration, cells and tissues transition to a state of decreased oxygen
consumption and ATP production. This phenomenon is commonly referred to as the
“Warburg effect”, particularly in the context of cancerl*!l. In this context, cells are less
dependent on oxidative metabolism, thus reducing oxidative stress and promoting the
formation of reducing equivalents (e.g., lactic acid and NADPH) that induce cell repair!>l.
The Warburg effect and related mediators, such as HIF-1a, are induced under conditions
that model sepsis, confer cytoprotection to vital organs, and inhibit inflammation under
conditions of acute cell stress7l. However, the HIF-1a activation in immune cells could

perpetuate the activation of the pro-inflammatory pathway58l.
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The proton pumps of the electron transport chain, in conjunction with F1Fo-ATP
synthase, establish a proton gradient across the inner membrane, generating both an
electrochemical potential (proton motive force, pmf, in mV) and a flux of protons (proton
current in nmol of protons/min). The mitochondrial membrane potential is a critical
component of healthy mitochondrial metabolism and contributes to determining the
pmifl8l.

Reductions in both the expression and activity of complexes I, II, I1I, and IV have been
reported in critically ill patients4#22l. However, it is still doubtful whether these
alterations are determinants of the patient's prognosis, or if they are just epiphenomena
in the acute context of critical illness. However, they are useful and commonly used
measurements to assess mitochondrial activity[3>%%-¢1], especially when normalized by

enzymatic activity, protein, or DNA concentration.

Respirometry

Measurement of mitochondrial respiration is a cost-effective and time-efficient method
compared to traditional methods of assessing mitochondrial function in biopsies, making
it readily available for use. Advanced instruments equipped with highly sensitive micro-
cathode oxygen electrodes enable high-resolution measurements of mitochondrial
respiration and can be utilized in acute care settings. Mitochondrial respiration can be
quantified by performing substrate-uncoupler-inhibitor titrations, commonly known as
the SUIT protocol. This protocol involves titration with various combinations of
substrates, uncouplers, and inhibitors to assess mitochondrial respiratory functionl®l. This
protocol allows the study of complex interactions of coupling and substrate control in a
single assay, measuring multiple aspects of mitochondrial physiologyl62.

Respirometry enables the real-time measurement of mitochondrial respiration, with
key parameters obtainable through the use of established inhibitors and uncouplers that
act as sensitive indicators of response to mitochondrial stress. Figure 3 depicts the
mitochondrial respiration trace derived from the SUIT protocol, which was employed in
the following proceduresl®2l: (1) Routine respiration: Routine respiration also known as

basal respiration, measures the oxygen consumption resulting from ATP production and
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proton leak. This represents energy demand under steady-state conditions. Changes in
routine respiration in patients with disease compared to controls may indicate altered
mitochondrial function and should be interpreted in the context of the following
mitochondrial parameters; (2) proton leak: After measuring routine respiration, cells are
exposed to oligomycin, an inhibitor of complex V. The remaining mitochondrial
respiration after the addition of oligomycin is attributable to proton leak. While some
proton leaks are expected under physiological conditions, significant proton leak may
indicate damage to the mitochondrial membrane and/or complex damage. The use of
oligomycin also allows for the estimation of oxygen consumption secondary to ATP
production, often referred to as ATP-linked respiration; (3) maximal respiration: The
addition of a mitochondrial uncoupler, such as dinitrophenol or carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone, stimulates maximal respiration by mimicking the
physiological energy demand, leading to an increase in oxygen consumption. The
difference between maximal respiration and routine respiration represents the spare
respiratory capacity (SRC) of the cell. SRC indicates the ability of the cell to respond to
energetic stress and is a measure of a cell’s fitness. A decrease in SRC may limit the cell's
ability to handle stressors, resulting in mitochondrial dysfunction; and (4) residual
oxygen consumption: The addition of mitochondrial inhibitors, such as the combination
of rotenone (complex I) and antimycin (complex III), completely inhibits electron
transport system. The remaining oxygen is consumed by non-mitochondrial respiration
in the form of oxidases and other cellular enzymes that use oxygen. Residual oxygen
consumption may increase in the presence of a stress response.

Under normal conditions with excess ADP and oxygen, mitochondrial respiration
occurs rapidly, known as state 3 respiration. Conversely, when ADP is fully consumed,
state 4 respiration occurs, which is significantly slower. This state 4 respiration can be
induced by “uncoupling” oxygen consumption from OXPHOS, leading to proton leakage
back into the mitochondrial matrix without the production of cellular energy. One of the
most promising indicators of mitochondrial function is the biochemical coupling
efficiency (BCE), which is calculated as the quotient between OXPHOS and proton leak.

BCE reflects the true effectiveness of mitochondria in utilizing oxygen for ATP
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productionl®?. It is a useful way to gain more insight into the site of the dysfunction,
namely, respiratory control decreases because of dysfunction in localized sites of
substrate oxidation, ATP synthesis, proton conductance, or F1Fo-ATP synthasel®l.
Although we understand that small clinical centers may have limited access to
equipment for measuring real-time mitochondrial respiratory rates, this limitation could
be easily overcome using simpler biochemical colorimetric methods that still maintain a
reasonable level of sensitivity, the time to assay is usually short, and easy to implement
in the laboratory hospital routine. For instance, the measurements of enzymatic activity
of succinate dehydrogenase: Complex II (succinate: DCIP-oxidoreductase), complex, and
complex V are routinely performed in research laboratories, and at the current state
require standardization as a step forward to reach clinical settingsl®3¢4. However, the
aforementioned colorimetric methods restrict the evaluation of metabolic activity to one
complex each time, whereas in mitochondrial respirometry assays the metabolic activity

of complexes can be assayed both, individually or more than one at the same time.

Which cells are ideal for measuring the mitochondrial activity? And what is the most
suitable method?

