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RESUMO

A sepse é definida como disfuncdo organica, causada por uma resposta
desregulada do hospedeiro a infeccdo, que acomete milhdes de pessoas
anualmente e o envelhecimento atua como importante fator de risco para pior
prognostico e desfecho clinico. Com isso, o objetivo do nosso estudo foi avaliar os
efeitos da sepse sobre a reatividade vascular no contexto do envelhecimento em um
modelo experimental de sepse estafilocécica, apos 24 horas de sua indugcdo, em
camundongos da espécie Balb-c. Animais de 3 e 12 meses (3M e 12 M
respectivamente) foram submetidos a incoculacao intraperitonel de uma preparacao
de 150 pL com Staphylococcus Aureus sensivel & meticilina (1,8 x 10° UFC/mL) para
0s grupos sepse (SP) ou tampao fosfato-salino (PBS) para os grupos controle (CT).
A sespe aumentou a letalidade em ambos os grupos, sendo significativamente maior
no de 12M, e aumentou os niveis plasmaticos de DNA livre circulante de forma
similar. Foi observado reducdo no relaxamento vascular em curvas acetilcolina-
dependentes nos grupos de ambas as idades, contudo, animais de 12 M submetidos
a sepse apresentaram reducao da reatividade vascular durante as curvas fenilefrina-
dependentes, que nao foi observado em animais sépticos com 3M. A incubagdo com
L-NAME, inibidor da enzima Oxido nitrico sintase (NOS), reverteu a
hiporresponsividade das curvas fenilefrina-dependentes de animais com 12 M, o
mesmo foi observado durante a incubacdo com de aminoguanidina, inibidor da
enzima oOxido nitrico sintase induzida (iINOS), sugerindo, a participacdo do Oxido
nitrico (NO) derivado da iNOS, no aumento do efeito anti-contratil durante a sepse. A
incubacdo com indometacina, inibidor da ciclooxigenase (COX), também reverteu a
hiporresponsividade em curvas fenilefrina-dependentes, fortalecento a hipétese da
presenca de prostanoides vasodilatadores na reducdo da reatividade vascular a
fenilefrina em animais de 12 M. Além disso, a incubagdo com tempol, mimético da
superéxido dismutase (SOD) e losartan, antagonista de receptores de angiotensina
1 (AT1), reduziram ainda mais as respostas vasoconstritoras observadas durante as
curvas fenilefrina-dependentes em animais de 12 M, sugerindo a presenca de
espécies reativas de oxigénio (EROS) e atividade do sistema renina angiotensina
aldosterona (SRAA) em nosso modelo de estudo. Em concluséo, observamos que, a
sepse estafilococica, promove hiporresponsividade vascular a agentes

vasoconstritores exclusivamente em animais envelhecidos por mecanismos que



envolve a producédo de NO derivado da iNOS e prostandides vasodilatadores da via
COX . Esses achados, acrescidos da presenca de produtos das EROS e do SRAA,

podem contribuir para faléncia vascular e pior desfecho clinico observado.

Palavras chaves: sepse, envelhecimento, 6xido nitrico, ciclooxigenase, reatividade
vascular, disfungéo vascular.



ABSTRACT

Sepsis is defined as organic dysfunction, caused by an unregulated host response to
infection, which affects millions of people annually, and aging acts as an important
risk factor for a worse prognosis and clinical outcome. Thus, the aim of our study was
to evaluate the effects of sepsis on vascular reactivity in the context of aging in an
experimental model of staphylococcal sepsis, 24 hours after its induction, in mice of
the species Balb-c. Animals aged 3 and 12 months (3M and 12M respectively) were
subjected to intraperitoneum incoculation of a 150 pL preparation with methicillin-
sensitive Staphylococcus Aureus (1.8 x 109 CFU/mL) for sepsis groups (SP) or
phosphate buffer -saline (PBS) for the control groups (CT). Sespe increased lethality
in both groups, being significantly higher in the 12M group, and increased plasma
levels of circulating free DNA in a similar way. A reduction in vascular relaxation was
observed in acetylcholine-dependent curves in both age groups, however, 12 M
animals submitted to sepsis showed a reduction in vascular reactivity during
phenylephrine-dependent curves, which was not observed in septic animals with 3M.
Incubation with L-NAME, an inhibitor of the nitric oxide synthase (NOS) enzyme,
reversed the hyporesponsiveness of the phenylephrine-dependent curves of animals
with 12 M, the same was observed during the incubation with aminoguanidine, an
inhibitor of the induced nitric oxide synthase enzyme (iNOS), suggesting the
participation of iINOS-derived nitric oxide (NO) in the increase of the anti-contractile
effect during sepsis. Incubation with indomethacin, a cyclooxygenase (COX) inhibitor,
also reversed hyporesponsiveness in  phenylephrine-dependent  curves,
strengthening the hypothesis of the presence of vasodilator prostanoids in reducing
vascular reactivity to phenylephrine in 12 M animals. Furthermore, incubation with
tempol, a superoxide dismutase (SOD) mimetic and losartan, an angiotensin 1 (AT1)
receptor antagonist, further reduced the vasoconstrictor responses observed during
the phenylephrine-dependent curves in 12 M animals, suggesting the presence of
reactive oxygen species (ROS) and activity of the renin angiotensin aldosterone
system (SRAA) in our study model. In conclusion, we observed that staphylococcal
sepsis promotes vascular hyporesponsiveness to vasoconstrictor agents exclusively
in aged animals by mechanisms that involve the production of INOS-derived NO and
vasodilator prostanoids from the COX pathway. These findings, added to the

presence of ROS and RAAS products, may contribute to vascular failure and worse



clinical outcome observed.
Key words: sepsis, aging, nitric oxide, cyclooxygenase, vascular reactivity, vascular

dysfunction.
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1.INTRODUCAO

A sepse é definida como disfuncdo organica com risco de vida, causada por uma
resposta desregulada do hospedeiro a infeccdo (SINGER, 2016). Os fatores de risco
para sepse sdo variaveis, contudo, destacam-se a presenca de comorbidades, uso
de dispositivos invasivos, sexo e a idade (NASA, 2012). Sepse, choque séptico e
disfuncdo de mdultiplos 6rgdos sdo as maiores causas de morte nas Unidades de
Terapia Intensiva (UTIs) em todo mundo (SEYMOUR et al. 2016). E responséavel por
aproximadamente 11% de todas as admissfes em UTI| em paises desenvolvidos,
muitas vezes em associacdo com idade avancada, comorbidades e uso de
medicamentos imunossupressores (PERNER, 2016). A sepse afeta entre 3 a 10 a
cada 1.000 habitantes por ano e acarreta uma mortalidade associada de 18 a 35%
em paises de terceiro mundo (SINGER, 2016). Apesar de todos os avancos na
medicina, a mortalidade no Brasil, ainda € elevada, atingindo valores acima de 50%
(ILAS, 2018). A incidéncia e prevaléncia de sepse aumentaram globalmente nos
altimos anos (GENGA, 2017), em parte devido ao aumento da idade populacional
(GOTTS, 2017).

A sepse afeta desproporcionalmente adultos de maior idade, observa-se que mais
60% dos diagnésticos de sepse, sdo atribuidos a adultos com 65 anos ou mais
(TUCSEK et al. 2013). Dados considerados preocupantes frente a tendéncia
demografica de mudanca em direcdo ao envelhecimento da populacdo no Brasil e
no mundo (GOTTS, 2017).

Como consequéncia, a sepse é a décima maior causa de morte em individuos acima
dos 65 anos (TUCSEK et al. 2013; MARTIN, 2006). A proporcdo de eventos sépticos
€ maior na populacado idosa (58- 65%), tendo as taxas de incidéncia e mortalidade
significativamente maiores nesse publico (NASA, 2012). Individuos com idade
avancada, correm um risco maior de contrair patdogenos infecciosos devido ao
declinio do sistema imunologico e das defesas anatdmicas e fisiologicas, além de
outras alteracdes relacionadas a idade (GIRARD, 2005). Gotts, 2017, afirma que o
avanco da idade é um forte fator de risco para a sepse, explicado pela presenca de
multiplas comorbidades pré-existentes.

As modificacdes vasculares associadas a idade, sdo fatores que desencadeiam

diferentes respostas frente o evento séptico, quando comparados com os adultos
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mais jovens, interferindo consideravelmente no desfecho do processo infeccioso
(CLIFFORD, 2016). Os vasos sanguineos podem ndo responder adequadamente a
hipéxia ou hipercarbia, além de apresentarem prejuizo na resposta vasodilatadora
dependente do endotélio (SCHWARTZ, 2011). Ademais, durante o envelhecimento,
as paredes arteriais se tornam espessas e com menor complacéncia devido ao
aumento dos niveis de colageno e diminuicdo da elastina, resultando na alteracdo da
pressdo arterial (HEINEMAN, 2010). Achados que contribuem, como descrito por
Umberger, 2015, para individuos com idade avancada progredirem mais facilmente
para sepse na sua forma grave.

A resposta inflamatéria mediada pela sepse, resulta em ativacédo, alteracées e danos
em células endoteliais vasculares, estabelecendo um modelo de disfuncéo
endotelial, caracterizado por hipotensdo e hiporesponsividade aos vasoconstrictores
(WALBORN, 2019). Colleta, 2014, mostrou que animais idosos apresentavam maior
severidade na disfuncdo endotelial quando associado ao evento séptico, indicando
pior desfecho clinico para esse grupo de animais. Como ja mencionado, as
alteracdes vasculares fisiopatoldgicas especificas do envelhecimento aumentam o
risco subito para evolucdo da sepse grave, fundamentando o aumento da
mortalidade em tais pacientes (CLIFFORD, 2016).

Ha pouca descricdo na literatura qguanto aos mecanismos subjacentes as alteraces
relacionadas a idade em resposta a inflamacéo sistémica da sepse, que frente as
suas caracteristicas epidemioldgicas, justiicam a necessidade de maior

compreensao.

2. ENVELHECIMENTO VASCULAR

O sistema cardiovascular garante o fluxo sanguineo adequado para o organismo,
regulando o transporte e distribuicAo de compostos essenciais para 0s tecidos,
remocgdo dos metabdlitos, controle da temperatura e pH (MICHELINI e ROSSONI,
2008). Com o avanco da idade, mudancas estruturais e funcionais complexas
ocorrem nesse sistema (TESAURO, 2017). Tais modificagbes, apoiam estudos que
demonstram que o risco de sofrer doencas cardiovasculares (DCV) aumenta a
medida que envelhecemos (COOPER, 1994; LAKATA, 2003).

Os vasos sanguineos sdo compostos por trés camadas, também denominadas

tunicas: intima, média e adventicia. As referidas camadas podem variar em
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espessura e complexidade estrutural de acordo com a sua fungao ou localizacao.

Como descrito por Van Den Munckhof, 2012, os vasos sofrem alteragbes estruturais
a medida que envelhecem. O espessamento gradual da parede vascular, mudancas
no contetudo da parede e o aumento do diametro do vaso, sdo observados com a
idade avancada. Essas modificacdes evidenciam grande relagdo com a rigidez
vascular observada em varios estudos associados ao envelhecimento (LAKATTA,
2003; WANG, 2010; VLACHOPOULOS, 2010; VAN DEN MUNCKHOF, 2012;
THIJSSEN, 2016), predizendo assim, maior risco para eventos cardiovasculares

futuros.

Modificagcbes mediadas pelo envelhecimento podem ser observadas através da
estrutura das artérias elasticas como a aorta e seus principais ramos. Como visto na
Figura 1, podemos demonstrar uma compilacdo de mudancas observadas no

envelhecimento dessas artérias.

— Jovem
intima: Glicocalice , Endotélio, Espago
Subentotelial.

Média: Masculo Liso Vascular,
Fibras de Colageno e Elastina.

Adventicia: Vasa vasorum

L Idoso

intima: Espessamento,
Hiperplasia Endotelial, Disfun¢do
Endotelial, Aumento da Deposi¢éo
de Colageno.

Média: Degradagéo de Elastina; Aumento
da Deposigao de Colagenos e da Proliferagéo
de Células Musculares Lisas.

Adventicia: Aumento da Deposicdo
de Colageno.

Figura 1: Alteragdes associadas ao envelhecimento arterial na composi¢do e estrutura das
camadas vasculares. A figura acima representa as principais modificacdes do envelhecimento na
artéria aorta em comparacdo com um individuo jovem. Na camada intima, destacamos o
espessamento desta camada, a hiperplasia e disfuncdo endotelial e a deposicao de colageno; a
camada média apresenta degradacdo de elastina, maior deposi¢do de colageno e maior proliferagéo
de células musculares lisas; e na camada adventicia observa-se maior deposi¢cdo de colageno
(Elaborada pelo autor).
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Uma observagdo comumente relatada em estudos que descrevem o impacto da
idade na estrutura arterial, € o aumento da espessura das camadas intimas-médias
de artérias elasticas, como visto por Homma, 2001 em artérias carotidas, cujo
aumento ocorre linearmente com a idade tanto em homens quanto em mulheres.
Vale ressaltar que apesar do maior direcionamento em estudos com artérias
elasticas de maior calibre, também é observado espessamento da parede arterial
com a idade em vasos periféricos de menor calibre tanto de membros superiores
qguanto inferiores (VAN DEN MUNCKHOF, 2012).

O diametro arterial demonstra aumento gradual com a idade. Estudos em vasos de
membros inferiores observaram aumento do didmetro de artérias popliteas e
femorais ao longo de um intervalo de idade (25-67 anos), 0 equivalente a um
aumento de aproximadamente 0,5% por ano (SANDGREN, 1998; 1999). Contudo,
pouco se sabe explicar 0s mecanismos para aumento do didmetro relacionados a
idade. Sugere-se mecanismos compensatorios ao espessamento arterial e a perda
de elastina (THIJSSEN, 2016).

Por fim, a rigidez dos vasos também representa uma das modificacdes do sistema
vascular durante o envelhecimento, caracterizada pela diminuicdo da complacéncia
das artérias e considerada forte preditor para DCV (VLACHOPOULOS, 2010). A
perda ou a desorganizacdo da elastina e sua substituicdo por colageno determina o
aumento da rigidez da parede. Portanto, o desequilibrio desse sistema, causado por
varios fatores, dentre eles, processos inflamatorios, contribuem para reducdo da
distensibilidade vascular (BLACHER & SAFAR, 2005). Reiterando, mais uma vez a
magnitude das alteracdes vasculares associadas ao espessamento da camada
intima-média, diametro e rigidez arterial, em predizer eventos cardiovasculares
futuros, como doencas coronarianas, derrames e insuficiéncia cardiaca (LAKATA,
2003).

O endotélio, presente na tunica intima, atua fisiologicamente como uma barreira
fisica entre o sangue e os tecidos subjacentes dos vasos sanguineos, além de fonte
para uma variedade de substancias reguladoras envolvidas com o balanco da
vasodilatacdo e vasoconstricdo, considerado crucial, no controle paracrino da
estrutura e funcdo vascular (RAJENDRAN, 2013). Aléem disso, essa monocamada
celular desempenha fungdes que contribuem em manter a homeostase, regulacéo e
modulacdo de varias funcdes fisiolégicas, como a agregagdo plaquetéria,

inflamagéo, angiogénese, mecanotransducao e fibrindlise (VANE et al. 1990;
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RAMOS, 1992).

As células endoteliais sobre o efeito do envelhecimento, desenvolvem desequilibrio
entre 0s componentes vasodilatadores e vasoconstrictores, fatores pré e
antioxidantes, pro e anti-inflamatérios e sinais pro e antitrombdéticos, caracterizando
uma disfuncéo endotelial mediada pela idade (RODRIGUEZ-MANAS, 2009; GREEN,
2011), condicdo associada a um dos principais mecanismos pelos quais o
envelhecimento aumenta o risco de DCV (RODRIGUEZ-MANAS, 2009).
Considerado o principal mediador do relaxamento vascular, o NO é sintetizado,
principalmente, através da ag¢do da enzima Oxido nitrico sintase (NOS) em uma
reacdo que envolve a conversdo do aminoacido L-arginina para L- citrulina e NO
(Figura 2), na presenca de cofatores como o oxigénio, NADPH (nicotinamida
adenina dinucleotideo fosfato), FAD (flavina adeninadinucleotideo), FMN (flavina
mononucleotideo) e BH4 (tetrahidrobiopterina) (STUEHRET, 1991; HEVEL et al.,
1991; MICHEL & VANHOUTTE, 2010). A NOS é representada por 3 isoformas: a
presente em células endoteliais (eNOS), em células neuronais ( nNOS), ditas
constitutivas e isoforma induzida (iNOS ) por estimulos imunolégicos, podendo ser

expressa em macréfagos e células endoteliais (FORSTERMANN et al., 2012).

shear stress ou agonistas

‘ CELULA ENDOTELIAL
NADPH eNOS L- citrulina
L-arginina NO
BH4
NO CELULA MUSCULAR
GTP Sps GMPc

‘Ca 2+
£

VASODILATAGAO

Figura 2: Representacdao ilustrativa da sintese e liberacdo de NO (Elaborada pelo autor)

O comprometimento da biodisponibilidade ou aumento da degradacdo de NO
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mediado pela progressao da idade, aparece como determinante para disfuncéo
endotelial, afetando diretamente o0 relaxamento dependente do endotélio
(TESAURO, 2017). Ja dizia Mitchell, 2004, que o envelhecimento é o fator
independente que mais influencia o relaxamento dependente do endotélio,
corroborando que homens e mulheres de idade avangada apresentam disfuncao
endotelial, mesmo na auséncia de doenca clinica.

Ainda, varios estudos apontam que a inflamacdo e o estresse oxidativo, s&o
processos patologicos importantes que impactam na biodisponibilidade de NO e
determinam a disfuncé@o endotelial em idosos saudaveis e em modelos de roedores
(LEKAWANVWIT et al. 2012; NEIRYNCK et al. 2013; TESAURO, 2017).

O desbalanco oxidativo € originado a partir do aumento de substancias denominadas
espécies reativas de oxigénio (EROS), frente a incapacidade de enzimas
antioxidantes controlarem essa producéo, promovendo assim, a liberacdo de
substancias eletricamente instaveis e potencialmente reativas, capazes de causar
oxidacdo (PARAVICINI, 2008). Segundo Yuyun, 2018, destacam-se como EROS de
relevancia: anion superéxido (0O2-), peréxido de hidrogénio (H202) e radical hidroxila
(OH-), presentes comumente em varias fisiopatologias cardiovasculares, geradoras
de estresse oxidativo.

Com importante papel na regulacdo de EROS, a atividade do sistema renina
angiotensina aldosterona (SRAA), tem sido demonstrada durante o envelhecimento,
através do aumento de sinalizacdo de receptores de angiotensina (ANG) e da
atividade da NADPH oxidase em células endoteliais (VAN THIEL, 2015),
contribuindo, ainda mais, com o desequilibrio oxidativo. Esses achados, corroboram
o potencial das vias de sinalizacdo de angiotensina, em induzir o estresse oxidativo
e danos endoteliais, fundamentado pela inativacdo do NO e desbalanco vasomotor,
caracterizando assim, um fenoétipo de envelhecimento vascular (FERDER, 2002; XU,
2017).

Estudo de Costa, 2016, demonstrou a relacdo entre o SRAA com o aumento da
atividade das ciclooxigenases, em modelo animal de envelhecimento. Dentre os
diversos componentes associados a disfuncdo vasomotora em idade avancada,
destacam-se os prostandides. Derivados do acido aracddnico (AA), sdo substancias
liberadas pelo endotélio, que desempenham importante fungdo na regulacdo do
tbnus vascular em condi¢Oes fisioldgicas e patoldgicas (WRIGHT et al., 2001). Os

prostanodides séo sintetizados a partir da acdo da fosfolipase A2 (PLA2), seguido por



32

uma oxidacdo mediada pela ciclooxigenase (COX), enzima chave na sintese de
prostandides (BOS et al., 2004). Destes, os comuns sdo prostaciclina 12 (PGI2),
prostaglandina E2 (PGE2), prostaglandina D2 (PD2), prostaglandina F2a (PGF2a) e
o tromboxano A2 (TXA2). O aumento da formacdo de produtos da COX, também
intermedeia a disfungdo endotelial relacionada ao envelhecimento, gerando
desequilibrio nos componentes vasodilatadores e vasoconstritores em células
endoteliais (BRANDES, 2005).

Sabe-se da existéncias de isoformas da COX: a ciclooxigenase-1 (COX-1), dita
constitutiva, e presente na maioria das células, exercendo fungdes fisiologicas e a
ciclooxigenase-2 (COX-2), isoforma induzida, estimulada principalmente em
processos inflamatorios em diferentes tipos celulares, comumente associada ao
processo de envelhecimento (ANTMAN et al. 2005; PATRONO, 2016; LUOU et al.
2016).

Inflamagédo Estresse Oxidativo

Célula Endotelial

QUINASES
|NOS\ +/ L- arginina
eNOS Bl Arginase
NADPH \
OXidase PG2  TXA2

NO {b VASOCONSTRICAO
\/ VASODILATACAO

ONOO-

AUMENTADO NO ENVELHECIMENTO REDUZIDO NO ENVELHECIMENTO

Figura 3: Possiveis mecanismos envolvidos na disfuncdo endotelial induzida pelo
envelhecimento. Em azul, reduzido no envelhecimento: produ¢éo de éxido nitrico (NO), L-arginina e
substratos da eNOS, cofatores da eNOS: tetrahidrobiopterina (BH4), expressédo e/ou atividade da
oxido nitrico sintase endotelial (eNOS), quinases que fosforilam a eNOS. Em vermelho, aumentado
no envelhecimento: atividade da 6xido nitrico sintase induzida (iNOS), degradagéo da L-arginina por
arginases, producéo de tromboxano (TXA2), producao de radical superéxido (O2-) e de peroxinitrito
(ONOO-) (Elaborada pelo autor).
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As combinacgOes desses mecanismos em graus variados (Figura 3) determinam a

lesdo endotelial mediada pelo envelhecimento vascular.

3. FISIOPATOLOGIA DA SEPSE

Categorizada como uma sindrome inflamatoria sistémica (SINGER, 2016), a sepse €
uma disfuncdo organica ameacadora a vida que ocorre em decorréncia de uma
resposta imune desregulada a infeccéo, sendo classificada conforme Tabela 1. Seu
reconhecimento precoce e tratamento adequado s&o fatores primordiais para o bom
prognostico do paciente.

As principais variaveis fisiopatoldgicas determinantes no desenvolvimento da sepse
sdo as caracteristicas do agente infectante (carga e viruléncia) e do hospedeiro
(fatores ambientais, genéticos, estado imunoldgico, comorbidades e idade). Assim,
em situacdes em que o hospedeiro € incapaz de conter a infec¢do primaria, ocorre a
progresséao do processo inflamatério (ANGUS 2013; RUSSEL, 2006).