Although it is logical that dysfunction in mitochondrial metabolism leads to a certain
degree of organ failure, its measurement is often not feasible, because the ethical
questions, costs, and viability of obtaining adequate mitochondrial samples from vital
organs in critically ill patientsl®ll. Therefore, it is feasible to assess mitochondrial
dysfunction in cells that are easy to collect, especially those that may reflect the
“systemic” effect of sepsis on the body. Peripheral blood cells have been used to access
bioenergetic functions in translational research. Peripheral blood mononuclear cells
(PBMCs) are mitochondria-rich with high rates of respirationl%l; therefore, they are prime
candidates in circulating blood to provide reliable estimation of global oxidative
metabolism, particularly the metabolism linked to immune response. Lymphocytes
comprise the majority of PBMCs and are traditionally used to measure defects in
mitochondrial OXPHOSIV. Exhaustion of lymphocytes, especially T cells, leads to an

increased risk of secondary infections, which is correlated with mortalityll. Circulating
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immune cells play an important role in the pathophysiology of sepsis because their
activation may remotely induce inflammation in non-infected organsl®l. The
measurement of mitochondprial respiration in PBMCs of septic patients has the potential
to identify those at risk of negative outcomes, and also can monitor the clinical course
and response to treatment, making it a useful marker for acute care settingsl®l. Thus, it is
a candidate biomarker in sepsis.

In addition, this approach allows us to unravel mechanist readouts associated with
impaired metabolism that follow this syndrome and also challenges how or whether this
could be improved by therapeutic intervention. These primary observations collected
from the literature are encouraging, and more clinical studies will help to advance

methodological issues, clinical validation, and the level of reproducibility and sensitivity.

SEPSIS AND MULTI-ORGANIC FAILURE

Various systemic inflammatory processes can exert different effects on mitochondria. In
the early stages of sepsis, reduced perfusion resulting from intrinsic and extrinsic fluid
losses, decreased intake, myocardial depression, microcirculatory redistribution of blood
flow, and loss of vascular tone, can lead to tissue hypoxia. This condition, characterized
by insufficient oxygen levels at the mitochondrial level, impedes the ability of
mitochondria to carry out OXPHOS, leading to a deficit in ATP production!?l. Although
Complex IV exhibits distinctive enzyme properties that facilitate its functionality under
hypoxic conditions, severely diminished oxygen concentrations may compromise ATP
generation and activate cell death pathways, thereby adversely impacting cellular
homeostasis!1267.68]. Hormonal alterations in sepsis also affect mitochondrial function and
efficiency. For example, thyroid hormones are believed to work predominantly through
the modulation of mitochondrial activityl433l. Thirdly, genes that transcribe
mitochondrial proteins are downregulated early in the inflammatory response. This was
first recognized in human volunteers receiving endotoxinsl® and subsequently

described in critically ill patients!3l.

Impairment of mitochondrial metabolism in sepsis
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Different studies, in different contexts, have evaluated mitochondrial activity in septic
compared to nonseptic or control patients. Muscular cells are prone to impaired
mitochondrial metabolism during critical illness!”?l and are an important research field.
Carré et all®] used muscle tissue biopsies from critically ill patients, comparing them to
those of controls subjected to hip surgery. They found a decrease in mitochondrial
density in critically ill patients, without a decrease in Complex I and Complex IV activity.
In a study evaluating patients with ICU-acquired weakness, comparing ATP synthesis in
this population with metabolically healthy controls, ICU patients had an approximately
50% reduction in the ability of skeletal muscle to synthesize ATP in mitochondria, with a
depletion of complex IIl and IV concentrations!”!l. A similar loss of mitochondrial activity
was detected in a previous study in a population with sepsis and multiorgan failurel”2l.
Complex I and complex IV activity was reduced in the intercostal and leg muscles,
respectively, compared to controls.

Belikova demonstrated a higher baseline PBMC oxygen consumption and attenuated
response to ADP stimulation in patients with sepsis than in healthy volunteersl®l. In
blood mononuclear cells, Kraft et alll®l demonstrated an early sepsis-mediated disruption
of mitochondrial quality control in septic patients, with a later activation of mitochondrial
biogenesis in this population. These patients also showed increased mitochondrial
damage (measured by mtDNA levels) during the early phase of sepsis management. In a
cohort of septic and non-septic ICU patients with measurement of mitochondrial function
in isolated lymphocytes, critically ill patients had increased mitochondrial oxygen
consumption but no significant difference in mitochondrial membrane potentiall'’l. Jang
et all’®l also found a lower routine, uncoupled Complex I, and maximal respiration in
septic patients, when compared to controls in the early sepsis management. A
respirometric study in PBMC developed by Japiasst et all”3] reported reduced F1Fo-ATP
synthase activity, thereby reducing ATP production. This may contribute to the energetic
failure reported in these cells during the course of septic insult. In addition, septic shock
PBMC have reduced Oz consumption, ADP-induced state 3 respiration, and respiratory
control ratio compared to control PBMC. Inhibition of complexes I, III, and IV in PBMCs

from septic patients compared with controls was also detected in another study”4. In a
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pediatric population, Weiss et all”?l detected a decrease in spare respiratory capacity on
days 1-2 of sepsis compared with controls. Spare respiratory capacity normalized on days
5-7. Patients with sepsis also had a higher ratio of leak to maximal respiration than
controls, with normalization in the later phase of sepsis. Patients with sepsis did not show
differences in basal or ATP-linked oxygen consumption or membrane potential.

In patients admitted to the emergency department with and without sepsis,
Puskarichl”®] did not find differences in plasma levels of cytochrome B, NADH, and Cox-
III mtDNA between groups. Pyle et all%®, in a protocol that evaluated mononuclear cell
mtDNA content, found that these levels were lower in patients with sepsis, with
depletion of monocyte and lymphocyte mtDNA. Platelet studies have also evaluated
mitochondrial metabolism in patients with sepsis. Sjovall et all®!l found an increase in
state 3 and a decrease in RCR in patients with sepsis compared to controls during
sequential evaluations in the first week of sepsis diagnosis. Additionally, patients with
sepsis had increased rates of complex I and complex II respiration compared to controls.
However, the mtDNA concentration did not differ between the platelets of patients with

sepsis and controls.

Are mitochondrial metabolisms associated with mortality?

A criticism can be made of the differences in mitochondrial measurements between
survivors and non-survivors observed in studies. Whether they are pathological or just
another measure of disease severity requires further investigation[”’l. In human subjects,
a significant constraint of this research approach is the uncertainty surrounding whether
mitochondria sourced from PBMCs, platelets, or muscle cells can accurately serve as
proxies for the mitochondria present in essential organs like the liver, kidneys, and
heart[”7l. The establishment of a workable, all-encompassing strategy to investigate the
complete energy production pathway in human beings would signify a more significant
achievement, as it would facilitate a deeper comprehension of the origin of lactate in
distinct patients and across time, thereby enabling more targeted clinical trials for novel

treatments for bioenergetic dysfunction.
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Defects in leukocyte energy metabolisml!”8], particularly in T lymphocyte cellsl”], are
intrinsically associated with the state of immunoparalysis in sepsis. Metabolic events in
the mitochondria of macrophages, dendritic cells, and T-lymphocytes have profound
effects on immunity. When exposed to infectious injury, OXPHOS levels decrease, with
a concomitant increase in glycolysis. An outcome of the reduced ATP production via
OXPHOS is the redirection of mitochondria towards generating mitochondrial ROS,
which function as signaling molecules essential for eliciting an appropriate immune
responsel®. Therefore, mitochondrial respiration is essential for the functioning of these
cells.

Despite the fact that the current knowledge suggests a potential role of mitochondrial
metabolism impairment in septic patients (when compared with controls) with a
potential impact on prognosis, the literature is quite heterogeneous with regard to the
findings of mitochondrial dysfunction (Table 2). It is still necessary to define the most
practical way of measuring, with the greatest clinical applicability, the greatest prognostic

impact, and, above all, the most accurate in predicting the clinical course of the disease.

Are mitochondrial metabolisms associated with recovery?

Therefore, mitochondrial biogenesis is critical for recovery, and the recovery from organ
dysfunction is preceded by an increased mitochondrial biogenesisl®}l. In our study of
patients with multi-organ failure in intensive care, we found that those who ultimately
survived had higher levels of PGC-1a and better-preserved levels of Complex protein,
along with a more robust antioxidant response (specifically, manganese superoxide) in
the early stages of their disease progression!®l. The ability to clear damaged mitochondria
is another important phenomenonl®l. Mitophagy (autophagic degradation) and
mitoptosis (programmed destruction) are the processes by which cells deal with impaired
mitochondrial®l. The efficiency of these processes may be an important contributing
factor to the pathogenesis of various states of the disease. The process of mitophagy
entails the targeted sequestration and subsequent degradation of damaged mitochondria,
which occurs prior to their ability to activate cell death pathways and potentially

jeopardize the viability of the entire cell. Thus, mitophagy operates as an initial protective
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response. Conversely, heightened levels of oxidative stress and apoptotic proteases can

impede the function of mitophagy and stimulate additional inflammatory responsesl8!.

CONCLUSION

Alterations caused by acute inflammatory conditions, such as sepsis, is associated with
impaired function of mitochondrial components including protein content, mtDNA
concentration, oxidative complexes activity, and F1Fo-ATP synthase. Often, these
alterations are associated with clinical outcomes. Given these features mitochondria
deserve to be better explored regarding its role as potential biomarker in prognosis, sepsis

rehabilitation, and its association with different spectrum of organ failure.
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Figure 1 Electron transport chain through mitocondrial complexes and oxidative
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Table 1 Different methods of mensuration of mitochondrial damage and

recovery

Item

Description

Mitochondrial biogenesis

Mitochondrial content

Mitochondrial DNA content

Mitochondrial fusion

Mitochondrial fission

PPAR-y coactivator 1-a, nuclear
respiratory factor 1, mitochondrial
transcription factor A. Material
obtained from tissue biopsy or from
peripheral PBMC

Mitochondrial mass, concentration
and area

PGC-1a, NRF-1, absolute DNA
number of copies

Mitofusins 1 and 2, optic atrophy 1
protein

Dynamin-related protein 1 and fission

1 protein

PPAR-y: Peroxisome proliferator-activated receptor gamma; PGC-la:

Peroxisome proliferator-activated receptor gamma coactivator-1 alpha; NRF-1:

Nuclear respiratory factor-1; PBMC: Peripheral blood mononuclear cells.
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Table 2 Studies that explored association of mitochondrial dysfunction and

prognosis in sepsis

Ref. N
critically
ill septic

patients

of Mitochondrial

measurement

Main findings
(survivors vs

Nnonsurvivors)

Belikova et
alteél, 2007
Brealey et 28

all181, 2003

Carré et 16

all31, 2010

Kraft
alltel, 2019

et 37

ATP concentration,
Complex I, II, and IV
activities in biopsied
muscle cells
Mitochondrial
morphology  (surface
density and volume),
RT-PCR of
mitochondrial
biogenesis factors and
concentration of
Complex I and
Complex 1\Y
mitochondrial proteins
and OXPHOS
transcripts in muscle
biopsy specimens
qRT-PCR for genes that
regulate mitochondrial

biogenesis in PBMCs

Sepsis survivors had an
increased level of ATP
and Complex I and IV
activity

Nonsurvivors had an
increased decline in
mitochondrial  surface
density, with a similar
mitochondrial volume in
these groups; OXPHOS
transcripts were more
abundant in survivors;
increased ATP content in
survivors; no difference
between  groups in
Complex I and Complex
IV activity
Increased genetic
activation of
mitochondrial
biogenesis in day 3
compared with day 1;

decrease in mtDNA in

septic patients compared

24 / £
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Japiassa et 20
all731, 2011