Classificagao Definigéo
(Sepsis 3)
Infeccéo sem Infeccao suspeita ou confirmada, sem disfungédo organica
disfuncéo
Sepse Infeccdo suspeita ou confirmada e um aumento agudo de

= 2 pontos no SOFA

Chogque séptico | Sepse + necessidade de vasopressor para elevar a
pressédo arterial média acima de 65 mmHg e lactato > 2
mmol/L (18 mg/dL) apds reanimacao volémica adequada

Tabela 1: Classificacdo da sepse. (Elaborada pelo autor).

7

O inicio de uma resposta imunolégica é caracterizado pelo reconhecimento de
receptores sensiveis ao microrganismo infectante denominados receptores de
reconhecimento padrdo (PRRs) dentre eles, a familia de TLRs (do inglés Toll-like
receptors). Tal reconhecimento, ndo somente ativa o macrofago a degradacéo
interna do agente infectante, mas também promove o estimulo a secrecdo de
citocinas, quimiocinas que participam na inducdo da resposta inflamatoria, que por
sua vez, auxilia a conter a infecgcdo (BALDWIN Jr. AS, 2001; LEWIS, 2016). Esse
processo pode ser induzido por agentes infecciosos e seus produtos, como

peptideogliganos de bactérias gram-positivas ou por lipopolissacarideo de
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membrana (LPS) de bactérias gram-negativas. A ativacdo de receptores TLRs em
células do sistema imune estimula a producao de citocinas pré-inflmatérias, como o
fator de necrose tumoral-alfa (TNF-a), interleucina (IL)-1B8, IL-6, bem como
guimiocinas, como a quimiocina ligante 1 e 2 (CXCL1 e CXCL2 respectivamente)
(MOGENSEN, 2009; CASTOLDI, 2012).

O quadro clinico da sepse é resultante da resposta inflamatdria sistémica, que sofre
variacfes importantes em funcéo de fatores como, por exemplo, as comorbidades
coexistentes, internacbes repetidas e prolongadas, reducdo da imunidade, uso
concomitante de medicamentos e envelhecimento (NASA, 2012). A presenca de
disfungbes organicas, habitualmente no sistema nervoso central, cardiovascular,
renal, hepatico, respiratorio, além de alteracbes na coagulacdo, sdo resultados da
desregulacdo de importantes mecanismos ativados no contexto de uma infeccao
(SHANKAR-HARI, 2016).

Vérios disturbios vasculares sdo encontrados na sepse, tais como aumento da
permeabilidade, diminuicdo da resisténcia vascular periférica (HENKIN et al. 2009;
EVANS, 2018), potencializacdo da agregacdo plaquetaria e ativacdo/agregacao de
células de defesa (BATISTA, 2011). A sepse estd associada a disfuncéo grave das
células endoteliais, levando a desregulacéo da hemostasia e da reatividade vascular,
bem como ao edema tecidual (INCE, 2016). As alteracBes endoteliais relacionadas a
sepse devem ser consideradas adequadas para limitar a propagacdo bacteriana,
bem como orquestrar o recrutamento de células de defesa (JOFFRE, 2020). No
entanto, as modificacdes vasculares graves e / ou persistentes associados a sepse,
podem contribuir para um fluxo sanguineo microcirculatério prejudicado,
hipoperfuséo de tecidos e faléncia de érgdos com risco de vida.

Dentre os prejuizos endoteliais mediados pela sepse (Figura 4), destacamos a
perda da integridade do glicocalice, intensificada na presenca de oxidantes, citocinas
e endotoxinas bacterianas (ZUUBIER, 2005; RUBIO-GAYOSSO, 2006). O
glicocalice medeia varios processos fisiologicos importantes, como a funcdo de
barreira vascular, hemostasia, adesdo de leucécitos e plaquetas, transmissdo de
tensdo de cisalhamento para o endotélio e defesas anti-inflamatorias e antioxidantes
(WEINBAUM,2007; INCE, 2016). Seu dano, resulta em (1) aumento na liberagcédo de
produtos do endotélio como o NO, via hiperatividade da iNOS ou endotelina (ET)
(FORNI, 2005), contribuindo para alteracdo da reatividade vascular; (2) interrupcao

da funcdo de barreira , que esta associada a formacdo de edema (RUBIO-
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GAYOSSO, 2006); (3) exposicdo de moléculas de adesdo, que iniciam a adeséo
dos leucodcitos, levando a transmigracao para os tecidos (MANTZARLIS, 2017); (4) e
ativacdo de compostos hemostaticos em direcdo a um estado pro-trombotico e anti-
fibrinolitico, que pode levar a trombose microvascular disseminada e isquemia de
orgdo (INCE, 2016). Todas essas modificacdes contribuem fortemente para a

faléncia de 6rgdos induzida pela sepse.

Microparticulas

SEPSE

Glicocalice danificado
\ Mecanotransdutores

° /.
honk e odidh oo B A
° o J =
] o
L ®
EROS' 'N 0 Células endoteliais

¥

DISFUNGAO ENDOTELIAL NA SEPSE

Figura 4: Mecanismos de disfun¢cdo endotelial na sepse. Destruicdo do glicocalice; exposi¢cdo de
mecanotransdutores; producéo de EROS via NADPH oxidase; aumento de NO via iNOS ; reducgéo de
enzimas antioxidantes; presenca de microparticulas.

Notavelmente operante, as EROs (Figura 4) como peroxido de hidrogénio, anions
hidroxila e superéxido, resultante de processos oxidativos da mitocondria, xantina
oxidase, NADPH oxidase e eNOS desacoplada, danificam as células endoteliais e
alteram a fungdo do endotélio na sepse (MANTZARLIS, 2017). Também
responsavel em aumentar as EROs, as microparticulas (Figura 4), moléculas
compostas por lipidios e proteinas de membrana, sdo capazes de causar
hiporreatividade vascular, amplificacdo da resposta hemostatica, contribuindo, ainda
mais, com a disfuncéo endotelial (REID, 2012).

A ativagdo do SRAA também €& observado na sepse (DU CHEYRON, 2003;
SCHRIER, 2004; SALGADO, 2009). A enzima conversora de angiotensina (ECA) e

seu produto, a ANG II, parecem estar associadas com a patogénese da disfuncéo
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endotelial (BOLDT, 1998), além de aumentar a permeabilidade microvascular e
causar edema (NEWTON, 2005; SALGADO,2009). Seu mecanismo de acdo esta
associado ao aumento da volemia e pressao arterial, preservando assim, o volume e
tbnus vascular (BURCHER, 2001; DU CHEYRON, 2003). Estudos anteriores,
mostram que os niveis plasmaticos e teciduais de ANG Il estdo aumentados na
sepse, entretanto, acredita-se que parte dos efeitos biolégicos vasculares sdo
reduzidos diante a alta producdo de citocinas, NO e estimulo a liberacdo de
prostandides (HIGUCHI, 2007; SALGADO, 2009).

As prostaglandinas s&do importantes mediadores e moduladores da resposta
inflamatéria e imunoldgica a infeccdo (METZ, 1990; NEMETH, 2008). Acredita-se
gue na sepse, participam da patogénese do colapso hemodinamico, faléncia de
orgaos e do intenso processo inflamatdrio (ARONOFF, 2012). Seus mecanismos
associados a vasodilatacdo sistémica parecem estar envolvidos com pior
prognostico e maior mortalidade por sepse (CULP,1971; ARONOFF, 2012).

Além dos fatores supracitados envolvidos na disfuncdo endotelial mediada
pela sepse, as armadilhas extracelulares de neutréfilos (NETs) também parecem
estar envolvidas, pois apesar de promoverem mecanismo de defesa do hospedeiro
contra a infeccdo, contribuem para lesdo do endotélio e prejuizo da perfusédo
microvascular (CAMICIA, 2014). Ademais, sabe-se que a geracdo de NETs pode
estar associada com o aumento de DNA livre circulante de células (do inglés, cell
free DNA/ cfDNA) (MARUCHI, 2018), considerado uma mistura de fragmentos de
DNA liberados de células apoptéticas e necréticas de diferentes tecidos, que
permanecem circulando no sangue (SUN, 2015). Concentracdes aumentadas de
cfDNA plasmatico sdo encontradas em varias condi¢des clinicas, incluindo sepse,
trauma, cancer, e acidente vascular cerebral (LO, 2000; RAINER, 2003; DAWSON,
2013; ZEERLERDER, 2003). O aumento de cfDNA est& associado com a disfuncao
endotelial (JOHANSSON, 2018) e parece forte preditor de injaria organica e
prognéstico para sepse (JOHANSSON, 2018; LIAO, 2020).

Desta forma, fica evidente que o sistema vascular é protagonista na resposta
sistémica a infeccdo e ao inicio da faléncia de orgaos (JOFFRE,2020). A disfuncéo
endotelial induzida pela sepse é multifacetada, com diferentes mecanismos
moleculares, justificando a necessidade de melhor compreensdo dos processos
fisiopatoldégicos que medeiam a sindrome inflamatéria. A melhor caracterizacdo da

disfuncéo endotelial, permitiria futuros alvos terapéuticos visando vias patogénicas
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especificas e proporcionando uma assisténcia mais direcionada.
4. SEPSE E O ENVELHECIMENTO

O envelhecimento é fator de risco reconhecido de sepse. Os pacientes idosos
apresentam maior propensdo a disfuncdo microvascular e consequente faléncia
multiorganica, apresentando, dessa forma, letalidade significativamente maior
gquando comparado aos pacientes mais jovens (TUCSEK, 2013). Estudos sugerem
que as alteracdes no endotélio relacionadas a idade contribuem para o aumento da
mortalidade por sepse em animais idosos (SAITO, 2001; YAMAMOTO, 2002,
STARR, 2010).

Colleta, 2014, mostrou que a disfuncdo endotelial, evidenciada tanto por estudos
funcionais, através de medidas do relaxamento dependente do endotélio, quanto
pela medicdo de multiplos indices plasmaticos de disfungéo de células endoteliais, é
de inicio precoce e particularmente grave em camundongos idosos submetidos a
sepse. O envelhecimento exacerba a disfuncdo de multiplos 6rgdos e a mortalidade
em modelo de sepse em roedores, caracterizado, por um grau significativo de
disfuncdo endotelial, mediante o aumento do estresse oxidativo e resposta reduzida
em curva de acetilcolina em artéria aorta (COLLETA, 2014). Os achados, reforcam a
hip6tese que a lesdo endotelial aguda induzida pela sepse em pacientes idosos,
esteja ocorrendo em um endotélio que est4q, em maior ou menor grau, ja danificado,
gerando assim, impacto no prognostico do paciente.

Ha evidéncia disponivel na literatura, que demonstra que a sepse e seu fator de
risco precedente (envelhecimento), compartilham caracteristicas comuns da
disfuncdo endotelial, caracterizada pela perda do equilibrio da funcionalidade do
endotélio (BERMEJO-MARTIN, 2018). Como ocorre na sepse, o envelhecimento
promove um estado pré-inflamatério, pré-oxidativo e pro-coagulacdo dos vasos
sanguineos, favorecendo alteracbes do tbnus vasomotor, ativacdo plaquetaria e
adesdo e transmigracdo leucocitaria (COLLETA, 2014; INCE, 2016; UNGVARI,
2018). Além disso, o envelhecimento prejudica a capacidade regenerativa do
endotélio, contribuindo com a geracdo de um grau basal de faléncia de oOrgaos
(KONUCOGLU, 2017; BERMEJO-MARTIN, 2018). Todos esses fatores, contribuem
para um cenario de “fragilidade endotelial” precedente a sepse.

E notavel, que a presenca de disfuncdo endotelial prévia associada a idade, pode

representar, um fator predisponente para o desenvolvimento de uma disfuncdo
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vascular mais severa, dentro do contexto de infec¢do, contribuindo para maior grau
de faléncia de orgéanica.

Pequenos estudos clinicos evidenciaram que métodos de monitorizacdo da
disfuncdo microcirculatoria, através de microscopia intravital ou de biomarcadores
plasmaticos especificos, em idosos com sinal de infeccao, pode prever ou detectar a
sepse (COLBERT, 2016). Recentemente, foi observado que pacientes idosos com
infeccdo, que realizam o uso combinado de antimicrobianos com drogas que
protegem o endotélio, pode prevenir o desenvolvimento de sepse ou melhorar o
desfecho da sindrome inflamatéria quando estiver presente (BERMEJO-MARTIN,
2018). Choudhury, 2015, mostrou que a combinagédo de atorvastatina e imipenem,
melhora as funcdes vasculares e a sobrevida em animais submetidos a sepse.
Esses achados, corroboram com a hipétese que o endotélio vascular é determinante
nos processos fisiopatolégicos que envolvem a sepse e o envelhecimento, tornando-
0 um potencial alvo terapéutico para tratamento de pacientes idosos com sepse.

Ha uma caréncia de informacdes na literatura sobre o impacto da sepse sobre
envelhecimento vascular, sobretudo, as vias patogénicas especificas que agravam a
funcionalidade do endotélio. Modelos experimentais de sepse animal e estudos in
vitro, apesar de suas limitagcdes, permitem um melhor entendimento das mudltiplas
vias induzidas no endotélio vascular em resposta a infeccdo e sua regulagéo
especifica, possibilitando conhecimento mais detalhado das vias de ativagdo que
levam a disfuncéo endotelial induzida pela sepse.

Nosso trabalho, busca entender as vias potencialmente envolvidas na disfungéo
vascular mediada pela sepse sob uma condicdo basal de dano vascular associado
ao envelhecimento. Para assim, viabilizar o manejo de medidas de protecdo ao

endotélio.



39

2 OBJETIVOS

2.1 Objetivo Geral:

Investigar os efeitos da sepse sobre a reatividade vascular no contexto do
envelhecimento, em um modelo experimental de sepse estafilocécica do ponto de

vista funcional e molecular.

2.2 Objetivos Especificos:

2.2.1 Determinar a letalidade do modelo de sepse moderada:

Através do acompanhamento e andlise do tempo estimado de sobrevivéncia dos
camundongos apds inducdo da sepse.

2.2.2 Determinacdo das concentracfes plasmaticas de DNA livre circulante:
Através de método de fluorescéncia com corante nuclear fluorescente, 24 horas
apos a inducéo da sepse.

2.2.3 Avaliagdo do desempenho funcional de artérias aorta
Através da dissecacdo de artérias com incubacdo farmacolégica in vitro
avaliamos:

a. A reatividade vascular a agentes vasoconstritores e vasodilatadores;

b. A liberacédo de fatores vasodilatadores e vasoconstritores derivados
do endotélio, especificamente, o 6xido nitrico, prostanéides derivados
da ciclooxigenase, espécies reativas de oxigénio e mediadores do

sistema renina-angiotensina.
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3 MATERIAIS E METODOS

3.1 Grupos de Estudo

Para avaliar os mecanismos da sepse sobre o envelhecimento vascular, utilizamos o
modelo de senescéncia cronoldgica de camundongos (COSTA, 2016), pertencentes
a raca Balb c. Utilizamos os animais nas idades 3 meses e 12 meses. Todos foram
mantidos em temperatura controlada (22 + 2 °C) e ciclo claro-escuro de 12 horas /
12 horas (luzes acesas as 7 horas).

Os animais foram alojados em grupos de 4 durante a fase de aclimatacao e foram
fornecidos pelo biotério do Centro de Ciéncias da Saude da Universidade Federal do
Espirito Santo. Os protocolos experimentais foram aprovados pelo Comité de Etica
em Experimentagdo e Uso de Animais da Universidade Federal do Espirito Santo
(CEUA-UFES 03/2018), que segue as diretrizes da Sociedade Brasileira de Ciéncias
em Animais de Laboratorio (SBCAL).

Para a realizacdo deste estudo, os animais foram divididos em 4 grupos
experimentais (Figura 5):

e Controle: 3 meses (CT 3M) e 12 meses: (CT 12M).

e Sepse: 3 meses (SP 3M) e 12 meses: (SP 12M).

Controle Sepse
‘& ‘&
BalbC p— BalbC & ¢
3 meses l 3 meses l
12 meses & 12 meses

Vi J=7"

Figura 5: Esquema de grupos experimentais. Para a realizacdo deste estudo, os camundongos da
raca Balb C, foram divididos em 4 grupos experimentais. Animais do grupo Controle (CT) com 3
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meses (3M) e 12 meses (12M) de idade e animais do grupo Sepse com 3 meses (3M) e 12 meses
(12M) de idade (Elaborado pelo autor).

3.2 Modelo de sepse experimental

O quadro de sepse foi induzido por meio de inoculacdo intraperitoneal de
suspensdes de Staphylococcus Aureus sensivel a meticilina (MSSA). A linhagem de
S. aureus (ATCC 25923) utilizada neste estudo foi gentiimente cedida pelo
Laboratorio de Biologia Molecular e Viruléncia Bacteriana do Departamento de
Patologia — UFES, onde encontrava-se estocada a -20°C em meio TSB (caldo de
soja triptona) acrescido de 20% de glicerol. Quando necessario, a cultura estoque foi
ativada por esgotamento em 4gar sangue e incubada a 37 °C por 16 horas.

Para avaliar o perfil de crescimento da linhagem de S. aureus utilizada, e
saber qual o tempo seria necessario para que a linhagem atingisse a fase
exponencial de crescimento, uma colénia isolada foi ressuspendida em caldo
Mueller Hinton e a densidade optica (DO) foi ajustada em 0,1 a 620 nm. O volume
de 100 pL da suspensao bacteriana preparada foi transferido para microplaca de
fundo chato e incubada a 37 °C por 12 horas. A leitura da DOgyo foi realizada por um
leitor de microplaca a cada 60 minutos.

Para o preparo das suspensbes de S. aureus utilizadas nos testes
subsequentes, a cultura estoque foi ativada em &agar sangue e incubada a 37 °C.
ApOs 16 horas, colbnias isoladas de S. aureus foram ressuspendidas em microtubo
contendo 1,5 mL de caldo Mueller Hinton, e desse, foram retirados 200 uL para
realizacdo da leitura da DOg20. ApOs a leitura, foram registrados os valores da DOgzo
e realizado os calculos para preparo de uma suspensdo com a DOgy de 0,1 em
tubos com 5 ml de caldo Mueller Hinton (Férmula: Ci . Vi = Cf . V).

Os tubos de ensaio contendo com 5 ml da cultura de S. aureus na DOgyo de
0,1 foram mantidos dentro da estufa bacteriolégica a 37°C por 4,5 horas, tempo
necessario para que a cultura atingisse a fase exponencial de crescimento. Apés
esse periodo, a cultura foi centrifugada a 14000 rotagBes por minuto (RPM) por 5
minutos. Posteriormente o sobrenadante da cultura foi retirado, e o aglomerado de
bactérias presentes no fundo do tubo foi ressuspendido em Tampéao fosfato-salino
(PBS) e a DOgy foi ajustada para 1,0.

Para conhecer a concentracdo de unidades formadoras de colonias (UFC)

presentes em 1 mL da suspenséo bacteriana preparada previamente (DOeg2 = 1,0).
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O volume de 100 pL da amostra foi diluido seriadamente (1:9) em PBS estéril, e
posteriormente, 100 uL de cada diluicdo foi plaqueada na superficie de placas
contendo agar Mueller Hinton. As placas foram incubadas a 37°C por 16 horas, e
apos esse periodo as UFCs foram entdo quantificadas.

Por fim, a suspencdo bacteriana com ODgzo = 1,0 (1,8 x 10° UFC/mL) em fase
exponencial de crescimento foi administrada, via intraperitoneal, 150 pL da
preparacdo nos animais do grupo sepse, enquanto aos animais do grupo controle
uma mesma quantidade foi administrada, porém, de solucdo PBS estéril (Figura 6).

A sepse foi estudada apés 24 horas de inducgédo, atingindo o escore clinico de sepse

. % ‘
150 uLPBS . 150 pL S. Aureus

¥y (1,8 x 10° UFC/mL)

B - AN g

grave.

o

24 horas 24 horas

Figura 6: Modelo de sepse por inoculacédo estafilocdcica. Amostras de Staphylococcus Aureus (S.
Aureus) foram preparadas e inoculadas na cavidade intraperitoneal de animais do grupo Sepse com 3
meses (3M) e 12 meses (12M) de idade. Para animais do grupo Controle (CT) com 3 meses (3M) e
12 meses (12M) de idade, foi administrado solu¢do tampédo fosfato-salino (PBS) (Elaborado pelo
autor).
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3.2.1 Escore clinico da sepse

Baseado no escore publicado por Araudjo, em 2012, apds 24 horas de inducao da
sepse o escore clinico foi determinado. O escore é composto por 11 itens, em que a

presen¢ca ou auséncia de cada um deles pontuava 1 ou 0, conforme a tabela 2

abaixo:
ITENS PRESENCA (1) AUSENCIA (0)
Pieloerecao

Lacrimacéo ou fechamento palpebral

Abdome contraido

Frequéncia respiratoria alterada

Capacidade de explorar o ambiente

alterada

Perda de alerta ao escape

AlteracOes locomotoras

Alteracbes da fezes

Alteracéo da temperatura corporal

Diminuicéo da forca ao agarrar

Turgor comprometido

e

Tabela 2. Escore clinico para estratificar a sepse em modelo animal.

Os animais com escore 0 eram considerados sadios. Sepse leve para escore < 3,
sepse moderada escore 4-7, sepse grave escore 8-11. Para este estudo
trabalhamos com animais que apresentaram pontuacdo para sepse moderada,

avaliada 24 horas ap0s a inducao da sepse.

3.3 Curva de sobrevivéncia

Para avaliagdo da sobrevida os camundongos dos 4 grupos experimentais foram
monitorados a cada 8 horas durante 48 horas ap0s a inducédo da sepse. Durante
esse periodo os animais tiveram livre acesso a agua e racdo. Os resultados foram

expressos em porcentagem (%) de sobrevivéncia.
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3.4 Concentracédo plasmatica de DNA livre circulante

As concentracdes plasméticas de cfDNA, foram medidas no plasma coletado
apos 24 horas da inducdo da sepse (Figura 7). Os animais foram previamente
anestesiados e exsanguinados pelo método de puncédo cardiaca. As amostras de
sangue foram centrifugadas a 10.000g por 20 minutos a 4 ° C, e ap0s a separacdo
do plasma, este foi armazenado em freezer a -80 ° C para analise subsequente.
Ap6s o descongelamento, como eles foram homogeneizados por cerca de 30
segundos utilizando o agitador vortex. Uma curva padrdo com sete concentracdes
foi gerada por diluicio de DNA de esperma de salmédo comercial (Sigma-Aldrich). A
curva foi avaliada em triplicatas resultando em curvas padréo usadas para calcular
as concentracdes de DNA. As concentragfes cfDNA foram analisadas com um
corante nuclear fluorescente (SYBR Gold) nas amostras. Resumidamente, o SYBR
Gold (diluicdo 1: 10.000 em PBS) foi adicionado ao plasma em 96 pocos negros. A
fluorescéncia foi registrada usando um fluordmetro Varioskan Flash (Thermo Fisher
Scientific, Inc., Rockford, IL, EUA) com um comprimento de onda de excitacdo de
485nm e comprimento de onda de 535nm (GOLDSTEIN e colaboradores, 2009).