Nedel
alll4], 2021

et 90 patients

Puskarich et 28 patients
all’71, 2015

Respirometry of PBMC
evaluating state 3, 4 and

respiratory control ratio

Respirometry of
permeabilized
lymphocytes
Respirometry of
platelets

with controls, with a
recovery on day 5; early
activation of
mitochondrial

biogenesis by day 1
associated with ICU

discharge; increased
mRNA levels in
survivors

No difference in ADDP-

stimulated respiration in

nonsurvivors, when
compared with
survivors

Improvement in

Complex I, Complex II,
basal and in BCE in day
3, compared with day 1,
were associated with
lower  mortality. In
multivariate  analysis,
BCE improvement was
associated with lower 6-
mo mortality

Routine and state 3
respiration were
significantly higher in
non-survivors compared
to survivors; state 4
respiration had a non-

significant increase in

NoNn-survivors

LIS T4
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Pyle et al’®], Not

2010 reported
(147
patients,
including
septic)

Sjovall et 18 patients

allell, 2010

Sjovall et 20 patients

all821, 2013

mtDNA content from

mononuclear cells

Respirometry of
isolated platelets
evaluating Complex I,
state 3, 4 and

respiratory control ratio

Respirometry of
permeabilized
peripheral blood

immune cells

No relationship between
mtDNA content and

survival outcome at 180

d

Non-survivors had an
increased Complex I,
Complex II, state 3
respiration and an
increased respiratory
control ratio at day 6-7 of
sepsis when compared
with survivors

Survivors and non-
survivors at 90 d after
sepsis did not have
difference in Complex I
plus Complex I
respiration normalized

to citrate

mtDNA, and

synthase,

cytochrome c

ATP: Adenosine triphosphate; BCE: Biochemical coupling efficiency; ICU:

Intensive care unit; qRT-PCR: Quantitative reverse transcriptase-polymerase

chain reaction; mtDNA: Mitochondrion desoxyribonucleic acid; OXPHOS:

Oxidative phosphorylation; PBMC: Peripheral blood mononuclear cells; ADP:

Adenosine diphosphtate.
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Capitulo 7 — Discussao

Associagéo entre disfungdo mitocondrial e variaveis hemodinédmicas

Choque ¢é definida como uma condicdo ameacadora a vida, sendo uma
forma generalizada de insuficiéncia circulatéria aguda associada com a
utilizacdo inadequada de oxigénio pelas células (Cecconi M, de Backer D,
Antonelli M, 2014). A circulag&o € incapaz de fornecer oxigénio suficiente para
suprir as demandas tissulares, resultado em disfuncdo celular. O choque é
clinicamente caracterizado por um nivel sérico aumentado de lactato e sinais de
hipoperfusao tissular (Singer M, Deutschman CS, Seymour CW, 2016). Um
estado no qual a oferta de oxigénio tissular é inadequada para suprir as
demandas metabdlicas ira resultar em dano tissular e disfungdo orgénica
(Bakker J, Postelnicu R, Mukherjee V, 2020) — nessas condi¢des, um dos
eventos que surge é um aumento nos niveis de lactato (Ronco JJ, Fenwick JC,
Tweeddale MG, 1993).

Tradicionalmente, um nivel aumentado de lactato acarreta uma
intervengao terapéutica guiada para otimizar a perfusdo microcirculatoria, tanto
com o emprego de ressuscitacdo volémica quanto com o emprego de
vasopressores (Hernandez G, Ospina-Tascén G, Damiani LP, 2019) (van
Genderen ME, Engels N, van der Valk RJP, 2015). Uma disfungdo
microcirculatoria, na sepse, pode acarretar numa oferta insuficiente de oxigénio
para as células, consequentemente, elevando os niveis de lactato (Jacob M,
Chappell D, Becker BF, 2016). No entanto, um contexto clinico no qual haja um

metabolismo de glicose aumentado acarreta num aumento nos niveis de lactato,
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uma vez que a capacidade do ciclo de Krebs é limitada (Bakker J, Postelnicu R,
Mukherjee V; 2020). Na sepse, mais particularmente no choque séptico, ha um
aumento na ativagado do sistema nervoso simpatico, que pode acarretar neste
desbalango metabdlico (Jansen TC, van Bommel J, Bakker J; 2009), n&o
necessariamente relacionado a uma menor oferta de oxigénio, em decorréncia
de um déficit perfusional. A hipdxia tissular na sepse, inicialmente acreditada
como sendo secundaria as alteragdes microcirculatérias, n&o justifica o aumento
nas tensdes de oxigénio tissulares, associada a baixa incidéncia de apoptose
celular observada em diversos orgaos afetados pela sepse, como também pela
recuperacédo quase completa de faléncias organicas em sobreviventes (Singer
M, 2017). Nas fases precoces do choque séptico, no entanto, o papel da
hipoperfusao como um fator contribuinte a disfungdo mitocondrial € ainda incerta;
mesmo em tecidos com oxigenagdo adequada o metabolismo anaerdbico
ocorre, com a producdo aumentada de lactato em decorréncia do aumento na
concentracdo de piruvato (Suetrong B, Walley KR; 2016). Na fase pos-
ressuscitagcdo, como na nossa coorte, o aumento na oferta de oxigénio nao
causa um aumento no consumo de oxigénio, ndo havendo, portanto, uma
relagdo consistente entre a oferta de oxigénio e a hiperlactatemia nesta
populagao (Astiz ME, Rackow EC, Kaufman B, 1988).

Neste trabalho, planejamos a avaliagdo dos niveis de lactato apos a
ressuscitacdo volémica inicial, deslocando-se do momento no qual os niveis de
lactato sdo mais caracteristicamente dependentes do balango entre oferta e
consumo de oxigénio (Friedman G, de Backer D, Shahla M, 1998). O momento
da nossa avaliagdo do lactato foi, posteriormente, chancelado pelas definicbes

de choque séptico das diretrizes atuais (Singer M, Deutschman CS, Seymour

168



CW, 2016). Reforcam os nossos dados a sua correlagdo com marcadores
perfusionais sabidamente correlacionados com um prejuizo na microcirculagao,
como é o caso do enchimento capilar (Hariri G, Joffre J, Leblanc G, 2019), como
também com o gradiente arterio-venoso de CO2, sabidamente correlacionado
com o fluxo sanguineo periférico (Araujo DT, Felice VB, Meregalli AF, 2019).