. ‘ nr»w
C kbl
Coleta do plasma Andlise plasmatica
24 Horas + GO
S ; j // /tz‘.:::
M
= : — ‘“ Loz _“fi,‘.f_‘y" - -
SP-3M | SP-12M g —
Preparagao da Reatividade vascular
artéria aorta

Figura 7: Andlise plasmatica das concentracdes de DNA livre circulante de células (cfDNA).
Apb6s 24 horas de inducdo da sepse moderada, os animais dos grupos Sepse (SP) e Controle (CT)
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com 3 meses (3M) e 12 meses (12M) de idade, foram anestesiados e exsanguinados. Amostras do
plasma foram colhidas para andlise da concentragdo plasmatica de cfDNA e a artéria aorta foi
preparada para técnica de reatividade vascular (Elaborado pelo autor).

3.5 Reatividade vascular

A andlise da reatividade vascular da artéria aorta foi realizada de acordo com

meétodo descrito por Mulvany & Halpern (1977).

Apbs 24 horas de indugcdo da sepse, os camundongos foram anestesiados com
cetamina (70 mg.kg-1, intraperitoneal, Agener - Unido Brasil) e xilazina (10 mg.kg-1,
intraperitoneal, Bayer, a Brasil). A artéria aorta foi cuidadosamente dissecada,
mantida em solucdo de Krebs Henseleit a 4°C (em mM: NaCl 115; NaHCO3 25; KCI
4,7, MgS0O4.7H20 1,2; CaCl2.2H20 2,5; KH2PO4 1,2; 52 glicose 11,1 e Na2EDTA
0,01) e aerada com mistura carbogénica contendo 5% de CO2 e 95% de O2 a 4°C
em de pH 7.4. Todo tecido adiposo foi removido. Com o auxilio de um microscépio
de disseccgéo, segmentos de, aproximadamente, 2 mm de longitude foram cortados e
mantidos a 4°C. Apos preencher as camaras do miografo com Krebs Henseleit, dois
fios de tungsténio (40 um de diametro) foram inseridos no lumen das artérias para
medida de forca isométrica (Danish Myo Tech, Modelo 410A e 610M, JP-Trading I/S,
Aarhus, Dinamarca). Um dos fios estava acoplado a um transdutor de forca
isométrica e o outro fio conectado a um micromanipulador que permitia o
estiramento das artérias. Esse miografo estava conectado a um sistema para
aguisicao de dados (Powerlab/800 ADInstruments Pty Ltd, Castle Hill, Australia) e a
um computador (Figura 8).

Posteriormente, as artérias foram estabilizadas por um periodo de 30 minutos em
solucéo de Krebs-Henseleit, gaseificada com mistura carbogénica (95% de O2 e 5%
de CO2, pH 7,4) e mantida a temperatura de 37° C. Transcorrido o periodo de
estabilizacdo, as artérias foram estiradas a uma tensdo de repouso considerada
Otima em relagdo ao seu diametro interno. Para isso, em cada segmento arterial a
relacdo tensdo:diametro interno foi calculado e a circunferéncia interna
correspondente a uma pressao transmural de 100 mmHg para um vaso relaxado in
situ (Lioo) foi determinada (Mulvany & Halpern, 1977). Para a realizagdo dos
experimentos, as artérias foram mantidas com uma circunferéncia interna L;,

calculada como Li= 0,90 x Lj00, circunferéncia na qual o desenvolvimento de forca é



maximo (Mulvany & Halpern,1977).
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Figura 8: Esquema representativo da preparagdo experimental dos anéis de artéria aorta para
arealizacéo de estudos de reatividade vascular in vitro.

3.5.1 Avaliacédo da reatividade vascular ao cloreto de potassio

Apods o periodo de estabilizacéo, foi adicionado cloreto de potassio (KCIl) 120 mM ao
banho, para verificar a atividade contratil induzida por despolarizacdo e, assim,
avaliar a viabilidade do musculo liso vascular. Ap6s 30 minutos de estabilizacéo,
tempo necessario para atingir um platé no registro da contracdo, os anéis foram
lavados trés vezes para que retornassem a tensdo de repouso. Depois de 30
minutos esses anéis foram submetidos a avaliagdo da integridade funcional do

endotélio (Figura 9).
3.5.2 Avaliagédo da integridade funcional do endotélio

Para comprovar a integridade endotelial, as artérias foram pré-contraidas com uma
concentracdo de fenilefrina (FE) suficiente para produzir 50% da contracao
produzida pela solugcéo de Krebs-Henseleit com KCI 120 mM, e ent&o o relaxamento

vascular foi obtido por exposicao a 10 yM de ACh. Somente foram utilizadas nesse
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estudo as artérias com relaxamento superior a 80% da contragéo induzida pela FE.
Posteriormente, esses anéis foram submetidos aos diferentes protocolos
experimentais, incubados por 30 minutos com farmacos de interesse, para analise

de curvas concentragao- resposta (Figura 9).

Avaliagdo da integridade Teste do
| do muascule liso vascular | | endotélio |

)

Kcl (120 mM)

Fenilefrina —> ACh (10 uM)

DCED

2000 4000  1:00:00  1:20:00 (minuto/hora)

Figura 9: Registro com curvas do teste da viabilidade do musculo liso vascular com KCl e da
avaliacdo da integridade funcional do endotélio. (KCI: cloreto de potéssio; ACh: acetilcolina).

3.5.3 Efeitos da sepse na resposta contratil a fenilefrina e vasodilatadora a

acetilcolina em artérias aorta

Apds a avaliacdo da integridade do musculo liso e do endotélio, utilizando- se
fenilefrina (FE), agonista alfa-adrenérgico, em concentragbes crescentes (10° a 3x
10°) aplicadas ao banho, foi verificado se a sepse afeta a responsividade vascular
constritora (Figura 10). O efeito frente a esta concentracdo crescente de FE foi
normalizado em fungdo da resposta contratii maxima induzida pelo KCI (120 mM)
(Figura 9).

Para estudar o efeito do tratamento sobre a resposta vasodilatadora dependente do
endotélio, foram realizadas curvas concentracdo-resposta a acetilcolina (10° a 10°),

nos anéis previamente contraidos com fenilefrina 1 uM ap6s obtido o platd (Figura
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Figura 10: Esquema representativo dos protocolos das curvas concentragdo-resposta a fenilefrina
(Fe) e acetilcolina (Ach) apds estabilizacdo de 30 minutos (Adaptado de Batista,2014).

3.5.4 Participacdo do o6xido nitrico, das espécies reativas de oxigénio, dos
prostandides e do sistema renina angiotensina aldosterona na resposta

contratil a fenilefrina e vasodilatadora a acetilcolina em artérias aorta

Para avaliar se a sepse altera a participacdo do 6xido nitrico, os anéis de aorta
foram incubados com inibidor da enzima 6xido nitrico sintase (NOS), o N-nitro-L-
arginina metil éster (L-NAME,10 uM) e inibidor da enzima oxido nitrico sintase
induzida (iNOS), o Aminoguanidina (50 uM). A participacdo das espécies reativas de
oxigénio, foi avaliada através da tempol (10 uM), um mimético da superoxido
dismutase (SOD).

Para verificar se a sepse altera a participacdo dos prostanoides derivados da via do
acido araquidonico/ciclooxigenase, os anéis isolados de aorta, foram incubados com

indometacina (10 uM), um inibidor inespecifico da ciclooxigenase.

Ainda, a fim de investigar a participacdo do SRAA, foi realizado a incubacao das
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artérias aorta com a presenca de Losartan (10 uM), bloqueador dos receptores
angiotensinoginérgicos (AT)1.

3.6 Andlise Estatistica dos Dados

Os resultados foram expressos como média + erro padrdo da média (EPM) do
namero de animais usados em cada experimento (n). Nos casos de comparacao

entre duas médias usamos o teste t de Student.

A curva sobrevivéncia ao longo do tempo foi ilustrada através do método de Kaplan-
Meier e o teste Log-Rank Mantel- Cox foi usado para avaliar diferencas entre as

curvas sobrevivéncia.

As respostas vasoconstritoras e vasodilatadoras foram normalizadas pela resposta
contratil ao KCI (120 mM) e expressa em percentagem da contracdo. Para cada
curva de concentragdo-resposta, a resposta maxima (Rmax) e a sensibilidade (pD2:
-log EC50), foram calculados usando analise de regressao nao linear de cada curva

individualmente.

Para comparar os efeitos da incubacdo dos farmacos nas respostas contrateis a
fenilefrina, os resultados foram expressados através da diferenca da area abaixo da
curva (dAUC) de concentracdo-resposta nas situacdes controle (sem farmaco) e nas

situacdes experimentais (presenca de farmacos).

Para analise dos dados e aplicacdo dos testes estatisticos foram utilizados os
programas Microsoft Office Excel, GraphPad Prism Software 6.0 (San Diego,
Califérnia, EUA) e software SPSS 22.0 (BASE, [s. d.]). Os valores serao

considerados significantes para um minimo de P < 0,05.
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4 RESULTADOS

4.1 CURVA DE SOBREVIVENCIA

A inducdo da sepse provocou aumento da mortalidade em camundongos de 12
meses quando comparado aos de 3 meses.

1 SEPSE 3 MESES
SEPSE 12 MESES

0,89

0,6
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Figura 11. Avaliagdo da sobrevida de animais sépticos com 3 e 12 meses. O numero de animais
sobreviventes foi avaliado a cada 8 horas. Os resultados evidenciam a sobrevivéncia cumulativa
analisada pelo teste de Log- Rank Mantel Cox. (3 meses, n=20; 12 meses, n=15). *p> 0.05 vs 3
meses.

4.2 CONCENTRACAO PLASMATICA DE DNA LIVRE CIRCULANTE (cfDNA) EM
ANIMAIS DE 3 E 12 MESES APOS 24 HORAS DE INDUCAO DA SEPSE

A inducao da sepse aumentou o nivel plasmatico cfDNA circulante em camundongos
de 3 meses (Figura 11A- Tabela 3) e 12 meses de idade (Figura 11B- Tabela 3).
N&o foi observado alteragdo nos niveis de cfDNA circulante relacionado somente a
idade.
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Figura 12. Nivel plasmatico de DNA livre circulante (cfDNA — ng/ul): (A) Camundongos do grupo
controle (CT 3M) (n=8) e sepse (SP 3M) (n=8) com 3 meses. (B)Camundongos do grupo controle (CT
12M) e sepse (SP 12M) com 12 meses.Para analise comparativa foi utilizado o Teste-t ndo pareado. *
P < 0,05, CT vs SP.

Tabela 3: Niveis plasméaticos de cfDNA — ng/ul obtidos do plasma de camundongos dos

grupos Controle e Sepse 3 meses (3M) e 12 meses (12M).

3 Meses 12 Meses

CT SP CT SP

cfDNA 10, 7+ 1,1 17,1 +£1,2* 12,04 + 0,2 15,03 + 0,8*

Valores expressos como média + EPM. *p<0,05 vs Controle, teste t de Student.

4.3 EXPERIMENTOS DE REATIVIDADE VASCULAR EM ANEIS DE AORTA

4.3.1 Efeito da sepse moderada sobre a reatividade a acetilcolina em anéis

isolados de aorta em camundongos de 3 meses e 12 meses

Para avaliar se a sepse moderada seria capaz de alterar o relaxamento dependente
do endotélio, foram realizadas, curvas concentracao-resposta a acetilcolina.

A acetilcolina promoveu relaxamento da artéria aorta de maneira concentracao
dependente em ambos o0s grupos analisados. Porém, os segmentos de aorta

correspondentes aos grupos em que foi induzido a sepse mostraram um prejuizo da
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funcdo endotelial em relagdo ao seu controle. O grupo controle de 12 meses,
apresentou disfuncéo endotelial basal associado a idade (COSTA, 2016), que piorou
apos a inducdo da sepse. A resposta maxima a acetilcolina foi menor no grupo

submetido a sepse tanto com 3 e 12 meses (Figura 12A e B; Tabela 4).

A B
0 g e 1 e
2 o CT 3M Machos (n =12) . o CT12M (n=15)
5 B e SP3MMachos (n=10) & 204 = SP12M (n=11)
E o £
g = @ 404
o )
v 604 @ 60-
S 8o ES 80
100- * 100- *
T T T T T T
41 0 -9 -8 7 -6 41 10 . 8 7 5
Acetilcolina log [M] Acetilcolina log [M]

Figura 13. Resposta dilatadora induzida pela acetilcolina (ACh) em segmentos de artéria aorta de
camundongos controle (CT) e sepse (SP) com 3 meses (3M) (A) e 12 meses (12M) (B). Os resultados
(Média £+ EPM) estdo expressos como porcentagem da pré-contracdo a FE. O namero de animais
usados esta indicado entre parénteses. Para analise comparativa da resposta maxima (Rmax) e da

sensibilidade (pD2) foi utilizado o Teste t ndo pareado: *P < 0,05, CT vs SP.

4.3.2 Efeito da sepse moderada sobre a reatividade a fenilefrina em anéis

isolados de aorta de camundongos com 3 meses e 12 meses

A administracdo de fenilefrina aumentou de maneira concentracdo dependente, 0
tbnus basal das artérias aorta dos grupos controle e sepse de 3M e 12M. Contudo, a
resposta contratil entre os grupos foi diferente. Nossos resultados demonstraram
gue animais envelhecidos submetidos a sepse apresentam hiporresponsividade ao
vasoconstritor fenilefrina, que n&o foi observado em animais sépticos de 3 M (Figura
13A e B; Tabela 4 e 5).
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Figura 14: Efeito da sepse sobre a resposta contrétil a fenilefrina, em segmentos de artéria aorta
toracica de camundongos sépticos. (A)Camundongos com 3 meses (3M) dos grupos controle (CT) e
sepse (SP). (B) Camundongos com 12 meses dos grupos controle (CT) e sepse (SP). Os resultados
(média £ EPM) estao expressos como porcentagem da contragdo induzida por 120 mM de KCI. O
namero de animais usados estad indicado entre parénteses. Os resultados (média + EPM) estédo
expressos como porcentagem da contragdo induzida por 120mM de KCI. Para andlise comparativa da
resposta maxima (Rmax) e da sensibilidade (pD2) foi utilizado o Teste t ndo pareado: *P < 0,05, CT
vs SP.

Tabela 4: Valores de pD2 e Rméax obtidos das curvas concentragdo-resposta a a acetilcolina

e fenilefrina em artérias aorta de camundongos dos grupos Controle e Sepse 3 meses (3M).

Controle 3M Sepse 3M
pD> Rmax pD; Rimax
Acetilcolina 7,1+0,1 94,5+ 3,1 6,4 + 0,2 77,05 + 5,9*
Fenilefrina 9,2+0,1 73,9 4,4 8,8+0,3 70,3 £ 4,4

Valores expressos como média + EPM. *p<0,05 vs Controle 3M, teste t de Student.

Tabela 5: Valores de pD2 e Rméax obtidos das curvas concentragcdo-resposta a a acetilcolina
e fenilefrina em artérias aorta de camundongos dos grupos Controle e Sepse 12 meses
(22M).

Controle 12M Sepse 12M

p D2 Rmax p D2 Rmax
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Acetilcolina 6,7+0,3 82,6 +4,9 58+0,2 62,0 + 3,4*
Fenilefrina 9,9+0,1 71,4 +8,0 7,9+0,5* 46,3+5,6*

Valores expressos como média + EPM. *p<0,05 vs Controle 12M, teste t de Student.

4.3.3 Efeito da sepse moderada sobre a participacdo do o6xido nitrico na
resposta vasoconstritora a fenilefrina em anéis isolados de aorta de

camundongos com 12 meses

Para analisar o papel do oOxido nitrico na reducdo da resposta vasoconstritora a
fenilefrina nos animais de 12 meses submetidos a sepse, segmentos arteriais com
endotélio intacto foram pré-incubados com um inibidor da sintase de 6xido nitrico, o
L-NAME (100 uyM) e em seguida a resposta contratil a fenilefrina foi avaliada.

O L-NAME provocou aumento da sensibilidade e da resposta maxima a fenilefrina
nos anéis aorticos na condi¢do controle e séptico dos animais de 12 meses (Figura
14A e 14B, Tabela 6). Entretanto, ao comparar a magnitude deste efeito por meio da
dAUC, observou-se que nos animais submetidos a sepse, a modulacédo dependente
do NO na resposta contratil a fenilefrina foi maior (Figura 14C). Como evidenciado
pelos valores de pD2 e Rmax (Tabela 6), o efeito da inibicdo da sintese de Oxido
nitrico com L-NAME foi diferente entre os grupos, sugerindo que a inducao da sepse
altera a via do NO e este parece ser um elemento responsavel pelo menos
parcialmente pela hiporresponsividade a fenilefrina observado nas artérias aorta de
camundongos sépticos com 12M.

Tabela 6: Valores de pD2 e Rméax obtidos das curvas concentracao-resposta a fenilefrina
em artérias aorta de camundongos dos grupos Controle e Sepse 12 meses (12M) pré-
incubadas com L-NAME.

Controle 12M Sepse 12M
pD, Rmax pD; Rmax
Fenilefrina 9,9+0,1 71,4 +8,0 79+0,5 46,3+5,6
L-NAME 9,8+0,1 89,6 + 0,8* 9,8 £ 0,1* 73,8 £ 2,0

Valores expressos como média + EPM. *p<0,05 vs Fenilefrina , teste t de Student.
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Figura 15: Efeito do L-NAME (100 uM), inibidor da sintase do 6xido nitrico, sobre a resposta contratil
induzida pela fenilefrina em segmentos de aorta de camundongos dos grupos controle (CT) (A) e
submetidos a sepse (SP) (B). Em C, diferenca percentual da &rea abaixo da curva de concentracéo-
resposta a fenilefrina (dAAUC) em aorta, de ambos os grupos experimentais. Os resultados (média *
EPM) estdo expressos como porcentagem da contragdo induzida 120 mM de KCIl. O ndmero de
animais usados estad indicado entre parénteses. Para analise comparativa da resposta maxima
(Rmax), sensibilidade (pD2) e dAUC foi utilizado o Teste-t ndo pareado. *P<0,05 CT/ SP vs LNAME. #
P<0,05 CT vs SP.

Sabemos que 0 aumento da atividade da iINOS é uma possivel via para liberacéo de
produtos do endotélio como o NO, sobretudo na sepse, participando na disfuncéo
endotelial e disfuncdo de multiplos 6rgdos em modelos de animais submetidos a
sindrome inflamatoria (FORNI, 2005; COLLETA, 2014). Assim, nosso proximo
passo, foi avaliar a participacdo da iINOS na reatividade vascular a fenilefrina em
artérias aorta de camundongos de 12M, na condicdo controle e sepse. Os anéis de

aorta foram pré-incubados com aminoguanidina (50 uM), inibidor da enzima INOS.

A aminoguanidina, promoveu aumento na resposta maxima (Figura 15; Tabela 7) a

fenilefrina em anéis de aorta de camundongos de 12M submetidos a sepse.
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Figura 16: Efeito do inibidor da INOS, Aminoguanidina, sobre a resposta contratil induzida pela
fenilefrina (FE) em segmentos de artéria aorta de camundongos dos grupos controle (CT) (A) e
submetidos a sepse (SP) (B) em anéis de aorta. Os resultados (média £ EPM) estao expressos como
porcentagem da contragdo induzida por 120 mM de KCI. O nimero de animais usados esta indicado
entre parénteses. Para analise comparativa da resposta maxima (Rméax) e sensibilidade (pD2) foi
utilizado o Teste-t ndo pareado. *P<0,05 CT/SP vs Aminguanidina. &P<0,05 CTvs SP.

Tabela 7: Valores de pD2 e Rméax obtidos das curvas concentracdo-resposta a fenilefrina
em artérias aorta de camundongos dos grupos Controle e Sepse 12 meses (12M) pré-

incubadas com aminoguanidina.

Controle 12M Sepse 12M

pD; Rmax pD, Rmax
Fenilefrina 9,9+0,1 71,4+ 8,0 79+0,5 46,3+5,6
Aminoguanidina 9,9+0,1 76,8 £3,9 10,3 +0,1* 79,8 £ 2,4*

Valores expressos como média + EPM. *p<0,05 vs Fenilefrina, teste t de Student.

4.3.4 Efeitos da sepse moderada sobre a participacdo dos prostanoides
derivados da via da ciclooxigenase na resposta vasoconstritora a fenilefrina

em anéis isolados de aorta de camundongos com 12 meses

Para investigar se a sepse altera a participacdo dos prostandides derivados da via
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do acido araquiddnico-ciclooxigenase na hiporresponsividade a fenilefrina em em
aorta e animais de 12M, incubamos essas artérias com o inibidor da COX, a
indometacina (10 yM). Demonstramos que nos animais sépticos a indometacina
promoveu aumento da resposta contratil e sensibilidade (pD2) a fenilefrina (Figura
16B, Tabela 8), enquanto que na condicdo controle, houve reducdo da resposta
contrétil (Figura 16A, Tabela 8). Estes resultados sugerem que nos animais de 12M
submetidos a sepse moderada existe maior participacdo dos prostandides
vasodilatadores derivados da ciclooxigenase na resposta a fenilefrina, enquanto que

no grupo controle prevalece a acdo de prostandides vasoconstritores.
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Figura 17: Efeitos da indometacina (10 pM), inibidor da ciclooxigenase, sobre a resposta contratil
induzida pela fenilefrina (FE) em segmentos de aorta de camundongos na condi¢&o controle (CT) (A)
e submetidos a sepse (SP) (B). Em C, diferenc¢a percentual da area abaixo da curva de concentragéo-
resposta a fenilefrina (dAUC) em aorta de ambos os grupos experimentais. Os resultados (média +
EPM) estdo expressos como porcentagem da contracdo induzida por 120 mM de KCI. O namero de
animais usados estad indicado entre parénteses. Para analise comparativa da resposta méxima
(Rméx) e sensibilidade (pD2) foi utilizado o Teste-t ndo pareado. * P<0,05 CT/SP vs Indometacina. #
P<0,05 CT vs SP.