Nos encontramos uma associagcdo fraca entre as variaveis de
metabolismo mitocondrial, mais notoriamente a respiracao de Complexo |, e a
dosagem sérica de lactato. A produgdo de energia na forma de ATP se da
através do fluxo pela cadeia transportadora de elétrons; logo, a fosforilagdo
oxidativa torna-se intimamente associada com o funcionamento adequado da
cadeia (Galley HF, 2011). O fluxo de elétrons via NADH é processado no
Complexo |, e a concentragdo de NADH é intimamente associada a
concentracdo de lactato (Takahashi K, Tamura Y, Kitaoka Y, 2022). Logo,
justifica-se avaliar especificamente esta associagdo, como realizamos neste
estudo.

Em modelos experimentais de sepse, uma diminuigdo nos niveis de
lactato durante as primeiras horas de ressuscitacdo se associa a alteragcdes na
respiragdo mitocondrial que sado orgao-especificas (Corréa TD, Pereira AJ,
Brandt S, 2017). Em hepatdcitos, por exemplo, num modelo de sepse
experimental (Tapia P, Soto D, Bruhn A, 2015), o clareamento dos niveis de
lactato ndo se associou nem com achados de hipoperfusdo hepatica nem com
um déficit no metabolismo mitocondrial. Posto que uma avaliagdo em tempo real
de diferentes tecidos é impraticavel clinicamente, a avaliacdo de células
“sistémicas”, como € o caso do linfécito, acarretam uma maior aplicabilidade dos

resultados. Sabe-se que as células imunes ativadas, no caso da sepse, podem
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apresentar uma taxa elevada de producao de lactato, que, teoricamente, podem
estar associadas ao seu estado de ativagao (Haji-Michael PG, Ladriére L, Sener
A, 1999). Logo, pode-se interpretar o lactato como um produto da inflamagéo
sistémica, considerando-se, assim, uma contribuicdo relevante do lactato
produzido pelos leucdcitos em geral nos niveis séricos deste biomarcador.

No nosso estudo, no entanto, nao foi possivel avaliar o papel da produgao
de lactato como substrato energético, sob a teoria dos diferentes “shuttles” de
lactato entre os 6rgéos (Hernandez G, Bellomo R, Bakker J, 2019). Um aumento
na sua produc¢ao, que nao € correspondido por um aumento no seu consumo ou
na sua depuragdo, também podem ser causa da hiperlactatemia (Masyuk M,
Wernly B, Lichtenauer M, 2019). A depuragao do lactato, especialmente por via
hepatica, também nao foi uma variavel possivel de ser mensurada, a qual

também pode justificar os seus niveis séricos neste estudo.

Associagdo entre metabolismo mitocondrial e o uso de medicamentos em

doentes criticos

A linha-mestra do tratamento de pacientes sépticos é a administracao
precoce de antimicrobianos, preferencialmente na primeira hora de detec¢éo da
sepse (Evans L, Rhodes A, Alhazzani W, 2021); estando associada a uma
melhora no progndstico desta populagao (Liu VX, Fielding-Singh V, Greene JD,
2017). No entanto, a administracdo de diferentes classes de antibidticos pode
ocasionar uma miriade de efeitos adversos em diversos 6rgdos-alvo. Um dos
principais mecanismos causadores destes eventos € através da disfuncao

mitocondrial (Arulkumaran N, Routledge M, Schlebusch S, 2020). Modelos
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experimentais encontram uma redug¢ao na producédo de ATP e uma producgao
excessiva de ROS com o uso de drogas bactericidas (Duewelhenke N, Krut O,
Eysel P; 2007) (Kalghatgi S, Spina CS, Costello JC, 2013) (Tune BM, Hsu CY,
1990). Drogas de uso rotineiro no manejo da sepse, como € o caso da ampicilina,
inibe os Complexos | e Ill da cadeia transportadora de elétrons (Kalghatgi S,
Spina CS, Costello JC, 2013). Tanto os betalactamicos quanto as cefalosporinas
podem inibir a fosforilagdo oxidativa, diminuindo a produgdo de ATP e
contribuindo para a faléncia orgénica da sepse (Duewelhenke N, Krut O, Eysel
P; 2007).

O nosso estudo tem a vantagem de avaliar antibiéticos de emprego usual
na pratica clinica (Metlay JP, Waterer GW, Long AC, 2019) (Kalil AC, Metersky
ML, Klompas M, 2016) (Solomkin JS, Mazuski JE, Bradley JS, 2010) — em
especial por analisar diferentes betalactdmicos - em um estudo clinico, na
intencdo de testar as hipoteses previamente aventadas em estudos
experimentais. Ndo encontramos associagao relevante entre o uso de diferentes
classes de antimicrobianos — e de moléculas — com uma menor atividade
mitocondrial nos seus diferentes segmentos (respiragao basal, de Complexo I,
de Complexo Il e BCE), em um conjunto extenso de analises exploratorias, para
cada tipo de antimicrobiano empregado. Este dado pode sugerir que as
alteracdes encontradas em modelos experimentais n&o refletem em alteracbes
clinicas relevantes, uma vez que os resultados com valor de p<0,05 nao foram
corrigidos para as multiplas analises empregadas, sendo, portanto, dados
geradores de hipéteses. Também estes resultados s&o sujeitos ao erro tipo Il,
posto que o tamanho amostral das analises para cada molécula de

antimicrobiano, pode, a principio, ser insuficiente para uma maior robustez dos
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dados. No entanto, as analises secundarias, avaliando a atividade mitocondrial
na sepse adquirida na comunidade (em comparagao a atividade mitocondrial na
sepse nosocomial) e a atividade mitocondrial no uso de antibioticoterapia
combinada (em comparagao a monoterapia) ndo encontraram diferengas nestes
subgrupos; o que reforga a nossa hipotese de ndo haver um impacto

clinicamente relevante dos antibidticos de uso comum na atividade mitocondrial.

Associagéo entre disfungdo mitocondrial e atividade inflamatoria na sepse

A resposta imune adaptativa € essencial para a eliminacdo dos
patogenos, e ela é orquestrada pela interagdo entre os marcadores imunolégicos
e 0 metabolismo celular. Os linfécitos ndo ativados sao altamente dependentes
da OXPHOS (Chapman NM, Chi H; 2022) (Griffiths HR, Gao D, Pararasa C;
2017). As células T s&o altamente anabdlicas, havendo uma transicdo da
OXPHOS para a glicolise aerdbica, que € importante para a sua ativagao e a sua
proliferagdo induzida pela ativagdo (Pearce EL, Poffenberger MC, Chang CH,
2013). Essa transi¢cao para a glicolise aerdbica induz a secregao de citocinas
pré-inflamatérias, contribuindo para a resposta imune. Esta transicao se da apés
ativacado linfocitaria, em especial dos linfécitos T, mediante a estimulacéo
induzida pela IL-18 e pela IL-6, enquanto uma maior atividade de OXPHOS se
associa a um perfil antinflamatoério, induzido pela IL-10 (Toro J, Manrique-
Caballero CL, Gomez H; 2021). Os linfocitos atenuam os efeitos potencialmente
deletérios da resposta pro-inflamatéria através da reprogramacao metabdlica,
sendo que esta reprogramacgao impacta no prognostico destes pacientes (de

Pablo R, Monserrat J, Prieto A, et al; 2014).
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Nossos resultados reiteram este fenbmeno, ao observarmos uma melhora
na atividade de OXPHOS linfocitaria, quando mensurada através da BCE, da
atividade de Complexo | e da atividade de Complexo |l em associacdo a uma
diminui¢ao dos niveis séricos de IL-6, sugerindo uma atenuagao dos efeitos pro-
inflamatdrios mediada por linfocitos. A IL-6 promove a diferenciagao de linfécitos
T e linfécitos B (del Giudice M, Gangestad SW; 2018), potencializando a resposta
imune, reiterando, em uma coorte de doentes sépticos, os achados previamente
descritos em modelos experimentais (Venet F, Demaret J, Blaise BJ, 2017)
(McCall CE, Zabalawi M, Liu T, 2018). Neste cenario, o aumento da atividade
metabdlica linfocitaria no terceiro dia, associada a diminui¢gdo nos niveis de IL-6,
pode sugerir que esta mudancga na respiragéo celular se da no momento da
diminuicdo da atividade pré-inflamatoéria. Este resultado ndo foi acompanhado
de um aumento de igual magnitude nos niveis de IL-10; possivelmente em
decorréncia do tamanho amostral insuficiente para demonstrar o efeito em
questao.

Analisando-se estas variaveis em conjunto, presume-se que uma maior
atividade de IL-6, no estado “pro-inflamatoério” da sepse, media uma menor
eficiéncia bioenergética. Por outro lado, uma maior atividade da IL-10, parece se
conectar com uma melhor atividade metabdlica, quando analisamos a
biossintese de ATP.

A dinamica do metabolismo linfocitario ndo encontrou associagao com as
concentragdes de proteina C reativa nos mesmos intervalos de tempo. A sintese
de proteina C reativa é induzida pela atividade da IL-6 e, embora seja um
biomarcador de facil aplicabilidade, de baixo custo e de ampla experiéncia de

uso (Povoa P, Teixeira-Pinto AM, Carneiro AH, 2011) (P6voa P, Coelho L, Dal-
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Pizzol F, 2023) a PCR ndo pode servir como um “modulador” do metabolismo

mitocondrial em linfocitos.

Associagéo entre disfungdo mitocondrial e mortalidade

Encontramos uma elevada mortalidade a curto e a longo prazo em
pacientes portadores de choque séptico, condizente com dados da literatura, em
especial no Brasil (Machado FR, Cavalcanti AB, Bozza FA, 2017). O
metabolismo mitocondrial dos linfécitos, neste estudo, demonstrou ser um
preditor independente de mortalidade. Este fenbmeno parece ser um sinalizador
de deterioragao clinica, impactando nos desfechos clinicos. A disfuncao
quantitativa de linfocitos € historicamente reconhecida na doenca critica em geral
e na sepse especificamente (de Pablo R, Monserrat J, Prieto A, 2014),
reconhecida mais comumente através do déficit quantitativo de linfécitos T
CD4+, T CD8+ e células NK (Finfer S, Venkatesh B, Hotchkiss RS, 2022). A
linfopenia mostra associagdo com piores desfechos tanto na fase aguda (Vahedi
HSM, Bagheri A, Jahanshir A, 2019) quanto na fase crbénica da sepse (Adrie C,
Lugosi M, Sonneville R, 2017). O nosso estudo acrescenta aspectos qualitativos
na disfuncéo de linfocitos, apresentando uma associacdo com mortalidade tanto
em curto quanto em longo prazo, especialmente naqueles pacientes que
apresentaram uma piora do metabolismo celular no terceiro dia, em comparagao
ao primeiro dia do choque séptico. Deste fendbmeno, pode-se compreender que
uma melhora no metabolismo energético dos linfocitos pode refletir em uma
reprogramacgao metabdlica, previamente detectada através da expresséo génica

em leucocitos, a qual se associou com desfechos clinicos favoraveis (Kraft BD,
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Chen L, Suliman HB, et al; 2019). Nao realizamos a analise de expressao génica,
porém uma mensurac¢ao funcional de atividade metabdlica, como é o caso do
BCE, parece trazer maior aplicabilidade clinica.

Esta associacdo permite-nos inferir que a mensuracédo da BCE pode,
futuramente, apresentar um papel como biomarcador no estabelecimento do
prognostico dos doentes sépticos, complementando as informagdes clinicas
disponiveis como também as de escores clinicos, como € o caso do escore
SOFA, como também como uma ferramenta capaz de identificar subtipos de
doentes sépticos, com caracteristicas peculiares referentes a diferentes
estratégias terapéuticas (Nunnally ME, Ferrer R, Martin GS, 2021). Idealmente,
em estudos posteriores, o BCE pode se tornar um biomarcador de utilidade
clinica, especialmente no que tange a identificagdo de pacientes que apresentem
um risco maior de evoluir para uma trajetéria clinica desfavoravel. A sua
mensuracao em adi¢cao a de outros biomarcadores, em tese, pode acrescentar
acuracia preditiva (Povoa P, Coelho L, Dal-Pizzol F, 2023), orientando, ao menos
teoricamente, a estratégia terapéutica.