Tabela 8: Valores de pD2 e Rméax obtidos das curvas concentracdo-resposta a fenilefrina
em artérias aorta de camundongos dos grupos Controle e Sepse 12 meses (12M) pré-

incubados com indometacina.
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Controle 12M Sepse 12M
pD; Rmax pD2 Rmax
Fenilefrina 9,9+0,1 71,4+ 8,0 7,9+0,5 46,3+5,6
Indometacina 9,6+0,1 56,7 + 3,6* 10,4 +0,2* 74,02 £ 2,3*

Valores expressos como média + EPM. *p<0,05 vs Fenilefrina, teste t de Student.

4.3.5 Efeitos da sepse moderada sobre a participacdo de espécies reativas de
oxigénio na resposta vasoconstritora a fenilefrina em anéis isolados de aorta

de camundongos com 12 meses

Para verificar a influéncia da producédo de espécies reativas de oxigénio, visto sua
relacdo com estado pro-oxidativo de vasos sanguineos e maior letalidade em
modelos animais submetidos a sepse (COLLETA, 2014; INCE, 2016; UNGVARI,
2018), incubamos em anéis de aorta, o tempol (10 pM), um mimético do superéxido
dismutase.

Notamos que na presenca de tempol, ambos as condigcbes controle e sepse
apresentaram reducdo na resposta vasoconstritora. Demonstramos que no grupo
controle o tempol promoveu reducdo da resposta contratil e sensibilidade (pD2) a
fenilefrina (Figura 17A, Tabela 9) enquanto que no grupo sepse, apenas a
sensibilidade (pD2) foi alterada (Figura 17B, Tabela 9). Maior magnitude de efeito foi

observada no grupo controle de 12 meses (Figura 17C).

Tabela 9: Valores de pD2 e Rméx obtidos das curvas concentracdo-resposta a fenilefrina
em artérias aorta de camundongos dos grupos Controle e Sepse 12 meses (12M) pré-

incubados com tempol.

Controle 12M Sepse 12M

pD- Rmax pD, Rmax
Fenilefrina 9,9+0,1 71,4+8,0 79+0,5 46,3+5,6
Tempol 9,0 + 0,09* 54,2 + 1,8* 6,5 + 0,3* 34,1+4,9

Valores expressos como média + EPM. *p<0,05 vs Fenilefrina, teste t de Student.
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Figura 18: Efeitos do Tempol (10 uM), mimético da superdxido dismutase, sobre a resposta contratil
induzida pela fenilefrina (FE) em segmentos de aorta de camundongos da condi¢&o controle (CT) (A)
e submetidos a sepse (SP) (B). Em C, diferenca percentual da &rea abaixo da curva de concentracéo-
resposta a fenilefrina (dAUC) em aorta de ambos os grupos experimentais. Os resultados (média +
EPM) estdo expressos como porcentagem da contracéo induzida por 120 mM de KCI. O namero de
animais usados estad indicado entre parénteses. Para analise comparativa da resposta maxima
(Rmax) e sensibilidade (pD2) foi utilizado o Teste-t ndo pareado. * P<0,05 CT/SP vs Tempol. #
P<0,05 CT vs SP.

4.3.6 Efeitos da sepse moderada sobre a participacdo do sistema renina
angiotensina aldosterona na resposta vasoconstritora a fenilefrina em anéis

isolados de aorta de camundongos com 12 meses

Para investigar a atuacdo do SRAA sobre a alteracdo da resposta contratil a
fenilefrina observada nos animais sépticos de 12M foi utilizado o losartan, um
bloqueador dos receptores AT1 (10 uM). Demonstramos que nos animais de 12M
submetidos a sepse (Figura 18B; Tabela 10) o losartan promoveu redugcdo da
resposta contratil a fenilerina, sem promover alteracdes em aortas da condi¢éo
controle (Figura 18A; Tabela 10). Esses resultados sugerem a participagdo de

mediadores vasoconstritores do SRAA na sepse moderada de animais de 12M.
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Figura 19: Efeitos do Losartan (10 uM), blogueador de receptores AT1, sobre a resposta contrétil
induzida pela fenilefrina (FE) em segmentos de aorta de camundongos dos grupos controle (CT) (A) e
submetidos a sepse (SP) (B). Os resultados (média + EPM) estdo expressos como porcentagem da
contragdo induzida por 120 mM de KCI. O nimero de animais usados esta indicado entre parénteses.
Para analise comparativa da resposta maxima (Rmax) e sensibilidade (pD2) foi utilizado o Teste-t ndo
pareado. * P<0,05 CT/SP vs Losartan.

Tabela 10: Valores de pD2 e Rméx obtidos das curvas concentracdo-resposta a fenilefrina
em artérias aorta de camundongos dos grupos Controle e Sepse 12 meses (12M) pré-

incubados com losartan.

Controle 12M Sepse 12M

pD2 Rmax pD2 Rimax
Fenilefrina 9,9+0,1 71,4 £8,0 7,9+05 46,3 +5,6
Losartan 10,4+ 0,2 69,1 +5,7 6,6 + 0,2* 36,2+ 2,2

Valores expressos como média + EPM. *p<0,05 vs Fenilefrina, teste t de Student.



61

5 DISCUSSAO

A sepse é uma complicagdo comum e frequentemente fatal em pacientes internados
em UTIs, sobretudo em idosos, em que o envelhecimento atua como fator de risco
reconhecido (TUCSEK, 2013). Dentre varios prejuizos dessa condi¢cdo, a disfuncéo
endotelial aparece como protagonista aos mecanismos associados a insuficiéncia
multipla de 6rgdos e aumento da mortalidade (VALLET, 2003; COLLETA, 2014;
INCE, 2016; UNGVARI, 2018). Modelos de sepse relevantes e bem caracterizados
podem fornecer informacdes valiosas sobre os mecanismos fisiopatologicos e ser
um meio para descoberta de novos alvos e avaliagdo de estratégias terapéuticas. A
sepse por inoculacdo €é amplamente utilizada para estudar disfuncdes
cardiovasculares e caracterizacdo de vias inflamatorias (PRICE, 1999; FREISE,
2001; SOERENSEN, 2013; OLIVEIRA, 2015; BADEA, 2019). Além disso, estudos
clinicos tém demonstrado que as causas de sepse por bactérias gram-positivas vém
aumentando, sendo responsaveis por 50% dos casos de sepse grave ou choque
séptico em UTIs (YI, 2009; OLIVEIRA, 2015). O S. aureus esta entre esses
microorganimos e € a principal causa de sepse entre as bactérias gram-positivas
(OLIVEIRA, 2015). Nosso trabalho utilizou um modelo de peritonite infecciosa
causada pela inoculacdo de S. aureus em cavidade peritoneal. Este modelo foi
capaz de induzir sepse moderada em camundongos apés 24 horas de sua inducao,
como observado pelos sinais clinicos quantificados e comprovacao de disfuncéo
endotelial. Foi ainda observado um aumento da taxa de mortalidade nos animais
sépticos de 3 e 12 meses em relagdo a condicdo controle, sendo que esta
mortalidade foi significativamente maoir no grupo dos idosos.

Na sepse, o aumento de cfDNA circulante, representa um padrdo molecular
de dano celular, que esta associado com a disfuncdo endotelial, (JOHANSSON,
2018) e contribui consideravelmente para insuficiéncia mdaltipla dos O6rgédos e
progressdo da sepse (CHENG, 2020). Estudos clinicos ja demonstram niveis
significativos de fragmentos de DNA, derivados de bactérias patogénicas no plasma
de pacientes sépticos, caracterizando o cfDNA como forte preditor de injuria
organica, bem como, importante ferramenta auxiliar para diagnéstico e prognostico
da sepse (JOHANSSON, 2018; LIAO, 2020). Estudos em um modelo de peritonite
séptica em camundongos, também sugerem que o cfDNA é um bom indicador de

prognéstico na sepse (XIN, 2016). Nossos resultados, demonstraram aumento
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significativo nos niveis plasmaticos de cfDNA em animais submetidos a sepse, que
reforcam que o nosso modelo foi eficaz em desenvolver uma infecgdo sistémica
nestes animais.

Como ja mencionado neste trabalho, a sepse traz importante impacto no
sistema cardiovascular uma vez que reduz a capacidade do sistema vascular em
manter o tonus e induzindo hipotenséo arterial, resultando em inadequada perfusao
sanguinea e oxigenacao (HENKIN et al. 2009; INCE, 2016; EVANS, 2018). Grande
parte dos pesquisadores estudam a fisiopatologia da sepse em animais jovens-
adultos, através de modelos experimentais, como o método de ligadura e punc¢éo do
ceco, mais utilizado e considerado padrédo ouro, por representar um modelo de
infeccdo polimicrobiana (MISHRA, 2018). Entretanto, o método supracitado
apresenta desvantagens quanto ao controle da severidade da sepse, quando
comparado com o0 métodos de inoculacdo (ASANO, 2015).

A disfungdo multiorganica associada a hiporresponsividade vascular e
hipoperfuséo tecidual observadas em animais e humanos acometidos pela sepse e
sua correlagdo com a mortalidade, ndo é novidade (SIBBALD, 1991; TERBORG,
2001; HEIN, 2005; HENKIN et al. 2009; DUFFY, 2011 MISHRA, 2018 EVANS,
2018). Contudo, surpreendentemente, até o momento, existe escassez de estudos
que busquem elucidar tais modificacbes vasculares na sepse em condi¢bes de
envelhecimento, em outras palavras, pouco se sabe dos mecanismos associados a
disfuncéo vascular em populacfes idosas que desenvolvem a sepse, mesmo diante
a tendéncia demogréfica de mudanca em dire¢cdo ao envelhecimento da populagéo
no Brasil e no mundo (GOTTS, 2016).

Raros estudos experimentais como de Colleta, 2014, avaliaram a funcéo
vascular de animais idosos submetidos a sepse, demonstrando que em uma sepse
grave, a disfuncdo endotelial é particularmente precoce e com pior desfecho. O
presente estudo, € o primeiro a demonstrar que uma sepse moderada por
inoculacao de S. aureus promove hiporresponsividade vascular a fenilefrina apenas
nos grupos de animais envelhecidos, enquanto que nao foi observado alteragbes na
resposta contratii de animais jovens submetidos a sepse. Essas alteracdes
observadas e associadas com a maior letalidade, também vista no mesmo grupo de
animais, corroboram diferentes estudos que demonstram a correlagdo entre dano
vascular e mortalidade (HEIN, 2005; DUFFY, 2011; COLLETA, 2014).

A literatura relata de forma consistente o aumento da atividade da NOS em
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modelos sépticos (PALMER, 1993; ZHOU, 1997; FISCHER, 1999). Varios estudos
experimentais demonstram que a inibicdo da NOS reverte a hipotensdo e
contratilidade vascular anormal em grupos de animais jovens-adultos submetidos a
sepse (JULOU-SCHAEFFER, 1990; GRAY, 1991; FERNADES, 2008; NIN 2011).
Reforcando a hipotese de que o excesso de producdo de NO pode contribuir ao
tbnus vascular anormal na sepse. Ao levar em consideragdo nossos resultados,
referentes aos animais envelhecidos sépticos, observamos que na presenca de L-
NAME ocorreu uma reversdo do efeito de hiporresponsividade a um estimulo
vasoconstritor observado no animais idosos submetidos a sepse. Ao utilizarmos um
inibidor mais seletivo, como a aminoguanidina, o0 mesmo foi observado, sugerindo
gue a INOS participa do aumento do efeito de hipocontralidade observado na sepse
moderada estafilococica em animais envelhecidos.

O papel do NO derivado da iNOS no tecido vascular durante a sepse, esta
relacionado a disfuncdo vascular (LIAUDET, 2013; SCHESCHOWITSCH, 2015) e
contribui para alta taxa de mortalidade de pacientes sépticos (MAYR, 2013). Embora
tenha sido amplamente estudado nas ultimas décadas, os mecanismos envolvidos
na iniciacdo e desenvolvimento de disfuncdo vascular séptica €é pouco
compreendido, sobretudo em modelos de envelhecimento (COLLETA, 2014).
Nossos resultados sugerem que o efeito anti-contratil (de hipocontratilidade)
observado em animais envelhecidos submetidos a sepse moderada tem participacao
importante da via da INOS, podendo impactar diretamente na mortalidade dos
animais. Acreditamos ainda, que o fator envelhecimento, atua como preditor para
pior progressdo da disfuncdo vascular e desfecho clinico, haja visto que animais
jovens submetidos a sepse moderada ndo apresentaram hiporresponssividade a
agentes vasoconstritores e apresentaram taxa de mortalidade significativamente
menor.

Os prostandides também podem estar intimamente relacionados com a
hiporresponsividade vascular provocada pela sepse, uma vez que sdo importantes
moduladores do tbnus vascular tanto em condi¢gbes fisioloégicas, como
fisiopatologicas (LOPEZ, 2017). No presente estudo, observamos que o uso de
indometacina reverteu a acdo anti-contratii observada nas curvas fenilefrina-
dependentes do grupo experimental com 12 meses. Esses resultados sugerem a
presenca significativa de prostandides vasodilatadores intermediando a

hiporresponssividade vascular observada em animais envelhecidos submetidos a
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sepse moderada. O aumento dos niveis de prostandides vasodilatadores, em
modelos de sepse experimental ou estudos clinico com pacientes sépticos, ja foi
documentado (RIEDO, 1990; BERNARD, 1991; BERNARD, 1997; WANG, 2000
ARONOFF, 2012). A PGI2 é produzida pelo endotélio e musculo vascular, pela acéo
da enzima COX e prostaciclina sintase (PGIS), causando agregagdo plaquetaria
(DORRIS, 2012) e vasodilatacdo mediada por AMPc (NARUMIYA, 1999;
PARKINGTON, 2004). A producdo de PGI2 aumenta na inflamacéo e contribui para
a vasodilatacdo (LAMBDEN, 2018). Uma ampla gama de estressores inflamatorios e
PAMPs, incluindo IL-1, TNF- a, hipoxia e LPS, provocam aumento da sintese de
PGI2 (STUART, 1984; ENDO, 1988; RIEDO, 1990), que leva a disfungcdo vascular
(LAMBDEN, 2018). Ja a PGE2, Também vasodilatadora, é considerada importante
mediador liberado por macréfagos e células apresentadoras de antigeno durante a
resposta inflamatéria (BROGLIATO, 2012). Sua producdo inibe a proliferacdo e
induz apoptose de células T (MASTINO, 1992; RUGGERI, 2000). Ademais, atenua a
proliferacdo de células B imaturas (GARRONE, 1994) e inibe fagocitose de
macrofagos, impactando assim, a defesa do hospedeiro contra agentes infecciosos
(SEREZANI, 2007). Nossos achados sugerem modulacdo da via da COX, e que, a
presenca de prostandides vasodilatadores € exclusivo da condi¢cdo de sepse, visto
que, animais controle de 12 meses apresentaram, opostamente, reducdo da
resposta contratii em curvas fenilefrina-dependentes. Sugerindo que, o0 grupo
controle, possui maior interface com prostandides vasoconstritores, que corrobora
com estudos em modelos de envelhecimento vascular (COSTA, 2016).

O aumento da atividade da COX est4 associado com pior desfecho clinico e
mortalidade (CULP,1971; GOLDMANN, 2010; ARONOFF, 2012). Varios estudos
experimentais demonstram o aumento da atividade dessa enzima em modelos de
sepse (SHORT, 1981; BONE 1987; MACK, 2000; GOLDMANN, 2010; BROGLIATO,
2012). Estudo de Awata, 2019, demonstrou aumento dos niveis de PGI2 em
amostras de tecido vascular e que o bloqueio da COX, com indometacina, em anéis
de aorta, reverte a hiporresponsividade a fenilefrina observada em animais sépticos.
Nossos achados corroboram com estudos da literatura, sugerindo assim, que a via
da COX em nosso modelo de sepse estafilocécica moderada, pode impactar na
disfuncdo vascular e no pior prognéstico de animais envelhecidos. Ensaios
terapéuticos clinicos, com inibicdo de COX frente ao evento séptico, sdo escassos e

se mostram inconclusivos até o momento, quanto ao impacto no prognostico e
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mortalidade por sepse (HAUPT, 1991; BERNARD,1997; ARONS,1999; MEMIS,
2004). Notavelmente, ha necessidade de estudos clinicos maiores, que contemplem
grupos mais definidos, combinacdes terapéuticas e momentos de terapia, conforme
quadro clinico, e sobretudo, que utilizem a riqueza de estudos experimentais que
apoiam essa abordagem.

A sepse ndo s6 produz fatores vasodilatadores, mas também fatores de
contracdo como o O2- (MANTZARLIS, 2017; ATAWA, 2019). Igualmente, o
envelhecimento esta associado com o aumento de EROS e consequentemente com
a geracdo do estresse oxidativo (EL ASSAR, 2013), pecga importante no
desenvolvimento da disfungéo endotelial. Em ambas as condi¢bes supracitadas, o
dano vascular impacta na circulacdo e disfuncdo organica. Fontes implicadas na
geracdo de EROS, incluem enzimas da NADPH oxidase, sintase de NO
desacoplada, mitocondria, xantina oxidase, ciclooxigenases e até as lipooxigenases
(HUET, 2011; MANTZARLIS, 2017; LAMBDEN, 2018). O O2- , uma das principais
moléculas reativas de oxigénio, em condicbes de equilibrio, rapidamente é
convertido pela SOD em peroxido de hidrogénio e este, é reduzido a agua pela via
antioxidante da glutationa (PARAVICINI, 2008; YUYUN,2018). O equilibrio entre a
producdo e eliminacdo de EROS ¢é crucial para sobrevivéncia da célula, entretanto,
ndo € o observado tanto em condicbes de envelhecimento quanto de sepse. O
aumento da producdo de EROS e geracdo do estresse oxidativo foi detectado
durante o processo de envelhecimento em diferentes leitos vasculares que inclui
aorta (HAMILTON, 2001; MARMOL, 2007; UNGVARI, 2011) e coronérias (CSISZAR,
2003) de ratos além de aortas de camundongo (FRANCIA, 2004), induzindo reducéo
da biodisponibilidade de NO. Da mesma forma, diferentes estudos de sepse
experimental demonstram aumento do estresse oxidativo em leitos vasculares
(HAIDARA, 2010; COLLETA, 2014; DE SOUZA, 2016).

Em nosso estudo, ao utilizarmos o tempol, um mimético da SOD,
corroborando com a literatura, observamos a participacdo de vias oxidantes na
condicdo controle e sepse de animais envelhecidos, através da redugdo da
contratilidade de anéis de aorta. Todavia, maior magnitude de efeito foi observada
no grupo controle, sugerindo maior modulagdo do O2- no efeito contratil desse
grupo, quando comparados com o0 grupo submetido a sepse. Sabe-se que o
aumento dos niveis de NO, através da iINOS, observado na sepse, pode gerar

competicdo com a SOD, para reagir com o O2- e gerar ONOO- (HUET, 2011).
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Altamente reativo, 0 ONOO- contribui diretamente para o relaxamento do musculo
liso vascular (LAMBDEN, 2018), além de estar associado a disturbios no
metabolismo celular e apoptose, gerando danos oxidativos em DNA, lipideos de
membrana, proteinas e mitocondrias (HUET, 2011). Esses achados, nos faz
acreditar que outros produtos oxidantes, além do O2-, estdo envolvidos no
desequilibrio oxidativo dos nossos animais envelhecidos submetidos a sepse
moderada, contribuindo assim, para maior disfuncdo vascular e pior desfecho
clinico.

A atividade do SRAA também é demonstrada tanto no envelhecimento quanto
na sepse (VAN THIEL; 2002; LUND, 2007; DOERSCHUG, 2010; MEDERLE, 2013;
COSTA, 2016; NEVES, 2018; FERNANDES, 2021). A angiotensina Il (ANG II)
demonstrou ter impacto no sistema cardiovascular durante o envelhecimento,
através de alteracdes na estrutura vascular, modificacbes hemodinamicas e
crescimento celular (GONZALEZ-BOSC, 2001; FERDER, 2002). A sinalizagédo de
ANG Il promove vasoconstricdo, producdo de EROS e inflamacdo (HUNYADY,
2006; BENIGNI, 2010), contribuindo assim, para disfuncdo endotelial (LUND, 2007).
O tratamento crbénico, com bloqueadores da via do SRAA, como o losartan,
melhoraram a fungdo endotelial em anéis de aorta de animais envelhecidos
(GONZALEZ-BOSC, 2001; COSTA, 2016). Na sepse, mediadores do SRAA
aumentados, como a ANG Il, se correlacionam com a desregulacdo microvascular e
faléncia de 6rgdos (DOERSCHUG, 2010; NEVES, 2018). Apesar da concentracdo
marcadamente elevada e de sua funcdo vasoconstritora, a ANG Il apresentam seus
receptores dessensibilizados durante a sepse (HILGENFELDT, 1987; OHTANI,
1989; MEDERLE, 2013). Além disso, a presenca excessiva de substancias
vasodilatadoras, como Oxido nitrico e prostanodides, pode causar vasodilatacédo
méaxima e atenuar os efeitos vasoconstritores da ANG Il (OCHOA, 1991, MEDERLE,
2013). Embora a ativacdo de SRAA seja uma reacao fisiolégica contrariando a
insuficiéncia circulatoria associada a sepse, sua ativacdo excessiva pode piorar
ainda mais os desfechos clinicos (FORRESTER, 2018; SALGADO, 2009).

Demonstramos nesse estudo, que a incubacdo aguda e in vitro com losartan,
nao foi capaz de alterar a resposta contratil a fenilefrina na condicdo controle de
animais envelhecidos, entretanto, houve, acentuacdo do efeito anti-contratil
observado nos animais envelhecidos submetidos a sepse., Estudos prévios, através

de modelos experimentais de tratamento crénico com bloqueadores do SRAA,
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observaram melhorias na fungédo vascular de animais envelhecidos (GONZALEZ-
BOSC, 2001; COSTA, 2016), acreditamos que a incubacdo aguda em anéis isolados
de aorta na condicdo controle, como realizado em nosso estudo, nao foi suficiente
para mimetizar dados ja descritos na literatura. Os nossos achados observados nos
animais envelhecidos submetidos a sepse, reforcam a ativagcdo do SRAA, descritos
na sepse (DOERSCHUG, 2010; NEVES, 2018). Recente estudo de Fernandes,
2021, demonstrou que o uso de losartan em doses elevadas, reduz a resposta
vascular a fenilefrina de animais submetidos a sepse, enquanto que o bloqueio
parcial tem o efeito oposto. Acreditamos que, mesmo na presenca de receptores
dessensibilizados, como é descrito na literatura (FERDER, 2002; MERDELE, 2013),
contribuindo para hiporresponsividade vasoconstritora, a presenca de mediadores
do SRAA, contribuem para disfuncdo vascular e pior progndéstico (DOERSCHUG,
2010; NEVES, 2018, FERNANDES, 2021), visto também em nossos animais
sépticos.

Contudo, diante estudos contraditérios acerca dos efeitos do bloqueio do
SRAA na sepse (DIAL, 2014; SUBERVIOLA, 2017; FERNANDES, 2021) mais
estudos devem ser realizados para maior compreensdo dos mecanismos envolvidos
com o pior prognéstico da sepse.

Sabemos que o presente estudo tem uma série de limitacdes. Realizamos por
um lado, inicialmente uma comparacao entre camundongos jovens e envelhecidos
submetidos a sepse e observamos que a reatividade vascular desses grupos
respondem de maneiras diferentes. A exacerbacdo da disfuncdo vascular em
animais envelhecidos com sepse e a determinacdo de vias potencialmente
envolvidas, através de testagens com bloqueadores farmacoldgicos, demonstram
dados promissores, mas admitimos que apenas sugerem e nao comprovam a
causalidade. Apesar de nossa atual limitagdo em continuar 0s experimentos
laboratoriais, por perda de grande nimero de amostras em detrimento da pandemia
da COVID-19, um estudo futuro para estratificar os mecanismos fisiopatolégicos
envolvidos com a disfungéo vascular consiste em realizar blogueios farmacolégicos
mais especificos dentro das vias estudadas nesse trabalho além de analisar
expressdo ou atividade proteica. Outro estudo futuro consiste na intervencao
terapéutica como método de comprovacao de eficacia do mecanismo farmacolégico
de escolha. E finalmente a comparacgéo dos resultados em camundongos machos e

fémeas para analisar e estender as descobertas aqui identificadas.
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7 CONCLUSAO

O presente estudo demonstrou pela primeira vez, que a sepse moderada por
inoculacdo estafilococica, promove hiporresponsividade vascular a agentes
vasoconstritores exclusivamente em animais envelhecidos submetidos a sepse por
mecanismos que envolve a producdo de NO mediada pela enzima INOS e
prostandides vasodilatadores da via COX. Agregado a esses achados, acreditamos
que a presenca de EROS, bem como produtos de suas reacdes e mediadores do
SRAA, também contribuem para faléncia vascular e pior desfecho clinico observado

em nossos animais submetidos a sepse.
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9 SUBPROJETOS

Os anexos |, Il, Il e IV foram outros projetos que participei durante meu doutorado.

O artigo do ANEXO | é um subprojecto do projeto principal do meu doutoramento
que ja foi publicado. Os artigos do ANEXO I, Ill e IV sdo colaborac¢des que fiz neste
periodo na tematica de DNA livre circulante no contexto da sepse, molécula que
também avaliei no meu projeto, e que faz parte das linhas de pesquisa de minha

orientadora.
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10 ANEXO |

10.1 O POTENCIAL DA ESPECTROSCOPIA FT-IR PARA MELHORAR OS
CUIDADOS DE SAUDE NA SEPSE

O diagnostico precoce de doencas e o manejo das condigcbes agudas sdo
vitais para melhorar as chances de sobrevida. A sepse é uma delas, responsavel
aproximadamente por 5 milhdes de 6bitos anualmente (FLEISCHMANN, 2016). A
sindrome séptica tem diferentes graus de gravidade, que se dividem em infeccéo,
sepse e choque séptico, tendo o diagndstico correto e precoce como ponto chave
para eficacia no tratamento e recuperacao do paciente (SINGER, 2016). Atualmente,
o diagnadstico precoce é realizado pela avaliacdo das alteracfes do estado clinico,
mental, funcional, dos sinais vitais e por meio de escores clinicos, como o SOFA
(Sepsis-related Organ Failure Assessment) e gSOFA (quick SOFA)
(FLEISCHMANN, 2016). No entanto, a busca por um marcador bioquimico, ou
qualquer ferramenta diagnostica, que possa ser usada para confirmar prontamente a
infeccdo e o inicio da sepse tem sido fonte de intensas pesquisas (PIERRAKOS,
2010).

A busca por melhores técnicas de diagndstico clinico, que permita
monitoramento dos pacientes, com técnicas rapidas de menor invasdo e de baixo
custo, € sem duvida, um dos principais desafios para melhorar o conforto, viabilidade
e diagnéstico do paciente. Uma gama de abordagens espectroscépicas para analise
e diagnostico da sepse foi recentemente explorada. Espectroscopias de absorcdo
Raman e infravermelho tém, em geral, atraido muita atencdo nas ultimas décadas
para aplicacdes biomédicas (ELUMALAI, 2014; ELUMALAI, 2017; ROY, 2020) e,
particularmente, mais recentemente para analise de biofluidos, incluindo saliva, bile,
leite materno, suco pancreatico, lagrimas, sangue, urina (ESSENDOUBI, 2007;
RODRIGUES, 2021; BONNIER, 2014; BAKER, 2016; YUNANTO, 2019).

A espectroscopia de absorgcado infravermelha com transformada de Fourier
(FTIR) tem sido empregada para deteccdo precoce da sepse neonatal (YUNANTO,
2019) e analise dos 6rgéos e soro de camundongos submetidos a sepse (GAUTAM,
2016; BATTY, 2019) . Ademais, a andlise de amostras em FTIR, forneceu
informacdes valiosas sobre os desequilibrios bioquimicos associados a sepse,

incluindo alteracbes na proporcdo de carboidratos, lipideos e proteinas além do
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aumento do DNA, em soro de camundongos sépticos (SUHARTONO, 2018).

Neste contexto, desenvolvemos em colaboragcdo, um projeto piloto para
identificar amostras de plasma animal em estado de sepse ou nao, através da
técnica de FTIR, que permite analises quanto a mudancas de perfil bioquimico em
biofluidos. Para isso utilizamos um um modelo de peritonite infecciosa causada pela
inoculacdo de Staphylococcus aureus em cavidade peritoneal. Este modelo foi
capaz de induzir sepse em camundongos com 3 meses de idade da espécie Balb-c,
apos 24 horas de sua inducdo. A técnica experimental foi realizada por meio de
amostras triplicatas de plasma, que foram processadas no espectdmetro. Para
andlise estatistica, analise de componentes principais (PCA) e andlise discriminante
linear (LDA) foram aplicadas.

Nossos achados da andlise espectroscopica atravées do FTIR em plasma de
camundongos sépticos, indicam que ha alteracdo marcante nos compostos de
acidos graxos e lipideos quando comparados aos grupo controle, com possibilidade
de diferenciar claramente um padrdo amostral entre os grupos estudados. Este € um
primeiro passo para 0 avan¢o dos estudos em areas de diagndstico e tratamento da
sepse que ainda nao foram respondidas, como diagndstico de diferenciacdo da
sindrome da resposta inflamatéria sistémica, classificacdo de gravidade ou até

monitoramento da resposta terapéutica.
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11 ANEXO I

11.1 ESTUDOS DE BIOMARCADORES DA SEPSE: DNA LIVRE CIRCULANTE

O diagnéstico de sepse permanece como um grande desafio para profissionais da
area de saude, e até o momento, ndo ha nenhum padréo ouro para o diagnéstico de
sepse. Novos biomarcadores, como o cfDNA, vendo sendo estudados em sepse
para melhorar o diagndstico e permitir intervencéo precoce.

Na sepse, o reconhecimento do diagnostico precoce, severidade da sindrome
sistémica, bem como uma melhor estratificacdo dos pacientes com quadro séptico,
sdo de grande importancia. Portanto, a busca por um biomarcador ideal que possa
ser usado com facilidade para confirmar a presenca de infec¢éo e sepse, tal como a
troponina no diagndstico de injaria miocéardica, tem sido alvo de pesquisas em todo o
mundo.

Nos ultimos anos, o cfDNA vem sendo estudado como um biomarcador em diversas
areas, sendo encontrado em diferentes fluidos corporais, como sangue, urina, liquor
(AUCAMP et al, 2018)

Nos ultimos anos, vem aumentando, de forma significativa, 0 nUmero de pesquisas
que investigam o cfDNA como biomarcador em diversas condi¢des clinicas,
incluindo pacientes com sepse (SAUKKONEN, et al, 2008, PIERRAKOS et al, 2010).
Os principais objetivos destes estudos do cfDNA como novo biomarcador foram para
avaliar o cfDNA como marcador de progndéstico de gravidade e mortalidade nos
pacientes sépticos internados em UTI e comparar seus niveis em pacientes com ou
sem sepse.

Neste contexto, estudamos a presenca do cfDNA como marcador de gravidade em
todas as classes de sepse, visto que a grande maioria dos estudos correlacionam
cfDNA com mortalidade e nao gravidade. Foram também incluidos no estudo,
pacientes com infec¢cdo, em virtude da inexisténcia de dados na literatura de cfDNA
nesta condicdo. Na avaliacdo de mortalidade, foi avaliado a mortalidade hospitalar
geral e ndo somente pacientes internados em UTI.

Os achados demonstraram que o cfDNA foi um preditor independente de gravidade
em pacientes sépticos, com critérios mais elevados em pacientes com sepse /
choque comparadas ao grupo infec¢do, porém ainda com acuracia inferior ao SOFA

pela analise da curva ROC, um escore clinico muito utilizado na pratica clinica,
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inclusive para classificar disfungdo organica da sepse.

Em uma andlise de subgrupo, pacientes com infeccdo que evoluiram com pior
desfecho (sepse ou choque séptico), apresentaram niveis superiores de cfDNA
colhidos no primeiro dia, em comparacdo com o grupo de infeccdo que néo evoluiu
com disfunc&o organica. Este dado, apesar da amostra reduzida, merece ser melhor
investigado, jA que praticamente ndo existem relatos na literatura de desfecho nos

pacientes com somente infeccao.
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ARTICLE INFO ABSTRACT

Keywords Fourier Transform -Infrared (FT-IR) absorption spectroscopy has been used toinvestigate pathoph ysiological
FT-IR changes caused by sepsis. Sepsis has been defined as a potendally fatal organic dysfunction caused by a
Spectrascopy

Sepsis dizgnogis
Optical diagnosis

dysregulated host response to infection and can lead a patient to risk of death. This study used samples con-
sisting of the blood plasma of mice which were induced to sepsis state, compared to a healthy group using
FT-IR associated with attenuated total reflectance (ATR) spectroscopy. For statistical analysis, principal

components analysis (PCA) and linear diseriminant analysis (LDA) were applied, independently, to the
second derivative spectra of both the fingerprint (900-1800 em-!) and the high wavenumber
(2800-3100 em-!) regions. The technique efficiently differentiated the blood plasma of the two groups,
sepsis and healthy mice, the analysis indicating that fatty acids and lipids in the blood samples could be an

important biomarker of sepsis.

1. Intreduction

The early diagnosis and management to 59% of acute conditions are
vital in order to improve the chances of survival, and sepsis is one of
them. Sepsis is one of the principal causes of death worldwide, mortal-
ity ranging from 18 % to 59 %, depending on the evolution and/or
severity of the case, resulting in —5 million deaths annually [1]. Sepsis
is a disorder, and cannot be considered a disease because it cannot be
clinically recognized by diagnostic tests [2]. A disorder is defined as a
potentially fatal organic dysfunction caused by a dysregulated host re-
sponse to infection and can lead a patient to risk of death [3). Neverthe-
less, septic syndrome has different, progressive, degrees of severity that
are divided into infection, sepsis, and septic shock, and correct and
early diagnosis is the key point for good patient treatment and recovery
[3]. Currently, the early diagnosis is performed by evaluation of
changes in clinical, mental, and functional status, and vital signs and

+ Correspond ing author.
E-mail address: leal leob@ gmail.com (L.B. Leal).

htitps://doiorg/10.1016/4. pdpdt. 2021102312

using clinical scores, SOFA (Sepsis-related Organ Failure Assessment)
and qSOFA (quick SOFA) [1]. However, the search for a biochemical
marker, or any diagnostic tool, that can be used to promptly confirm in-
fection and onset of sepsis has been the source of intense research [4].
The range of different compounds that have been described, either as
diagnostic markers of the condition or to prognosticate between a good
and a poor outcome in sepsis, includes; acute-phase proteins such as C
reactive protein [5], procalcitonin, cell-free DNA (cfDNA), inflamma-
tory (pro and anti-) cytokines, cell surface proteins (adhesion mole-
cules, for instance), and markers of coagulation [4]. However, an accu-
rate diagnostic confirmation, to differentiate between systemic inflam-
mation conditions and sepsis, is still lacking and the challenge remains
for prediction of clinical responses to therapies and survival probabili-
ties of intensive care [4-6].

Sepsis is a disorder, and cannot be considered a disease, because it
cannot be clinically recognised by diagnostic tests [6]. Sepsis has been
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defined as a potentially fatal organic dysfunction caused by a dysregu-
lated host response to infection and can lead a patient to risk of death
[1.7]. Septic syndrome has different degrees of severity that are divided
into infection, sepsis, and septic shock, and correct and early diagnosis
is key to good patient treatment and recovery [8,9]. There is no defined
gold standard test for sepsis diagnosis, and there 15 an unmet need for a
tool to minimise false positives and false negatives [3,7].

In the search for improved clinical diagnostic and patient monitor-
ing techniques, the reduction of the invasiveness of sampling tech-
niques is of course one of the main challenges to improve patient com-
fort and diagnostics. Analysis based on urine, saliva and blood, using
biomarkers such as the quantity of cell-free DNA (cfDNA) circulating in
human blood [10-12], is thus of potential benefit, because these fluids
have contact to the organs in the human body. Another positive point in
the analysis is the ease and availability of the collection for repetition of
tests, enabling monitoring of the progression of diseases or treatments -
[13-19].

A range of spectroscopic approaches to analysis and diagnosis of
sepsis have recently been explored, notably UV-vis absorption spee-
troscopy, as a prospective tool for monitoring neonatal sepsis in blood
specimens taken from newborns [20], and near infrared spectroscopy
of frontal cerebral tissue [21], tissue perfusion [22] and oxygenation
[23] monitoring in vivo, in patients with severe sepsis and septic shock.
Raman and infrared absorption spectroscopies have, in general, at-
tracted a lot of attention over the past decades for biomedical applica-
tions [24-26), and particularly, more recently for analysis of biofluids,
including, saliva, bile, breast milk, pancreatic juice, tears, blood, urine
[15-18,27). Specifically in the context of sepsis, Raman spectroscopy
of blood plasma of ICU patients has been explored for rapid differentia-
tion of non-infectious systemic inflammatory response syndrome and
sepsis [28], while Fourier Transform Infrared absorption (FTIR) spec-
troscopy has been employed for early detection of neonatal sepsis [29]
and analysis of the organs and serum of sepsis induced in mice [30,31].

While the FTIR micro analysis provided valuable insight into the
biochemical imbalances associated with sepsis, including a decrease in
glycogen and protein/lipid ratio and increase in DNA and cholesteryl
esters, in serum samples of septic mice [20], a more rapid access, low
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cost system is desirable. In this context, the modality of Attenuated To-
tal Reflection FTIR (ATR-FTIR) has become particularly popular for
biofluid measurement, due to the ease of application, and field deploy
ability of the relatively low cost technique, and applications for analy-
sis of dried human blood samples, for diagnosis of ovarian cancer [32],
breast cancer [ 33], as well as Alzheimer's disease [34,35], have been
demonstrated [36].

The intention of our study is to mimic the initial presentation of the
patient, and therefore requirement for clinical diagnosis of sepsis, be-
fore any therapeutic intervention has been initiated (Fig. 1). It is envi-
sioned that initial FTIR screening will be of benefit at the stage of the
first presentation of a patient in the intensive care unit (ICU), to
promptly confirm infection and onset of sepsis, with follow up monitor-
ing over the subsequent days. The first purpose is therefore to identify
individuals with or without sepsis, while further studies can explore the
influences on the FTIR profiles of pharmacologic and nutritional inter-
ventions.

In our study, we made use of an animal model in which we could
control whether the animal was in a state of sepsis or not. Animal mod-
els have been widely used for sepsis studies [37], to advance the knowl-
edge of this syndrome. Although animal models have limitations and
are not under the same conditions observed in humans, the use of ani-
mals, in this study, was a starting point (pre-clinical study) to analyze
the feasibility of transferring interpretations, obtained from tests per-
formed on mice, for future use of FTIR in the human. The idea is to
achieve the closest possible proximity of this model to the real event,
which is proven through clinical and laboratory parameters, as seen in
our study. Other studies using animal model in sepsis have been carried
out in order to show the effectiveness of the FT-IR technique [30].

In the present study, ATR-FTIR has been used to elucidate changes
in the biochemistry of blood caused by sepsis induced in mice. Principal
components analysis (PCA) and linear discrimination analysis (PCA-
LDA) are employed to discriminate the samples from the blood of nor-
mal mice, and identify the underlying source of the discrimination.

Standard
Blood Test

Optical test
in real time

Fig. 1. A: Workflow for reducing patient waiting time for diagnostic and sepsis treatment. B: Sepsis diagnosis in real time using the ATR-FTIR spectroscopic ap-

proach.
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2. Materials and me thods
2.1. Samples (anima ls)

Ba lbve mice were bred and maintained wsing sterilisd bedding, fil-
tered water and pelleted food. The animals were housed in standard
cages, Food and water were provided ad likitum, Room temperatre
was kept at 23 = 1°C, and a 12:12 dark-light eyele was maintained
throughout the experimental period. Male animals, 12 weeks of age,
were used for experiments. The animals were randomly divided into
two groups: Sham (n = &), and Sepsis(n = 6). The experimental pro-
cedure was conducted in accordance with the guidelines of the Brazil-
ian College of Animal Experimenta tion (COBEA] and the protocol was
approved by the Ethics Committes for Experimental Animal Use, estab-
lished by the Federml University of Espirito Santo under reference num-
ber 03,2018,

22, Sample preparation (sepsis induction and plasma assays)

The sham group was injected with sterile phosphat e-bulf ered saline
(PBS], while the sepsis group wa s injected with PBS with Staphyloco c-
cis Aureus, to ensure that the spectroscopically measured effects are
caused by the inoculum and not the PES. To induce the sepsis response,
mice were infected by an intraperitoneal inoculation of 150 pl. PBS
containing — 3 = 10% 8 ourews (ATOC 25923 strain). The animals
were evaluated after 18-24 h, The animals were euthanisd and the
blood obtained through candiae puneture, 800 pl blood samples were
collected in tubes and were centrifuged at 3000 rpm for 20 min at 4 °C.
The plasma was transferred to sample tubes and immediately stored at
=80 “C untl further anal ysis

2.3, Assessment of the severity of sepsis

At 24 h af ter infection, mice were scored for severity of sepsis, Our
study used a severity score forsepsis [35], allowing to distinguish and
classify, according to the animald dinical symptoms, from mild 10 se
vere sepsis, [n this assessment, higher scores reflect increased severity,
Mice were scored based on the presence or absence of eachscored 1 or
0, following variables: plloerection; curved trunk; alterations on gait;
selzures, limb paralysis; coma; respiratory rate; skin color alterations
heart rate; lacrimation; palpebral closure grip strength; limb, abdomi-
nal, body tone and body temperature alterations, Animals with a O
spore were considerad healthy, Mild sepsis for < 3 score, moderate sepsis
4-7 seore, severe sepsis 8-11 score,

For the study we choose to work with animals that present severe
sepsis but not septic shock, So, although the use of animal modeks al-
lowz you sudy these different states, in our study af ter the induction of
the sepiic event, about 78 % develop signs of severe sepsis, thenthe oth-

ers were discarded,
24, ¢fDNA concentration assay

Small quantites of efDNA are found circulating in healthy people.
However, increased quantities are found in patients with conditions
sich as sepsis [39], cancer [40], trauma [41] and exercise training
[42]. A standard curve with seven concentrations was generat ed by se
rial dilution of commercial zalmon sperm DNA (Sigma-Aldrich). The
curve was evaluated in iriplicate resulting ina standard curve used to
calculate the DNA concentrations, The cf DNA concentrations of serum
samples were directly anal ysed with a Muorescent nuclear stain (SYBR
Gold). SYBR Gold Kucleie Acid Gel Stain was diluted firg at 1:1000 in
dimethyl sulphoxide (DMS0,) and thenat 1:8 in PBS. Ten micralitres of
serum were applied o a black 96-well plates Forty microlitres of di-
luted SYBR Gold were added to each well (final dilution 1;10,000) and
fluorescence was measursd with a Varieskan Flash fluorimeter
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({Thermo Fisher Scientific, Inc., Rockford, 1L, USA) at an emision
wavelength of 535 nm and an excltation wavelength of 485 am [43].

2.5. ATR-FTIR spec ros copy

The equipment used was an Agilent spectrometer, Cary 630,
equipped with ATR and employing a 45" single reflection ZnSe erystal,
The spectral range betwem 650 o 4000 cm! was recorded with
4 ¢m~! resolution, Consistent with previous studies, the sample was
placed directly on the erysial, after which there was a mean waiting
time of two minutes for water evaporation before recording the spec-
tra, The process of deposition of serum onto the ATR crystal has been
extensively studied [15,19,27]. The thickness af the dop is determined
in part by the volume deposited, and relative to the penetration depth
of the evanescent wave, the optimum volume to ensure full thickness
sampling has been determined to be 2—4 pl. Although the well-known
Vroman [44] or “coffeering” effect results in an inhomaogeneous lat-
eral deposition af the serum constituents, it has been shown that their
contributions are i ntegrat ed, using a drop size of 4 L.