O BCE é uma estimativa do fluxo de oxigénio mitocondrial acoplado a
producdo de ATP, logo, € um marcador global de “eficiéncia” da respiragao
mitocondrial. No nosso estudo, a melhora da BCE foi um preditor independente
de sobrevida, a curto e a médio prazo. Nado encontramos a mesma associagao
ao avaliar a respiracao basal, a respiracao acoplada a Complexo | e a respiragao
acoplada a Complexo Il. Estes dados sugerem que, ao se avaliar o metabolismo
mitocondrial como um potencial marcador de progndstico, novos estudos devem
ter o foco em uma avaliagéo global do metabolismo, como é proposto pela BCE,

ao invés de avaliar diferentes intervalos da cadeia respiratoria.
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Nossos resultados apontam também para uma melhora em outros
desfechos clinicamente relevantes, que n&o a mortalidade: pacientes com
melhora da disfungcdo mitocondrial no D3 obtiveram um menor tempo de
internacdo na UTIl e uma menor incidéncia de evolugido para a necessidade de
ventilacdo mecanica e de terapia dialitica, o que reforga a relevancia dos nossos
achados. Sabe-se que a linfopenia persistente se associa a uma maior incidéncia
de infec¢des nosocomiais em doentes criticos (Adrie C, Lugosi M, Sonneville R,
2017), no entanto, nosso estudo nao foi planejado para avaliar este desfecho,
que também apresenta uma grande relevancia clinica. A contribuicdo da
linfopenia, em associagdo ou ndo a uma producdo prejudicada de ATP pelo
linfocito, deve gerar uma perspectiva futura de pesquisa na area.

Uma das respostas inadequadas do curso da sepse, que pode se associar
a desfechos clinicos deletérios, € em casos de manutengao de um estado de
imunossupressao relacionado a atividade antinflamatoria; progredindo para um
quadro de sindrome de PIICS, a qual pode acarretar num estado de doenca
critica cronica (Mira JC, Gentile LF, Mathias BJ, 2017). Durante a sepse, ha uma
expansdo de células mieloides, em detrimento da linfo e da hematopoiese,
promovendo anemia e linfopenia (Ueda Y, Kondo M, Kelsoe G, 2005). Um dos
principais sinalizadores clinicos de evolugao para doenga critica cronica é a
necessidade de traqueostomia nestes pacientes (Mira JC, Brakenridge SC,
Moldawer LL, 2017). Embora no nosso estudo ndo tenhamos encontrado uma
associacao entre a evolucao para traqueostomia — que € um marcador clinico de
doenga critica cronica - e atividade pelo BCE, nosso tamanho amostral n&o
apresenta poder estatistico para avaliar tal associagdo, assim como nao foi

desenhado, inicialmente, uma avaliacado sistematica da incidéncia de PIICS.
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Limitagbes e perspectivas futuras

Este trabalho apresenta diversas limitagcdes, que devem ser devidamente
ressaltadas. Trata-se de um estudo unicéntrico, em uma populacao diversa de
doentes sépticos, que, no entanto, pode limitar a generalizagdo dos dados. Sob
uma perspectiva futura, a realizagcdo de uma coorte multicéntrica tende a
contemplar uma maior diversidade populacional e de espectros da sindrome
séptica, aumentado a validade externa dos dados.

Trata-se de uma populagdo com uma mortalidade a curto e a longo prazo
elevadas, compativeis com a sua mortalidade predita pelo escore SAPS 3.
Embora a mortalidade encontrada seja semelhante a de outros estudos
(Buchman TG, Simpson SQ, Sciarretta KL, 2020) (Machado FR, Cavalcanti AB,
Bozza FA, 2017) (Conde KAP, Silva E, Silva CO, 2013) € uma populagao cuja
magnitude das suas faléncias organicas, quantificada pelo escore SOFA, é
discretamente menor que a encontrada em estudos contemporaneos sobre
sepse (Fowler Il AA, Truwit JD, Hite RD, 2019) (Lamontagne F, Masse MH,
Menard J, 2022). Logo, inferimos que seja uma populagdo com doengas de base
de grande relevancia, porém com faléncias organicas de menor magnitude.
Tentamos analisar os nossos dados comparando a atividade mitocondrial em
pacientes com sepse adquirida na comunidade e com sepse nosocomial, no
entanto, sem encontrar diferenga neste grau de estratificacdo. Utilizamos os
critérios diagndsticos para choque séptico de consensos anteriores (Bone RC,
Balk RA, Cerra FB, 1992), tendo havido uma atualizagdo dos critérios ao longo

da realizagcédo do estudo (Singer M, Deutschman CS, Seymour CW, 2016). A
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nossa analise posterior, comparando a atividade mitocondrial de pacientes
portadores de choque séptico pelo critério Sepse 2 e os pacientes perfazendo
critérios através do Sepse 3 ndo encontrou diferenga entre os grupos. Uma
avaliacdo mais heterogénea, em uma populagdo de menor gravidade, baseada
nos critérios diagndsticos atuais de choque séptico, poderia conferir maior
relevancia e aplicabilidade aos nossos resultados.

Nossos dados sugerem uma maior relevancia clinica na analise da BCE,
em comparagao a respiracao basal, a respiragcdo de Complexo | e a respiragao
de Complexo Il. Logo, este parece ser o biomarcador de eleicdo para a
mensuragdo da atividade mitocondrial em linfocitos. Estes resultados
apresentam uma razoabilidade fisiopatolégica, como previamente descrito.
Possivelmente, em estudos posteriores, uma analise exclusiva da BCE seja
pertinente, com vistas a validagao dos resultados obtidos. Uma analise da BCE
através da respirometria pode ser impraticavel em pequenos centros, devido ao
consumo de insumos e ao tempo empregado na analise. Esta limitagdo, no
entanto, pode ser ultrapassada através de métodos colorimétricos, que ainda
carecem de validagao.