Other instrumental parameters from Cary 630 consisied of Happ-
Gerzel apodization, Mertz-phase correction and no zero fill factor. In
these specifications, all spectra were obtained with the same parame-
ters, sowe were able to guarantee that all samples were analyzed in the
same way, thusensuring that any possible confounding factors such as
differing sample pendration ac ross the speciral range, was the same for
all samples,

The zample volume used in thisstudy waz 4 jl of plasma, which de-
posited onto the ATR erystal, ensuring that the dried droplet wa s fully
contained within the sampling area, The analysis wa s performed with
32 zpecira scans and 32 backgroind seans, For each sample, 3 spectra
were collected, resulting in 18 spectra per group. After each analysis,
the sample wa s removed from the crystal with the aid of absorbent pa-
per and the crystal was cleaned with 70 % alcohol for total removal,
thus av aiding contamination between samples [45],

2.6. Dota analysis

2.6.1. Data preprocessing

The raw spectral dataset is of samples from 12 mice (6 controls and
6 sepsis], for each of which spectra were collected in triplicate (18 from
nomal and 18 from sepsiz) and each one contains 1798 absorbance
paoints equally spaced between 650 and 4000 cm~', The experimental
data were imported to the MATLAB environment using routines writ-
ten by some of the au thors, Before the multivariat e analysis, it is neces-
=ary to perform data preprocessing to remove variabilities in the
dataset that are not related to biochemical changes among the samples,
The preprocessing included conversion of all data to the second deriva-
tive, In order o remove the noise, a Saviisky-Golay smoothing flier
(2nd polynomial order using 11 points) wa s used. After smoothing, the
data was split into two regions 650-1800 cm (Fingerprint) and
2800-3100 cmr! (high wavenumber), excluding the so-called “silent
region” from 1800-2800 cm~', a5 well as the reglon above 3100 cm—,
which is dominated by residual water, and the speciral regions were
vector normalised separately,

262 Muldvariate analyds - dato anal yss

After performing the data preprocessing for the analysis, the princi-
pal companenis analysis (FCA) was performed directly from the data of
the second derivative spectra. Second derivative speciroscopy isa com-
monly employed technique which shar pens the spectroscopic bands and
makes them more identifiable [46-48]. In the current study, the wech-
nigue was seen to significantly improve the ability to differentiate the
specira of control, and sepsis samples POA is an orthogonal transfor-
mation from the original dataset into a new coordinate system in which
the broad range of variance can be explained using a low number of
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variables, termed scores, and new linearly independent variables
termed Principal Components. As a consequence, all collinearity that
exists in the original data set coordinate system is removed.

After the PCA transform, linear discriminant analysis (LDA) was
performed. The goal of the analysis is to evaluate the ability of the
ATR-FTIR technique to discriminate the nomal samples from sepsis
ones. LDA is a classification algorithm based on a Mahalanobis dis
tance calculation. This way of analysis can be considered one pillar of
data analysis, finding a projection of the data points onto a one
dimensional space in which the classes are well separated. LDA isa su-
pervised technique, whose performance depends heavily on the avail-
ability of appropriately classified data, in this case provided by PCA
[25,49,50]. In thisstudy LDA was performed using the first scores that
represent 95 % of variance of each dataset (650-1800 ¢m~' and
2800-3100 em™). To avoid overfitting, leav e one mouse out cross val-
idation was used with the LDA method. To check the performance of
the LDA classification, the sensitivity and specificity were calculated
using 1, 2, 3, 4 and 5 PCs.

3. Results and discussion
3.1. ¢fDNA and sepsis

Fig. 2 shows that septic mice had increased levek of ¢fDNA
(Sham; 10.7 = 1.1 vs Sepsis; 17.1 = 1.2, ng/ul, p < 0,05) (Fig. 2A)
and the clinical scores for severity of sepsis were determined (Sham;
05 + 0.2 vs Sepsis; 5.3 + 0,2, p < 005 (Fig. 2B)). Fig. 2 Cand D
show examples of a healthy mouse and a mouse with induced sepsis,
respectively,
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3.2. Mean spectra and second derivative analysis

Mean (raw ) spectra of the fingerprint and high wa venumber areas
were obtained and are shown in Fig. JA&B, respectively. The blue lines
represent the control group, and the red the sepsis group. Vibrational
modes and structural compaonents in biological samples have been pre-
viously described by Movasaghi et al., 2008 [51], and 22 identifiable
features of the ATR spectra of the mice blood plasma samples have
been identified and assigned in 14 ble 1, Comparison of the two groups
indicates notable differences in the peaksat 2852 and 2928 em~' (lipids
and fatty acids). Small differences in peak s representing proteins (1469,
1539, 1631 and 1647 cm'), lipids and fatty acids (1744 and
2874 em') are also apparent (Fig. 3, dashed lines).

To better identify the contributing spectral features, the mean of the
second derivative fingermprint and high wa venumber spectra for each
sample was calculated, after normalisation, as shown in Fig. 4. It was
possible to observe in the second derivative features, the strong contri-
bution of fatty acids conformations in the fingemrint region of the
spectra (Fig. 4A).

In the case of both second derivative and mean spectra of the high
wa venumber region (Fig. 3B and B), the absorbance of the peaks at
2852 and 2928 cm™' are seen to decrease in the sepsis group, while
those at 2874 and 2958 em ™! are seen to increase, relative to the con-
trol, The vibrational mode assignments of these peaks are detailed in
Table 1, as C-H, NH— stretching and symmetric stretching vibrations
of CHj groups of acyl chains, which isdue to fatty acids and lipids al-
terations in sepsis compared to health samples, In fact, in this region, a
clearer signal could be observed showing a real alteration in these struc-
tural components, Nevertheless, the derivatisation enables more subtle
differences in the fingerprint region, the sepsis samples exhibiting rela-
tively stronger features at 1469, 1539, cm™' (lipids) and 1631,

B
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Fig. 2. cfDNa levels (A) and clinical score for severity of sepsis (B) in Sham and Sepsis groups. Data are expressed as mean + standard error of the mean. *

P < 0.05, Student t-test, n = 6 (C) Healthy mouse (D) Mouse with sepsis.
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Fig. 3. A Mean specitm of Angerprint of control group (b lue) and sepsis group (red). B Mean specira of high wavenumber of control group (blue) and sepsis

gmoup (red),

Table 1
Assignment of TR bands obtained from Znd derivative of blood sample
spectra (Gautam et al, 30 15; Movasaghi et al,, 2008).

Bands  ¥ilbrational Mode Group

{em )

682 CH out-af-plane bending vibrations

#51 © endosanti (A-form heli x) conformation A

1036 Stretching coupled with C-0 Bending Glycagen
1081 Phosphate 1 in RNA RHA

1123 NeD af carbohydrates Carbahyra es

1135 ligosscchar ide C-0H siretching band 2-
Methyl mannaside
Q-0 a8 ymmeiric stretch

Defarm stion O-H, M-H, siretching C-N

1177
1416

Choleswery | esters

1469 CHy bending of the acyl chains of lplds Lipids

1480  Amide 1 Pratein

1497 € = C, deformation C-H

1539 CHy bending of theacyl chaim of Hpids Bshest  Lipids
af amilell

1551 Region of the base vibrations

1567 Reglon of the base vibrations

1631 Amice 1 region Protein

1647  Amide 1 Pratein

1690  Peak of nucleic acils dueto the base Carbonyl DA

stretching and ring breathing mode

1744  Ester group (05500 vibration of Triglycerides Lipids AChalestery]
esslers
2852  Fauy acid Lipids
2874 Stretching ©-H, N-H S mmetrie stretching Lipids
vibwation of CHy of acyl chains (lipids)
2928 Faniy acid Lipids
2958  Biretching C-H

1647 cm~! (proteins). Of note are the features at 1177 and 1744 em~Y,
which were also identified by Gautam et al,, and associated with the
fatty acid, cholesteryl acid [30].

3.3. Principal compon ents analysis of fingerprint region

In Fig. 54, the PCA seatter plot of the 2° derivative spectra of the
650-1800 crr! region of sepsis samples (red dots) compared o the

control samples (Dlue dots) is shown, indicating a difference of the sam-
plesin the scatter plot of PC3 vs PCL, according to PC3. Fig. 5B shows
the loading plot for PC3, inwhich the positive peaks represent control
samples and the negative represents the sepsis samples. Among the
peaks that are responsible for the separation in the Angerprint region
are those at tributed o lipids (1177, 1469, 1539, 1744 cm ') and pro-
tein conformational changes (1480, 1556 1631, 1647 cm™').

3.4. Principal componen ts an alysis of high wavenumber region

In Fig. oA, the PCA scatter plot of the 2% derivative high wavemim-
ber region spectra of control samples (red dots) compared to the sepsis
samples (black dots) is shown, indicating a difference of samples ac-
cording to the scores of PCL Fig. 6B shows the loading plot for PCL, in
which the pozitive peaks reprezent control samples and negative repre-
senl the sepsis samples, The four principal peak s that are responsible for
the separation in the high wavenumber region are associated with
lipids (2852, 2874, 2028, 2058 em—"),

3.5. Principal componen (s an alysis with line ar discriminant analysis
(PCA-LDA)

The basic premize of diagnostic applicatons of biospectroscopy,
and indesd any other diagnestie technique, that is that the effects of
the pathology to be diagnosed are greater than the intra and inter pa-
tient wariability. This has previously been shown to be the case for the
examples of measurement by FTIR of imon levels [52], diagnosis of
gliomas [15,27] and actinic chelilis [50], while Gautam et al, have
demonstrated the feasibility for sespsis evaluaton. Neventheless, con-
founding fa ctors can reduce the spectroscopic contrast betwesn sam-
ples of healthy patients and those presenting with a pathology, as in
the case of smoking in the identification of potentially malignant le-
zlonz from cytological biopsies in oral cancer patients [53]. The mult-
variate technique of PCA-LDA enablesa quan titatve assessment of the
probability of false positive and false negative resultzin the data hase,
in terms of the sersitivity and specificity of the measivement (Fig 7).
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Fig. 4. A Second derivative of mean fingerprint spectra. Blue line is contmol group and red line is sepsis group. B: Second derivative of mean high

wavenumber specira Blue line & control group and red line B sepsis group.
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PCA-LDA was performed in both the fingerprint (6501800 cm!)
and high wave mimber (2800-3100 cm-") reglons, using 1-5 PC s, To
avoid overfitting, leav e one mouse out cross validation wa s used with
the LDA method, As shown in Fig. 5A, in the fingerprint region, 100 %
sensitivity was obtained with one PC, while wsing four and five PCs,
100 % sensitivity, accuracy and specificity were obtained. In the high
wavenumber reglon, (Fig, 5B} 100 % accuracy, sensitivity and speci-
ficity was obtained with one to five PCs

6. Vibmatonal modes and bioc henilcal [ndicators of wepsis

The findings of the ATR - FTIR spectroscopic analysis of the plasma
of zeplic mice indicate that there iz a marked alteration in Bty acid
compoimnds when compared to the healthy group. Increased levels of
cirulating triglyceride-rich lipoproteins and free fatiy acids have al-
ready been described as a fundamental metabolic response to critical
illness such as sepsis [54-62], It has alzo been described as “lipidemia™
of sepsis by Gallin et al. [60]. The increased sympathetic tonus and cati-
erholamine levels in the ciwulation increase the release of free fatty
acld (FEA) from ad ipose tissue, Increased levels of THF-alpha and IL-1
cytokines may also inhibit lipoprotein lipase synthesis, leading to a de-
crease of the rate of triglyeer de clearance, which suggests that hyper-
iriglyceddemia can also be observed in the absence of elevated plasma
FEA levels [62].

Clinical experience has shown that it is important to diagnose the
patient at the initial stag es of sepziz, The intention of our study is there-
fore to mimic the initdal presentation of the patient, and therefore re-
quirement for elinical diag nosis of sepsis, before any therapentic inter-
vention has been initated, while further studies can explore the influ-
ences on the FTIR profiles of pharmacologic and nutritional interven-
tions.

Although the role of adipose tissue in the response 1o sepsis has been
described, there are still few studies evaluat ing lipolysisin a eritical care
setting, [liag el al., in 2014, showed that patents with septic shock dis-
play ed more pronounced subcutaneous tissue lipolysis and more dreu-
lating lipids compared to patients without shock [61]. The auth ors also
showed corrdations between subcutansous tissue lipolysis, plasma
FFAzand catechalamine levek during the subacute of the septic shock,

Rival et al, 2003 [62] studied 37 patients in the early phase of sep-
tic shock in intensive care units. Patients presented hypocholes-
terolemia and hypertriglyceridemia, The authors described low concen-
teations of phospholipid By acids, specifically n-6 and n-3 polyuinsal-
urated fatty acids with a high n-6/n-3 ratio, They attributed the prafile
to activation of hepatic lpogenests that coulkd lead to hepatic steatosis,
elevated adipose tissue lipolysis, increased free radical attack of FFA by
oxidative stress and an over- prduction of inflam matory lipid media-
tors oy tokines,
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Some small inlerventon stidies have alread y shown that intensive
glycemic control in septic patients reduced FFA level [56] and these
can be a therapeutc target, since it has been previously described that
no survivors from sepsis present higher serum levels of FFAs [36]. Ao,
FEA level were found elevated in septic patients with cardiac mito-
chondrial damage and changes in heart rate variability, demonstrating
a possible cardiac toxicity [36].

In zepsis patients, alterations in the levels of various plasma lipids
have also been described [57,59,60]. The current ATR-FTIR study indi-
cates that FFAs are a factor associated with sepsis in mice, a result
which iz largely consistent with studies of human seplic patients, illus-
trating the similarity in sepsis-induced plasma lipid changes between
humans and mice [36,50,59,61 ], The increase in plasma fatty acids in
sepsis is partly attributable to the increased release of FFA from ad ipose
tissue induced during the septic event [62]. Thismetabaolic dysregula-
tion has been reported in septic patients, that commonly present hy poc-
holesterolemia and hypertriglyceridemia [56,60]. FFA imbalance has
heen associated with sepsis maortality in care units [56,60],

Certainly, it is an important question and still a clinical challenge
for any new diag nostic technique to distinguish patients with infection
from those with only inflammation conditions. Changes in the fatty
acids profile of septic patients has been described and associated with
poor prognosis [63,64], The abservations or the study presented here
are corsistent with these observations, as are those of Gautam et al,
and Yunanto et al, (2019] indicating that the vibrational spectroscopic
technique of FTIR can be employed as an early indicator of sepsis inpa-
tients [29,30]. Further studies using the similar, and complementary
technique of Raman spectroscopy, have shown photonic strategies to
manitor respanse to treatment in patients with infectious disease, sep-
sig, and septic shock, concluding that these technologies can help to
evaluate treatment strategies for therr capacity Lo prevenl sepsis-
associated organ dysfunctions, Tannert et al. 2017 and Neugebauer et
al. 2014 have demonstrated the ability to rapidly differentiate non-
infectious systemic inflammatory respanse syndrome and sepsis from
the hlood plasma of ICU patients [25,65], While our own study is in-
tended to bea proof of princple to show that FTIR can be a potential
tool to aid in the early diagnosis of sepsis, we have already initiated a
study with samples of septic patients, and we hope to confirm the ap-
plication of FTIR as a quick tool that helps and step up the diag nosis,
for early initiaton of therapeutic protocals for the treatment of sepsis,

Vibrational spectroscopy isable o undertake biomolecular analysis
af a sepsis condition, assisting the diagnosis and pmognosis of patients
sigceptible to infectious processes, being an interegting tool in health
care, These findings in an animal sepsis model are of interest, because,
through a cheap, rapid and low-cost technaology, it was posible to very
clearly differentiate a pattern in the sepsis samples when compared to
healthy control. Thisisa first step towa rds advancing studies in critical
areas of sepsiz diagnosk and treatment that have not yet been an-
swered, such as, diagnostic differentiation of systemic inflammatory
response syndrome, and classification of sepsis severity and even maoni-
toring of thempeauitic response [ 36,66].

Gautam et al., [ 30] conducted an FTTR microspectroscopic study of
froeen monse liver, spleen and serum, as a function of (post-infection]
time, up to 12 h [30]. Their results mainly indicated a decrease in
glycogen and protein/dipid ratio coupled with an increase in DN A and
cholesteryl esters in all samples of infected mice, The resulis of the cur-
rent study are consistent with the findings of the microscopic study, al-
though it should be noted that plasma wa s used, rather than serum in
the study of Gautam et al. At 24 hpost infection, fatty acid content is
identified as a strong spectroscopic bomarker for sepsis, Impaorta ntly,
the ATH technigiie employed in the airrent stidy i considerably less in-
tricate that the microscopic study, and ultimately much more amenable
and ranslatable to the clinical e ronment [67].

Our results confirm that quantitative plasma testing by ATR-FTTR
spectroscopy has great promise of becoming a cinically useful diag nos-
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tie tool for management and differentiaton of patients with infections
or sepsis risk using blood samples (and their derivatives, serum and
plasma) [29,36,68-75]. It is important to note that these preliminary
data provide a perspective for diagnostic accuracy of this blood test,
with the caveats of small numbers of animals(n = &). However, these
advances suggest that clinical transation of ATR-FTIR speciroscopy
for rapid biochemical anal ysis can be a reality, especially, in the screen-
ing and monitoring, allowing early recovery whilst also bringing cost
benefits to the health services,

Our study almed to be a proofl of principle to show that FTIR can be
a potential tool to add in the early diagnosie af sepsiz, Athough there
are some studies involving FT-IR and Raman spectroscopy in sepsis
proceses, there are few on thiztopie in the literature, making the pre-
sent work relevant to establishing the potential of vibrational spec-
roscopy techniques for the diag nosis of sepsk. In our study, we were
able to demonstrate ina fully controlled sample, the effectivenessof the
technique wsing both spectral regions, fingerprint and high wave mim-
bers,

These findings in an animal sepsis model are of relevance because,
through a rapid and low-cost technology, it was posible to very clearly
differentiate a pattern in the sepsis samples when comparad to contral,
This is a first step towa rds ad vancing studies in critical areas of sepsis
diag nosiz and treatment that have not yet been answered, such as, di-
agnosis differentiation of systemic inflammatory response syndmme,
and classification of sepsis severty and even monitoring of therapeutic
response, We have already initiated a study with samples of seplic pa-
tients, and we hope to confirm the application of FTIR as a rapid toal
improve the early diag nozis of zepsis, forearly initiaton of therapeutic
protocols for the treatment. In this context, it will be impotant to ex-
plore, for example, intra vs inter patent variances, at all stages of sep-
sis, as well as any potential confourding effects of patient treatment.

4, Conclusion

In the prezent study, we have used the ATR-FTIR spectroscopic
technique to elicidate changes in the biochemical content of blood
caused by septicemia. The results are important from a biochemical
point of view, and showed mainly changes in the vibrational maodes of
proteins and lipids. The sample groups were well discriminated in both
the fingermprint region and the high wa ve mimber region using Principal
Component Analysis and Linear Discriminant Analysis provided a high
degree of sensitivity and specificity. The technique is easily applicable
to sidy human samples and if it is found to be efficient for rapid
sereening of blood in sepsis groups, the fatty acid region may be identi-
fied as an impartant biomarker of this pathological ty pe, It is impaor-
tant to point out that the technique is rapid and label free, and the use
in large scales could be possible in the future, allowing greater effi-
ciency with corresponding decreases in mortality, morbidity and im-
proved multidisciplinary team care.
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Absteact Biomarkers are valuabletools in clinical practice, In 2000, the Mational Trstitutes of Health
{NIH) standardized the definiion of a biomarker as a characteristic that is objectvely measured and
evaluated as an indicator of normal biokgical pocesses, pathogenic processes, or pharmacological
respanses Lo a therapeutic intervention. A biomarker has clinical relevance when it presents preci-
shon, standardization and reproducibility, suitability to the patient, straightforward interpretation
by elinicians, and high sensitivity and/or specificity by the pamameter it proposes bo identify. Thus,
serum biomarkers should have advantages related to the simplicity of the procedures and to the
fact that venous blood collection is commonplace in clinical practice. We described the patentiality
of efDMA as a general clinical biomarker and focused on endothelial dysfunction. Circulating cell-
Frese TN A DN A) refers to extracellular DNA present in body fhiid that may be derived from bath
naormal and diseased cells. Aninereasing number af studies demorstrate the potential use of cfON A
as a nonirvasive blomarker to determine physialogie and pathalogle condifons, However, alt-
hough still scarce, increasing evidence has been reported regarding using of DNA in cardiovascular
diseases, Here, we have reviewed the history of fDNA, its source, malecular features, and release
mechanism. We also show recent studies that have investigaled cflDNA as a possible marker of
endothelial damage in clinieal settings. In the cardiovascular system, the studies are quite new, and
although interesting, stronger evidence isstll needed. However, some drawbacks in ¢ DN A meth-
odalagies should be overcome before its recommendation as a biomarker in the clinical setting,

Keywonds: cfDNA; biomarker; endothelial dysfunction; vascular damage: circulating nucleotide

1. cfDMNA —Historical Perspective

Circulating cell-free DN A (dDNA) are extracellular fragments of DN A present in
body fluid that may be derived from both normal and diseased cells[1]. cfDMNA molecules
were discovered in the human dreul atory system in 1948 by Mandel and Metais [2]. Sev-
enteen years later, in 1965, Bendichetal. [ 3] hy pothesized that cancer-derived cfDNA was
adetermining factor in oncogenesis, specifical ly favoring the metastatic spread of ancer,
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Certainly, due to a ladk of knowledge regarding its composition, function, and biological
amd evolutionary origins, cfDMNA did not receive significant attention for the next 55 years
after its discovery. In 1966, the link to disease state was first noted when Tan et al. [4]
identified high levels of cfDMNA in the blood of systemic lupus erythematosus,

Ten years later, Leon et al. [5] demonstrated, through radio-immunochemistry assay,
that cancer patients featured a higher level of cOMA than normal subjects, Furthermore,
cfDMA levels decreased with the anticancer therapy success. However, because of tedh-
nological limitations, only 12 years later, in 1989, Stroun et al. [6] demonstrated the first
experimental evidence that identified the origin of cfDMNA in cancer patients. The authors
observed the double-strand instability sped fic to the tumor DMNA in the cfDMNA, and thus,
it became also to be called ctDNA (circulating-tumoral DNA).

The progress of molecular biology techni ques inthe 19908 associated with the human
genome project development allowed a more direct demonstration of this humor origin.
In 1994, Vasioukhin et al. [7] and Sorenson et al. [8] showed tumor-specific (MN-EAS) -
tations in the plasma samples of patents with pancreatic adenocarcinoma and acute my-
elogenous leukemia, In parallel, other specific analyses of cfDNA had become of interest
in a dinical domain. In 1997, Lo et al. [9)] identified fetal cfDMNA in maternal plasma and
serum. These observations opened a range of opportunities suggesting maternal
plasmafserum DA as a wseful source for noninvasive prenatal diagnosis of genetic dis-
orders in obstetrics.

In the following years, new studies showed evidence of cfDMNA methylation as an
epigenetic biomarker. Simultaneously, in 1999, two groups performed Ffor the first Hme
the cfDMA methylation evaluation in humans. Esteller et al. [10] detected aberrant pro-
moter hypermethylation of tumor suppressor genes in cfDMA from nonesmall cell lung
cancer patients, and Wong et al. [11] detected aberrant methylation of the p16 gene in the
cfDMA of hepatocellular carcinoma patients, Both showed for the first time that the pres-
ence of aberrant promoter methylation could be detected in the peripheral circulation of
cancer patients with hepatocel lular carcinoma.

Although previous studies have shown that tumorspecific DNA and fetal DNA are
present in plasma and serum from patients with ancer and pregnant women, the first
evidence of mitochondrial cfDNA (mt<cfDMA) in plasma and serum was shown in 2000
by Zhong et al. [12]. At this moment, the nomenclature of cEDMNA was used both for nu-
clear clDNA (n-cfDNA) and m-clDNA, and each type of ciDNA showing different struc-
tures and functions. In Zhong's study, mt-cfDMNA was detectable in plasma and serum
samples from healthy subjects and patients with diabetes. Moreover, the authors also de-
tected a mitochondrial mutation commonly found in patients with maternally inherited
diabetes in both samples of patients with diabetes, Please see the recent review by Bronk-
horst et al. [13] for more details about the di ferent nomenclature,

Lately, a growing number of publications show the scientific interest of dDMA in
clinical applications, Quantification of cEDN A concentration as a tool for noninvasive di-
agnosis and monitoring was performed in several acate and chronic disorders and differ-
ent conditions like tissue damage, cell death, and tumover [14-19]. Figure 1 provides a
timeline of the main discowveries concerning cfDMNA,
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Figure 1. Chronaological summary of cfDNA. The timeline shows the main of DNA discoveries,
fram the first report in 1948 until the first corelation of ¢fDNA with vascular dysfunction in 2015.
cfDNA: circulating cell-free DNA.

2. c¢fDNA —Source and Mechanism of Release

¢fDNA can be found in many body fluids, both in physiological conditions as well as
in pathological disorders. Different mechanisms allow the release of DNA fragments from
the intracellular to the extracellular compartment. In healthy and diseased (benign and
malignant) individuals, the release processes of DNA into the human blood circulation
can originate from: (1) necrosis, (2) apoptosis, (3) active DNA release, and (4) exogenous
sources (Figure 2).

SPWS
)0

Exogenous ' l Erythroblast

sources enuclestion

Figure 2. ¢fDN A sources. of DNA is released into the human blood circulation by normal cells and
cells involved with pathologic processes, including cell death. ¢fDN A: circulating cell-free DNA

Necrosis is the premature death of cells amused by an injury. Noxious stimuli due to
external factors, such as infections (bacteria, viruses, fungi, parasites), toxins, hypoxia, and
extreme environmental conditions (heat, radiation, or ultraviolet irradiation), lead to irre-
versible injury of the tissue and cell death by necrosis. When cells die by necrosis, they
exhibitnuclear chromatin dumping and nonspecific digestion patterns, organelle and cell
swelling, plasma membrane disintegration, and other cellular components release [20,21].
Jahr et al. [22] proposed that longer ¢fDNA fragments (i.e., >10 kb) are often observed in
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cancer patients, indicating an origin from necrosis, Many studies, had reported that frag-
ments released from necrotic cells are often nmach larger than apoptotic DMNA fragments
because, despite necrosis occurs more rapidly than apoptosis, the removal of necrotic cells
is slower [23-25). In vitro assays, performed by Chaoi et al. [26], showed that the rel ease of
necrotic DMNA fragments is phagooytic clearance dependent.

Om the other hand, apoptosis is programmed cell death, There are a wide variety of
stimuli and conditions, both physiological and pathological, that can trigger apoptosis.
The mechanisms of apoptosis are complex involving an energy-dependent casade of mo-
lecular events, The apoptotic cells exhibit cellular shrinkage and pyknosis followed by
fragmentation of the nucleus. The cells are smaller in sioe, the cytoplasm is dense, and the
organelles are more tightly packed. Every organelle integrity is still maintained, and all of
this is endosed within an intact plasma membrane [18,19.25). Many studies suggest that
the bulk of cfDMNA found in healthy and diseased individuals is released during apoptosis
[24]. A hallmark of apoptosis is chromosomal DMA degradation, in large fragments (50-
300 kb)) and subsequently into multiples of nucleosome units (180-200 bp) via caspase-
activated DMase (CAD) [27-29]. This evidence was founded through a ladder pattern in
electrophoresis assay. The separation of extracted of DMNA displays fragment ladders that
ranged from =160 to 1000 bp. The size of these fragments is due to multiple DNA lengths
in nucleosomes and predominantly corresponds to mono- and oligonucleosomes. This
feature is charaderistic of caspase-dependent cleavage by the apoptosis pathway
[22,30,31]. The presence of apoptotic cells is short-lived due to highly effident phagocytic
clearance mechanisms orchestrated by a series of intercellular events cmordinated by a
complex signaling network [2529].

In addition to necrotic or apoptotic cell death, the active DNA release is described as
another cfDMA release mechanism. Recent in vitro cell culture studies have demonstrated
the presence of ofDMA in culture medium at levels that, which do not correlate with the
processes of apoptosis, necrosis, or DMNA replication. Wang et al. [32] assessed the release
pattern of dDMA from breast cancer cell lines. nberestingly, they showed the cfDMNA con-
centration did not correlate with the amount of apoptotic and necrotic cells. However, if
more cells were in the G1 phase, more cfDMA was deteded. Avcamp et al. [33] evaluated
characteristics of the dDMA released by eight different cell lines and concluded its active
release levels correlate cell line's growth rate and cancer status of the cell line through its
dependence on glyool ylic activity, Chen et al, [34] reported increases in the concentration
of cfDMA derived from cancer cells cultured in vitro during cell proliferation, indicating
that a significant fraction of cfDMA is derived from active cellular secretions, The authors
assume that the release of this ofDNA into the blood could transfed and transform adja-
cent or distant normal cells. While the exact medhanisms involved in the active release of
cfDMNA remain unclear, clDNA may be released because of genomic instability,

Genomic instability plays an essential role in DN A replication mechanisms, as
demonstrated by Diamond et al, The authors identified that tumor-derived exosomes
transfer DNA to dendritic cells and activate them [35]. This release occurred after DA
accumulationinthe cytosol and was regulated by the expression of the three prime repair
exonuclease 1 (TREXT) in the parent cells [36], In this contest, it is important to highlight
the cytosolic compartment is virtually devoid of DMNA in physiological conditions. Fow-
ever, several situations can increase levels of single and/or double-stranded DNA mole-
cules as, forexample, due to cell death pathways activation involving mtDMNA release into
the cytosol [37], mitotic defects [38], and genomic instability by exposure o DNA-damag-
ing agents [36], Furthermore, cytosolic DMA accumulation may happenby genetic defects
affecting the expressionor catal ytic activity of nucleases invol vied in this cellular pathway
[3]. In keeping with this, mutations in TREX1, RNASEHZA, RNASEH2ZA, and
REMASEH2C aan source cytosolic DMNA accumulation [40].

In contrast to various forms of cell death, active DNA release ocours in viable cells,
Currently, active DMA release may include NETs (neutrophil extracellular trap), exo-
somes, and erythroblast enucleation, NETs are networks of extracellular DNA associated
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with histones, elastase, myeloperoxidase, antimicrobial peptides, and granule proteins
that are involved in the direct attack and killing of pathogens [41,42). NETs are an im-
partant defense mechanism against bacterial, viral, fungal, and parasitic infections [43].
However, recent evidence has suggested that N ETs may have a role in noninfectious dis-
eases, including systemic lupus erythematosus [44)], atherosclerosis [45,46) endothelial
cell damage [47], vasculitis [48], trauma [49], thrombosis [50], cancer [51] sepsis [52,53],
and in the inflammatory response [41,54,55). These situations are espedally ones inwhich
highlevels of cfDMNA havebeen reported. Other studies also observed high levels of NETs
afterinterse physical exercise and, consequently, high levels of cfDNA in the bloodstream
[56,57].

NETs are formed via a novel type of active cell death @lled as N ETosis (pathogen-
induced cell death, including the release of NETs), NETosis is a dynamic process that re-
sults in the release of DNA from neutrophils in bwo forms: suicidal and wvital NETosis.
Although the “osis” term indicates the el death after NETs release, in some cases, NE-
Tosis can induce a rapid and vital form to release NETs, in which the neutrophils can still
perform their phagocytic functions | 58,59],

The suicidal METosis is a cell death program that occurs when pathogen agents acti-
vate neutrophils. This process leads o chromatin decondensation, cell and nuclear mem-
brames Lysis, and finally, the release of NETs [42,43) OF note, suddal N ETosis can take
hours, even with high levels of antigen stimulation. On the other hand, the vital METosis
allowes MET release through the blebbing of the nuclews, resulting in a DMA-filled vesicle
that is exocytosed, leaving the plasma membrane intact without neutrophil death. Vital
METosis v ol ves vesicul ar trafficking of DM A from within the noclews to the extracel lul ar
space, contributing to cfDMNA in drculation [60]. These anuclear oytoplasts formed that is
capable of tracking and engulfing living bacteria. Its rapid formation and release can be
completed in a matter of minutes [59).

Although METosis was first described in neutrophils, similar processes have been
described in other immune cells, including eosinophils, monocytes, and B cells, mast aells,
basophils, and macaophages [55], which are wllectively referred to as “ETosis™.

Another form of adive release of cfDMNA indudes DMNA fragments associated with
extracellular vesicles, such as exosomes and microvesicles [1]. Although the release of
apoptotic bedies during apoptosis has been long known [61], the fact that also perfectly
healthy cells shed vesicles from their plasma membrane has only recently become appre-
ciated [A2,63].

Exosomes are intraluminal microvesicles that fusion with the plasma membrane and
can be secreted by cells. Recently, Raposo et al. [64] reviewed exosome biogenesis. This
cellular process begins with the invagination of the cellular plasma membrane, creating
an early endosome, Then the Invagination of the plasma membrane of the early endosome
produces a multivesicular body with cytosolic cellular components. The exosome is rep-
resented by small vesicles of different sizes into the multivesicular body and is released
occurs by fusion multivesicular endosome with the plasma membrane. Another mul-
tivesicular endosome may fuse with lysosomes. The point of diver gence between these
types of multivesicular endosomes is drawn at early endosomes, but the existence of dis-
tinct early endosomes feeding into these two pathways cannot be exdoded. The mecha-
nism for intercellular communication involves the intercellular transfer of extracellular
vesicles. Deficiencies in our knowledge of the molecular mechanisms for extracellular ves-
icle formation and ladk of methods to inter fere with the packaging of argo or with vesicle
release, however, still hamper identification of their physiological relevance in vive,

The exosomes can be composed of proteins, lipids, mENA, microRNA, or cfDMA
[65-67]. The ctDMA are carried both on the surface and in the lumen [68] of the microvesi-
cles measuring 30-100 nm [66,69). Zooco et al. [70] and Licaro-Ibafwes et al. [71] identified
that most of the DMNA associated with extracellular vesicles was located on the outside or
surface of these extracellular vesicles, The content of the DNA of extracell ular vesicles is
quite diverse and heterogeneous, which would demonstrate vesicle subpopulations with
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different origins|71]. Recently, it has been demonstrated that microvesicles have func-
tional and biological properties related to cellular communication, lateral transfer of ma-
terial, immune system modulation, and cellular homeostasis maintenance [65,72,73].

An additional mechanism of active DNA release includes the nuclei expulsion from
ery throblasts. Mature erythrocybes do not contain nuclei to optimize the unique function
of ersuring proper oxygen delivery to the tissues [74]. Erythroblast enucleation is a stage
of complex erythrocytes maturation process to produce a highly fundional specialized
cell [75] At the end of erythroid precursors differentiation, among the changes oocurring
i this stage, cell cyde arrest, chromatin condensation, and nuclear polarization are essen-
Hal for enucleation [76-78]. Then, erythroblasts lose all their organelles and expel their
nuclei due to a process dependent on adhesion protein reorganization across the plasma
membrane and macrophage interactions [79,80]. Kawane et al. [81] proposed that DMNase
IT from macrophage lysosomes is responsible for DNA digestion and nucled expulsion of
precursor erythroid cells. Therefore, erythroblast enucleation serves primari ly as a source
of ofDMNA inthe bloodstream. LAM et al. [82] demonstrated that hematopoietic cells could
contribute signi ficantly to DM A origin. This FDMNA release has been diredly associated
with the increased erythropodetic activity of the bone mar row.

Additionally, ofDNA can also be released by exogenous sources. There is evidence
that beyond the endogenous sources, foreign ofDNA from exogenous sources can be re-
leased into the bloodstream [83-89). While endogenows cfDMAs orginate from the cells
of the organism of itself, exogenous cfDMNAs are generally come from the host-microbi-
ome [H] from different infechous agents (baderial and viral) [91,92] and infestations
[parasites) [86] as well as from the ingested food of the host organisme [85). Moreover,
fietal cfDMA released into the maternal circulation (93] and DM A from organ transplan-
tation [94] should also be considered.

3. cfDMA —Molecular Features

The pathophysiclogical importance of cfDMNA is alse related to its molecular charac-
teristics. The cfDOMNA integrity (size) and its genetic and epigenetic profile and plasma con-
centration depend on its release medhanisms [30,9596]. Furthermore, DN A includes n-
cfOMNA (nuclear) or mt-cfOMNA (mi tochondrial), with both types exhibiting di fferent struc-
tural characteristics that potentially reveal different forms of biclogical stability [97]. The
n-cfDMNA are fragments of coding or non-coding genomic DNA. Among the omding and
non-codding, n-cfDMNA - investigated, the housekeeping genes and tissue-specific genes
have been used to study coding ncfDMNA. Repetitive sequences such as ALU (a short-
interspersed nucleic element) and long-interspersed nucleotide elements (LINE1) have
been used to explore the non-coding n-cfDNA, Both ALU and LINE] sequences are dis-
tributed throughout the genome, In recent years, both n-cf0 M A and mit-cfDM A have been
used to examine mutations, methylation, copy-number variations (CNVs), cfDNA com-
position, and DN A fragmentation [95-102].

Some malecular biology techniques have been used to analyze cfDNA from plasma
samples, including fluorescence [15], polymerase chain reaction (PCR) [9,14], quantitative
real-time PCR (RT-qPCR) [16,105-111]), droplet digital PCR (ddPCR) [88,112-117], array
[112,118] and sequencing [87, 106-108,114,118-128]. cfDNA also can be converted by bi-
sulfite or digested with methylation-sensitive restriction eneyme (MSEE) for methylation
analysis. The choice of the method depends on the different purposes of cflOMNA detection
and what molecular features will be analyzed. Fluorescence and conventional PCR are
outdated techniques for analyzing DN A, Current PCR-based approaches have a lower
cost, are easier to perform. However, there are a limited number of genes to be analyzed
at a time., These need tobe predetermined and eventually have less sensitivity, The array
methodology allows the representation of the methylation status of cEOMN A, identification
of single nudeotide polymorphism (SMFP) or CNVs, and search specific regions of interest.
Sequencing-based approaches are more flexible, can be used for wide genomic analysis,
and deted unk nown mutations in sped fic genes. Despibe the high cost, sequencing-based
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approaches are becoming a more available option [129-123], Altogether, all of these
DN A analysis leads to a final problem: a lack of an absolute and precise quantity of
cfDMNA that could be widely used as a reference value for routine clinical diagnosis. Alt-
hough most of the studies report different amounts of cfDNA between the disease situa-
tion versus the control condition, there is stll a huge variability among laboratories. The
authors refer the reader to previous publications for information about pre-anal ytical rec-
ommendations towards an international guideline for oM A analyses [134,135]. The sev-
eral molecular features of DN A will be addressed below.

3.1 of DNA Tnte grity

cfDMA integrity can be evaluated by its fragmentation level. High- and low-weight
DN A molecules can be detected in different fluids. The differences incfDMA fragments
size can indicate their origin or their pathophysiological conditions on the body, Apop-
totic cells produce DMNA fragments of 180-200 base pairs (bp), whereas necrotic cells re-
lease higher moleqular-weight DNA fragments of over 10 kbp in size [25,29,136).

The most common size of cEONA found is <166 bp and consists of a histone-com-
plexed DMNA, called mucleosonve [137,138], This is the main cfDNA size found in plasma
from all kinds of health or disease subjeds [30,139,141]. In healthy individuals, the cfOMA
size has been described to vary mainly between 70 to 200 bp [142-144]. Evaluating the
fetal cfDNA size, Chan et al. [145] identified that only 20% of plasma samples had fetal
cfDMA fragments larger than 193 bp, while none fragments were above 313 bp. These
fragments are shorter than maternal FDMNA, which has a maximum value of 795 bp.
Mouliere et al, have shown thal tumor-derived ofDMNA is highly fragmented and mainly
compaosed of fragments <145 bp [146],

3.2, Genetic and Epigenetic Prafile

fDNA released on biological Quids contains the same genelic and epigenelic varia-
tions as nuclear and mitochondrial DMNA from viable cells. These changes may be include
copy-number variations (CHYs) [147,148], mutations [147,149], cfDNA composition [90]
and methylation changes [150], Thus, through the anal yses of FDNA is also possible o
aludy the genetic profile of a patient,

3.3, Copy-Number Varfations {CNVs)

CMVs are an important dass of mutatbon contributing si gnificantly to genome insta-
bility inseveral pathologies [151-153]. Large-scale genome studies have identified cfDNA
CMVs across various types of cancer and demonstrated their potential as cancer bi-
omarkers [154]. Li et al. demonstrated that CWVs might provide a measurable classifier
for assessing cliniml outcomes in advanced wlorectal cancer patients [155]. Xia et al. per-
formed whole-genome sequencing of urine in prostate cancer patients [156]. CMNVs anal-
ysis detected genomic abnormalities, including AR amplification, TMPRS52-ERG fusion,
PTEMN gene deletion, MOTCHI locus ampli ication along with genomic amplifications in
specitic regions of the diromosomes 8 9, 11, and 14, and deletions in specific regions of
the chromosomes 4, 5 7, 12, and 16. In addition, the study demonstrated the potential
clinial utility of urine cfDMNAs in predicting treatment response and monitoring disease
progression. Kutilin et al. analyzed CN'WVs for 30 genes in patients with lung cancer [157].
CMVs were detected for genes responsible for apoptosis regulation (BAX, P53, and
CASPS), proliferation (S0XZ), DMNA reparation (XRCCI), oxidative phosphorylation
(HV2), EGFR signaling pathway (GRBE2, 5051, MAPE]L, STATI, and BRAF) and for
mir3678, These data made it possible to detect new molecalar genetic markers for predict-
ing metastases in the lung and greater knowledge for tumor resistance to target therapy.

3.4. Mutations
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Mutation is a permanent alleration of the micleotide sequence that makes up a gene.
Mutations range in size and can affect anywhere from a single DNA base pair to a large
segment of a chromosome that includes multiple genes. The mutation analysis of cfDMNA
in specifics genes as KRAS, TP53, BRAF, epidermal growth factor receptor (EGFR), and
adenomatows polyposis coli (APC) has been demonstrated great clinical relevance [158-
163), Once the mutation is detected in cfDMA, it enables noninvasive tumor diagnosis,
suggested that blood cfDMNA may be a promising tool in cancer screening with higher
sensitivity and specificity [29,164,165). Min et al. confirmed that the KRAS mutation iden-
tified from the colorectal cancer tumor tissue samples was consistently detected in the
plasma cfOMA [166] In addition, as several therapeutic agents in clinical trials target spe-
cific pathways, the identification of the mulation can provide the status of the patient’s
tumaor to predict response to treatment.

35, ¢fDONA Compos ition

Changes in the physiological state of the organism can also be identi fied throughout
the nucleic acid composition of the ciDMA. Natalya Veiko's group [167,168] showed that
diseases could cause either GC-enrichment of the cflDMNA pool or its oxidation. Their data
showed cfDNA was GU-enriched in cases of atherosclerosis, eart attack, and rheumatic
arthritis |1649-171), while in cancer, the OMA was both GC-enriched and oxidized
[168,172,173]. One of the main reasons for apoptotic ell death in oxidative stress is re-
flected by an increase in the oxidative modification of cellular DMNA. When the DMNA is
released into circulation, it continues to bear these marks of oxidative stress, particularly
increased levels of S-oxo-diG, an oxidation marker [168],

Sergeeva ef al. [96] demonstrated the effect of a GC-rich dDNA or oxidized cfDNA
as astresssignal for the cell signaling pathways. cfDNA GC-rich simultaneously activated
MRFZEEAFT and NF-kB signaling pathways and increased gene expression of MAF3K1,
MAPEA, NF-kE1A, REL, IKBKE, RelA, NRFEB, NF-KB1, and NF-KB2,

Increased content of CG in cfDNA is recognized by cells. Ermakov et al. demon-
strated that cfDNA GC-rich is a potent stimulatory effect on human peripheral blood lym-
phocytes [174]. Kostyuk et al. reported the activation of the signaling pathway depends
on TLRY and consequently causes the positive regulation of TLRY and MyDBS expression
[175]. Thus, the compaosition of cONA an significantly influence cellular functional ac-
tivity.

F.b. Epi gene fic

Changes in cflDMNA epigenetic modifications may also suggest a disbalance on the
body. Epigenetic modifications are heritable molecular events that affect gene expression
without changing DMA sequences, including DN A methylation and histone modification,
DA methylation refers to the addition of methyl group to cylosine residues in DMNA se-
quenoe, and it is the best-studied epigenetic event [176,177] DMA methy lation is essential
for normal cellular development and plays an important role in epigenetic control of gene
activily,

Simullaneously, wo groups performed for the st Hme cfDNA methylation evalu-
ation in humans, Onone side, Esteller et al, detected aberrant promoter hyperme thylation
of tumor suppressor genes in ofDNA from noresmall cell lung cancer patients, while
Wong et al. detected aberrant methylation of the ple gene in the plasma and serum of
hepatocel lular cardroma patients [10,11], Both showed for the first time that cEDMNA with
aberrant promoter me thylation could be detected in peripheral circulation cancer patients,

Crifferent methy lation patterns at Cpd sites can be used o identify the cEDMNA origin
Hasue, One limitation of total cfDMNA quanti fications is in non-identification of the tissue
origin. Assays withappropriate target genes and their e pigenetic signature have been one
of the main factors to achieving relevant and accurate clinical effects [145,178].
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Moss et al. developed an approach for unbiased determination of the tissue origins
of cfDM A using a reference methylation atlas of 25 human tissues and cell types [178], The
authors identified that plasma cfDMNA From healthy subjeds originates mainly from hem-
atopoietic cells (32%), erythrocyte progenitor cells (30%), lymphocytes (12%), monocytes
(11%), vascular endothelial cells (9%), and hepatocytes (1%). Taken together, Moss et al.
provided a detailed description of the composition of cfDNA in heal thy people and pro-
posed a new platform easily adapted to study the cellular contributors to cfDMNA in many
settings in healthy and pathologic human tssue dynami o,

3.7, of DN A Concentration

The elevated level of clDMNA canreflecta physiological process, e.g., phy sical exercise
[179-181] and pregnant women [182] or pathelogical processes, such as inflammation, di-
abetes, tissue trauma, sepsis, myocardial infarction, and patients that received transplan-
tations [14,88,144,182-157].