Em outras etiologias de choque, como no caso do choque cardiogénico,
busca-se também compreender a interacdo entre as variaveis hemodinamicas e
perfusionais com o metabolismo celular, especialmente através da avaliagdo da
relacdo lactato:piruvato (O’'Brien C, Beaubien-Souligny W, Amsallem M, 2020).
O nosso modelo de avaliagao em tempo real da respiragao celular € de mais facil
execucao, com maior aplicabilidade clinica. Desta maneira, acreditamos que o
nosso modelo de mensuragao possa ser expandido para areas de pesquisa em

choques de outras etiologias.
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A nossa analise do perfil inflamatério da sepse e a sua interagdao com o
metabolismo linfocitario foi bastante limitada, em virtude das poucas
interleucinas avaliadas (IL-1, IL-6, IL-10). Embora sejam as interleucinas mais
relevantes para a compreensao da sepse, seria pertinente realizar uma analise
de interleucinas de producéao linfocitaria, como a IL-17, a IL-21, 0 TNF-x e o IFN-
v (de Pablo R, Monserrat J, Prieto A, 2014) e a sua interagdo com a OXPHOS.
Uma linha de estudo posterior a ser considerada é a de também se avaliar,
concomitantemente, a resposta da OXPHOS em mondcitos, e a sua resposta a
injuria quando comparada a de linfocitos. Em virtude do papel destas células na
resposta a sepse (Ferreira da Mota NV, Brunialti MKC, Santos SS, 2018), esta
seria uma analise pertinente, inclusive como forma de se avaliar se analisar-se
adicionalmente os mondcitos pode ou ndo conferir uma avaliagdo progndstica e
de resposta clinica adicional aquela encontrada nos linfécitos. Como também
seria relevante, do ponto de vista fisiopatoldgico, termos realizado citometria de
fluxo, a fim de compreender a resposta de cada subpopulacéo linfocitaria — em
especial os subtipos de linfécitos T — ao estimulo inflamatério, e o seu
metabolismo em especifico, como forma de resposta a injuria. Deste modo, seria
possivel uma melhor compreensdo da progressdo destes pacientes,
sobreviventes a fase inicial de injuria da sepse, a um quadro de PIICS, e a sua
correlagdo a resposta metabdlica linfocitaria. Assim, uma analise através de
novo estudo, abordando com maior énfase o quadro de imunossupressao, seria
de grande relevancia, considerando-se a interagdo entre o metabolismo
linfocitario, a incidéncia de infecgdes posteriores a sepse (tanto durante a
internagao hospitalar como no pds-alta) e, possivelmente, a qualidade de vida e

funcionalidade posterior, com foco em desfechos centrados no paciente.
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Como ja salientamos anteriormente, seria impossivel realizar este tipo de
estudo em o6rgaos-alvo, como o cérebro, coragdo, figado e rins, que sé&o
fundamentais na compreensao da faléncia multiorgéanica secundaria a sepse. No
entanto, uma possibilidade a ser considerada € a avaliacdo destes 6rgaos-alvo
em estudos animais, comparando-se a resposta destas células em comparagao
a resposta encontrada em linfécitos. Dados semelhantes ja foram avaliados em
modelos de choque hemorragico, demonstrando comportamentos distintos

orgao-dependente (Karamercan MA, Weiss SL, Villaroel JPP, et al, 2013).
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Consideragoes finais

A disfuncdo mitocondrial apresenta uma correlagdo relevante com a
evolugdo das faléncias multiorganicas na sepse, sendo, possivelmente, um dos
principais fendmenos causadores desta complicagdo. A mensuragao da
atividade mitocondrial, especialmente em linfécitos, € um método de facil
execucado e potencialmente aplicavel no cenario clinico, podendo ser um
potencial biomarcador a ter o seu impacto medido em estudos posteriores.

A atividade mitocondrial se associa, em curto prazo, a respostas
inflamatdrias especificas, relacionadas a ativacdo de linfécitos e expressao de
interleucinas. Ela aparenta apresentar um curso clinico dissociado dos
marcadores perfusionais, sendo uma avaliagdo complementar a primeira numa
compreensao dos niveis seéricos de lactato nesta populagdo. Nao parece ser
influenciada pela administragdo de diferentes antimicrobianos, de diferentes
classes, em monoterapia ou em uso combinado. O impacto da utilizagcdo de
outros farmacos comumente usados nestes pacientes, no entanto, deve ser
melhor estudado posteriormente.

Neste trabalho, conseguimos avaliar a interagdo entre o metabolismo
mitocondrial e as variaveis perfusionais no choque séptico, demonstrando a
interacdo de ambos com os niveis de lactato. Compreendemos uma revisao
ampla dos estudos clinicos que atualmente justificam a avaliagdo da disfuncéo
mitocondrial, e do metabolismo mitocondrial em especifico, como uma
ferramenta potencial para acompanhamento em estudos posteriores. Foi
possivel empreender uma avaliacdo basica do perfil de resposta de citocinas e

sua associagao com o metabolismo mitocondrial de linfécitos. A avaliacdo dos
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diferentes antimicrobianos com o metabolismo mitocondrial foi prejudicada pelo
tamanho amostral insuficiente para se refutar plenamente uma auséncia de
associacao entre as variaveis. Também nao foi possivel realizar uma avaliagao
robusta de outros desfechos clinicos relevantes, que ndao a mortalidade:
incidéncia de reinfecgdes, necessidade de terapias de suporte, qualidade de vida
a longo prazo.

Deve-se também levar em consideragao, futuramente, o impacto da
disfuncdo do metabolismo linfocitario para um estado de imunossupresséao e de

catabolismo persistente, que ndo € incomum nestes pacientes.
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