The total cAOMA level in cancer patients has a significant increase with a wide range
(hundreds to thousands ng/mL in the blood) compared with the healthy controls (a rela-
tive level of 30 ng/ml and ranging between 0 and 100 ng/mlL) [137,144]. Leng et al. re-
ported the concentration of cfDMNA in patients with non-small cell lung cancer was higher
tham in healthy controls [188]. Zill et al. performed analyses of cfDNA sequencing data of
patients with late-stage cancers across =50 cancer bypes, They showed a marked variation
in bload ctDMNA levels among patients with different bumor types [189], Bettegowda et al,
described lower amounts of cfDNA in patients with benign lesions or with early-stage
cancer compared o patients with advanced or metastatic tumors [106]. This finding sug-
gested that level of ctDMNA can be changed according to the stages of the disease, Prakash
et al. have been reported significant differences in the concentration of ofDNA during a
perigperative process in donors and recipients undergoing living donor liver transplan-
tation [ 190].

Finally, the concentration of dDMNA has been reporting as a potential predictor for
clinical cutcome in patients with ovarian and lung cancer [191,192], Therefore, patients
with high baseline cfDNA concentration had a significantly worse disease and overall
survival than those with lower concentrations,

3.8, mt-cfDNA

mt-cfOMA has been found in healthy subjects and patients with breast cancer and
acube ischemic stroke [193,194]. MEcDMNA can also be released into blood circulation by
mechanisms of apoplosis, necrosis, and active cellular secretion, as discussed abowve, Mi-
cfDMA has been shown to be more fragmented than n-of DNA, typically ranging between
30 and B0 bp with peaks in 42-60 bp [193,195]. This smaller size can be ascribed o the
absence of nuclecsome-associated histone proteins, which render mt-dDMNA exposed o
enzymatic cleavage [195,196].

Although the first evidence of clDMNA in the bloodstream was identified in 1948, only
52 years later, Zhong et al, [12] reported the presence of mi-cfDNA in plasma and serum
samples, In their study, mt-cfDMN A was detectable in healthy and diabetic patients, More-
over, the authors alse describe a mitochondrial mutation commonly found in patients
with maternally inherited diabetes, [iang et al. showed elevated amounts of mt-cfDMNA in
hepatocel lular carcinoma patients [30]. Mehra et al, demonstrated that ml-cDMNA levels
do not always correlate with n-clDNA levels [95], The averages quantification of mt-
ctDMA was higher than n-ctDMNA levels, providing potentially distinct information with
different sensitivity levels, Furthermore, Pinti et al. reported the copies number of mt-
cfDMA increase significantly after the fifth decade of life, reaching its maxinmim value in
the ninth decade [97]. This increase has been associated with the elevation of several pro-
inflammatory cytokines, such as TNF-a, [L-6, RANTES, and IL-Tra. Due to its unique char-
acteristics, swch as small size, simple characterization by sequencing, and greater



116

Int J. Mod. 5ci. 3021, 22, x FOR FEER REVIEW 10 of 24

abundance, the mt-cfDNA can be used as a more sensitive diagnostic tool than n-cfDNA
[88,197]. Moreover, Ingelsson et al. and Itagaki et al. reported other functions for mt-
cEDMAL Lymphooytes, monocytes, and neutrophils can rapidly gject mtDMA, a5 network
filament structures perform an important role in antimicrobial defense [198,1949].

4. Clinical Findings

In the last years, cilDMA both in plasma or serum has been studied as a polential
biomarker and noninvasive screening tool for many diseases, especially solid tumors and
fetal genetic abnormalities,

In 1965, Bendiddh and colleagues |3] showed that cfDNA derived from neoplastic
cells could be involved in metastases, Almost ten years later, it was demonstrated by the
radioimmunoassay technique that half of the cancer patients had significantly hi gher lev-
els of FDMNA compared to controls [5] In addition, in the early 1970s, cfDNA was de-
scribed in patients with autoimmune disease [4]. As previously mentioned, all these ob-
servations have highlighted the interest in its potential as a noninvasive prognostic and
diagnostic biomarker for various diseases.

The development of new molecular techniques allowed the reproducible detection
and identification of low levels of cfDNA from a badkground mixture signal, permitting
the detection inother physiological conditions, most successfull y the fetal-derived cfDMNA
during pregnancy [119], myocardial infarction [15], stroke severity [16] and alse as a min-
imally invasive screening tool for many diseases, especially solid tumors and fetal genetic
abnormaliti es.

O of the most significant discoveries for applying ofDMNA was identifying fetal
cf DM A in maternal blood [9], which enabled developing genetic tests in prenatal care, The
origin of the fetal cfDNA found in maternal blood has been described from the placenta,
fetal hematopoietic cells, and the fetus [105,104].

A multicenter study in the USA for prenatal screening for fetal aneuploidy tests using
ofDMNA had a lower false-positive rate in detecting trisomy 21 and 18, compared to the
standard procedure [106], Currently, the use of cfDNA is well established for fetal sex
assessment, paternity testing, and detection of aneuploidies and trisomies [115-121], di-
agnosis of monogenic diseases [112,122], fetal sex determination for sex-linked disorders
[1718], and fetal RhD status [105]. The proportion of fetal cfDMNA represents only a minor
fraction of the total amount of cfDM A [3-25%) [123], and this concentration increase with
gestational age, with a potential association with body mass index [88] and being better
detected around the ten weeks of pregnancy [124].

Advances in eliminating the maternal badkground DNA and increasing the sensibil-
ity to detect small concentrations of fetal cfDNA were achieved in techniques related to
DNA isolation, single-molecule amplifiation, and high-throughput sequencing, improv-
ing the accuracy and robustness of noninvasive prenatal testing for fetal FDNA. Mowa-
days, fetal clDNA is already used for clinical screening in fetal genetic abnormalities in
high-risk pregnancies, Since 2011, cfNA noninvasive prenatal tests have been commer-
cially available to determine paternity, fetal sex and to identify abnormalities in dromo-
somes, especially for detecting the most prevalent chromosomal aneuploidies, such as
Drowr sy nd romnee [ 200,201,

Another area of huge interest is studying ofDNA in oncology, with many findings
reporting an association between cf DMA and cancer, In 1977, Leon et al, reported a signif-
icantly elevated serum DMA level in ancer, demonstrating that the serum of cancer pa-
tients contains higher concentrations of dDMA than those of healthy individuals [5].
However, the importance of cfONA in dinical cancer research was recognized in 199,
when point mutations of the M-EAS gene wereidentified in cfDNA of patients with acute
myelogenous leukemia and myelodysplastic syndrome |7]. The LS. Food and Drug Ad-
ministration (FOA) approved in 2006 the first Bguid biopsy test For commercial use, This
diagnostic test detects deletions in exon 19 and subsh tution mutations of exon 21 in the
epidermal growth factor receptor (EGFR) gene to identify patients with metastatic non-
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small cell lung cancer (MNSCLC) who would be eligible for treatment with erlotinib(202],
In 2020 FDA approved the first liquid biopsy NGS diagnostic tests for commercial use,
These diagnostic tests identify mutations in different genes in patients eligible for specific
treatments, including patients with breast cancer, NSCLC, and prostate cancer, The full
list of approved nudeic acid tests, including cfDMNA bests, can be viewed onthe FDA web-
site [213],

The fragment size and/or variations in the genetic abnormalities from circulating
cfDMA an be identified and differentiated from normal cells, representing up to 1% of
the total cfOMA [204). Notably, cfDMA an also be detected in other biological materials,
such as stool, urine, saliva, pleural fluid, and cerebrospinal fluid [205]. Several studies
[204-2(17] described that liquid biopsy is cheaper and less invasive to the patient, estab-
lishing this test as a method to detect a tumor before the onset of clindal symptoms and
identify drug resistance through the quantification of cfDM A

Today, the potential of ofDNA is validated by mamy clinical studies [305,206,208],
and recent publications have pointed technical advances in analyses and sequencing that
have led to dramatic improvements to differentiation of cfDMNA targets, such asmutations
in tumor-suppressor genes, activated oncogenes, hypermethylation, or chromosomal dis-
orders [209), thereby increasing the clind al utility of cfDMA as an oncogenic marker. This
prowvides deeper insights into tumor development and response to different treatments in
the face of ancer evolution.

The levels of cfDMA in the dreulation of cancer patients have been related to disease
stage, varying the percentage in loalized tumors to metastatic tamors [106], to tumor
burden, and to the aggressiveness potential of the disease [107). Of interest, in clinical
screening and follow-up, cfDMA was detected in early-stage cancers (breast, coloredtal,
g, and ovarian) associated with disease progression and survival of cancer patients
[108].

Recent publications describe the release of DN A in different types of ancer. In
ovarian cancer, for example, there are aonsiderably increased levels of FDMNA in diag-
nosed patients than in healthy individuals or in patients with benign ovarian diseases,
with significantly decreased after surgery [210]. The same happens in breast cancer, pros-
tate cancer, stomach cancer, ng ancer, and others [208]; in all, high cfDMNA levels were
significantly assodated with a higher tumor stage, which was correlated with worse sur-
vival. Besides the ciDMNA concentration in plasma or serum, researchers also studied the
meethylation status of cfDMA in patients with hepatocellular carcinoma that may be in-
volved in the inadivation of tumor suppressor genes [125]. Tt is clear to conclude that
cfDMA has the potential to be considered as a biomarker of diagnosis and prognosis in
cancer diagnosis, evidendng the potential to detect mutation and cellular abnormalities.

Since the discovery of donor-derived cDNA (ddcfDNA) in organ recipients, by de-
tecting Y <chromosome genes in the blood of sex-mismasched transplant recipients, the
potential of ddeDMNA has been discussed as a cost-effective marker of rejection or as an
indication of the health of the graft [14, 109,110,113,

Interestingly, since ddefDMNA is a nonspecific organ or disease biomarker, it could be
considered as a universal marker applicable for dinical monitoring of tssue injury in
heart, lung, liver, and kidney allografts [14].

Publications reported [87,114] in heart transplantalion, a percentage of ddcfDMNA
less than 1 % at stable patients and increased up to 5 % during a rejection episode. The
aame was observed in lung and renal transplantation [87,115]. In liver transplantation, a
reduction of dddDNA was observed rapidly after ten days post-transplant, which re-
mained stable in the absence of rejection. The level of ddefDNA has been detached as a
general blomarker of organ integrity, the severity of rejection [111,126], and as an early
marker of rejedion. The increased levels of ddofDNA are associated with cellular rejec-
tion, as already seen inheart transplant [114], liver transplant [113], renal transplant [110],
and lung transplant [87] while your rapid reduction post-transplant is considered a good
progostic indicator in grafts [209], In the context of a bone marrow transplant, few
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studies report the relation of release ddd DN A with cancer relapses and graft versus host
disease [127].

Recently, Schiite et al. [116] studies showed that the ddefDMNA in blood samples in-
creased on the first day of the transplant, associated with an ischemia and reperfusion
injury, gradually decreasing to a relatively stable level, moreover, was observed relation
between ddcfDNA and liver function, showing that ddcfDNA can have the same sensi-
tivity to reflect graft damage. Inrenal transplant, the increased ddefDM A in blood samples
could discriminate active rejedion from non-rejection, validating using ddefDMNA in the
bload as an accurate marker of kidney injury/rejection [128]. Interestingly, ddcfDNA was
found tobe elevated up to 5 months before the biopsy- proven rejection event, suggesting
a potential role in a heart transplant | 126],

Another application of ddefDMNA has been the monitoring of drug immunosuppres-
sion dose e ffective to avoid toxdcity and dose adjustment. In one study, the lower blood
concentrations of dddDMNA levels from liver transplant patients were associated with
higher tacroli mus concentrations [ 117]. Kanaow et al. observed that the adjustment of tac-
rolimus dose from subtherapeutic to therapeutic levels was associated with a significant
decrease in serum ddefDNA fractions [211].

CIDOMA has already had a huge impact on prenatal medicine and could become,
soon, an excellent tool in onoel ogy, transplant medicine and also in conditions like cardi-
ovascular diseases and sepsis, It is known that further studies should be conduded to
understand the real role of cfDMNA (Figure 3.

Screaning,
detection and
early diagnosis

Screening for
Maonitoring response s therapeutic targels

theragy
l Detection of

Prenatal genetic CfD N A allograft rejection

Manitor disease
Risk FECUMTENCGE
atratification

Prediction of
patient outcome

Figure 3. Potential clinical applications of of DA analysis, of DM A can increase under abnormal
conditions thus can be used as noninvasive biomarkers in several diseases and stages, of DN A
circulating cell-free DMNA.

5. cfDNA as a Biomarker for Endothelial Dysfunction

Blood vessels are structurally divided into three layers from the most internal to the
most external: intimate tunia, mediuom tunica, and tunica adventitia. The inbmate tunica,
also called endothelial layer (or endothelium), is basically composed of (i) endothelial
cells, which are indired contact with the blood, and (i) the basement membrane, the layer
that supports the endothelial cells [212].

IniHally, the endothelium was considered as a passive barrier between blood and the
other vascular layers, Far beyond this concepl, it has been described that the endothelium
alsoplays a hindamental role in body homeostasis, being recognized as an i mportant au-
tocrine, paracrine, and endocrine organ [213.214). Thus, endothelial injury is the bridge
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between risk factors and their consequences, such as infarction and stroke. Therefore, the
search for biomarkers of endothelial dysfunction is extremel y i mpaortant (Figure 4).

ICAM-1

; — VCAM-1
ypertension E-selectin

. i k
Smoking @ Biomarkers sCD141

¥ l EMP
Diabetes mellitus - e dothelia VWF
- - J cfDNA?

Physical inactivity ﬁﬁ injury

Aging M

Others  ooo

Figure 4, Circulating biomarkers proposed for endothelial dysfunction. Endothelial imjury may
be due to mary conditions, incuding hypertension, diabetes mellitus, smoking, physical inac-
tivity, aging, among others severl dinical complications. Biomarkers are a valuable tool in
clinical reseanch amd medical practice to identify an endaothelial injury. TCAM-1: intercellular
adhesion maolecule 1; VCAM-1: vascular cell adhesion molecule 1; EMP: endothelial micropar-
tckes; VWE: von Willebrand factor; of DN & circulating cell-free DM A

Biomarkers of endothelial injury are valuable tools in clinical practice. Circulating
biomarkers of endothelial injury have the advantage related to the simplicity of the pro-
cedures and to the fact that venous blood ool lection is commonplace in clinical practice.
Endothelial dysfuncton biomarkers have already been reviewed elsewhere [215). Adhe-
sion molecules, such as E-selectin, intercellular adhesion molecule 1 (KCAM-1), and vas-
cular cell adhesion molecule 1({VCAM-1), as well as other molecules invol ved in the co-
agulation pathway, such as von Willebrand factor (vWF) and soluble thrombomodulin
{sC141), are amaong the most studied [216].

The first study linking cDMNA and vascular dysfunction dates from 2015 [17]. McCar-
thy et al. hypothesized that the mt-<cfDMNA was elevated in hypertension, activating Toll-
like receptor-9 (TLRY) and leading to endothelial dysfunction. Using spontaneous hyper-
tersive rats (SHR), the authors first showed elevated levels of mt-of DN A in male SHE, but
notin female animals, Wistar Kyoto normotensive rats had increased systolic blood pres-
sure within three days of Lp. injection of mt-cf0MNA, but not with necfDMA, Mo changes
in body mass, total heart mass, left ventricular mass, right ventricular mass, or spleen
mass was reporbed. Regarding vasaular dysfunction, mesenteric resistance arteries from
mb-cfDMA-treated rats were less sensitive to acetylcholine (an endothelium-dependent
vasodilator), but no difference was observed in the relaxation with the endothelium-inde-
pendent vasodilator (the nitric oxide-donor, sodium nitroprusside). These effects were re-
versed by blocking the TLRS, thus demonstrating the involvement of the mt-cfDMNA and
the innate immune system pattern recognition receptor TLRY in the pathogenesis of hy-
pertension and endothelial dysfundion.

Coscas et al. in 2017 [217] studied the role of cfDMNA in the inibation of vascular cal-
cification. DMNA structure is an important source of phosphates, and the poly-anionic na-
ture of cfDMA may cause it to strongly interact with cationic alcum phosphate. Using
human aorta samples that displayed early stages of atheroma, the authors ident fied
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cfOMA a5 a potential bed for calcium phosphate precipitation and hydroxy apatite crys-
tallization through colocalization of cfDMNA with sites of alcification, In addition, wsing
the rat model of vascular calcifiation (intra-acrtic infusions of ofFDNA and elastase), the
author observed that FDMNA was able to penefrate into the arterial wall and induce vas-
cular wall calcification. The authors conclude that cfDMNA could represent one type of
mechanism able to initiate caldum phosphate precipitation and calcium phosphate apa-
tite crystal formation. However, this medianism does not exclude other possible pro-
cesses, such as those involving microvesicle formation by injured cells [218].

Alse, in2017, Paunel-Gorgulu et al, [219] studied the roleof cfDM A as an endothelial
damage marker in patients after ardiac surgery with cardiopulmonary bypass (CPB).
cfOMA levels were measured in the patient’s plasma at the time of admission and after
surgery. Plasma cfDMNA levels strongly increased after surgery in patients undergoing
cardiac surgery both with short-time CPB (<100 min) or long-time CPB (=100 min). Alt-
hough this initial increase was similar bebween groups, dDNA levels remained signifi-
cantly elevated until day 5 only in the long-time CP'B (=100 min) patients. In addition, real-
time PCR analyses revealed that mtDMNA levels were significantly increased only in pa-
tients with long-time CPB (=100 min), indicating a more severe disease and more prone to
systemic inflammation. In this study, the authors also measured sCD141 (soluble throm-
bomoduling and ICAM-1asmolecular markers ofendothelial cell injury. Both sCD 141 and
ICAM-1 levels were higher in patients with long-time CPB (=100 min). However, only
sCD 41 levels positively correlated with of DN A levels,

The authors concluded that ofDMNA represents an early biomarker for CPE-induced
inflammation and a potential mediator of endothelial damage after cardiac surgery with
prolomged bypass duration. The study also supported that cfDNA may potentialize in-
flammation, amplifying NETosis by an independent medchanism of endosomal TLRS and
ROS.

Reaently, Yang et al. [220] proposed a blood test based oncfDNA that can predict the
likelihood of a diabetes patient developing a miaovascular compliation. The author in-
vestigated the hydrocymethylation profile on cfDMA from patients with developed vas-
cular compliations versus those who did not yet manifest signs of vascular complica-
tions, ofDMA from 62 patients were sequenced, and for each gene, the extent of hy-
droxymethylation between patients with vascular complications and patients without
was matched. This comparison showed almost 135 genes implicated in insulin resistance
or inflammation with significantly different patterns of hydroxymethylation between
groups, Among these gemes, a specific selechion of a 16-gene detection model showed su-
periority over commonly wsed clinical variables, including diabetic duration, body mass
index, and endothelial growth factor receptor (@GFR). Similarly, a 13-gene detection
model outperformed those clinical variables in terms of detection accuracy for distin-
guishing patients with single complications from those with multiple ones,

In conclusion, the authors showed that the hydroxymethylation profile of cfDMA
might be in the future proven as a convenient and noninvasive marker for diabetes-in-
duced vascular compliations, with the potential to omplement other conventional clin-
ical variables or risk factors for disease monitoring, Although promising, the study lacks
a cause-and-effect relationship between the epigenetics changes the vascular complica-
tiomns,

6. Conclusions

In this review, we approached the originof of DN A untilits clinical use witha deeper
focus as a biomarker for endothelial injury, We showed that cfOMNA is already at an ad-
vanced stage for dinical use in prenatal tests, organ transplant rejection, and cancer, where
it also received a more specific abbreviation, FcfONA. In the cardiovascular system, the
studies are quite new, and although interesting, stronger evidenceis still needed. Among
all the characteristics of the cf2NA, there is evidence indicating that the methylation
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pattern of cllOMNA is the most promising tool for this molecule to advance as a biomarker
of tissue-specific injury, as in the case of endothelial injury.

Howrever, some drawbacks in of DNA methodologies should be overcome before its
recommendation as a biomarker in the clinical setting. Due to its low abumdance in circu-
lation, some pre-anal ytical steps, such as plasma extraction, should be standardized. Somse
of the studies mentioned in this review have used homemade protocols, while others may
have used extradion by magnetic beads, spin columns, vacuum columns, or even soany
combinations from these methods, cfDMA s also rapidly deared from the blood (from
several minutes), leading to some negative data in the literature,

Finally, and perhaps the most important, is the method to detect cEDMAL The most
used ones are using fAluorescent probes (such as PicoGreen or 5YBR Gold), RT-qPCR, and
muore recently, next-generation sequence (NGS) and ddPCR. The flusrescent techniques
have less sensitivity and are unspecific, allowing to detection of any DNA molecule pre-
sent in the circulation without any discrimination. These methods usually lead to overes-
timation of total dDNA concentration. On the other hand, PCR is the most common, Alt-
hough this technique overcame the problem of specificity by using specific primers to
detect sped fic DMA sequences, is raised another problem that was the varability among
the primers wsed by different groups.

Altogether, all of these steps in the ofDNA analysis lead toa final problem: a lack of
an absolute and precise quantity of of DNA that could be widely used as a reference value
for routine dinical diagnosis. Although most studies report different amounts of cfDMNA
between the disease situation versus de control condition, there is still a huge variability
among laboratories.

Author Contributions: Conception and design: LOC.G.C, V.GB., P.FV.; Search for articles in data-
basiz FESdM., V.GH, Ld.5, GC, PEV., LOG.C; Interpretation of the articles: F5d.M, VIGB.,
Lds, GO, PRV, LCGC, writing the arficle: FSdM., VIGB, Ld.S, GC, PRV, LOGC, Crit-
ical revision of the article: F5d.M, V.G.B, P.EV, LOG.C, Obtained funding: LOG.C., VGB.;
Orweerall, responsibility: FS.AM., L.OG.C Al authors have read and agreed to the published version
of the manuscript.

Funding: LCGC. i supported by Universidade Estadual de Santa Cruz (UESC) (Grant N°
073.110122019.0016578-57 and Grant N 073, 11012, 2000.0007594-2%), FAPESE S USN046/2018. V.G B.
is supported by FAPES grant #1531 2019-UNIVERSA L-FAPES, PRONEM 06/2019 and CNPq fellow-
ship 308541 /2018-9,

Institutional Review Board Statement: Mot applicable.
Informed Consent Statement: Notapplicable.

Acknowledgments: The authors would lke to thank State University of Santa Croz (UESC) {Grant
N 07 1101220019.0016578-57 and Grant N® 073.11012202000007594-29), FAPESE SUSMNW6/20048,
FAPES grant #151/2019-UNIVERSA L-FAPES, PROMEM 06/201% and CN Py fellawship 308541,/2018-
9,

Conflicts of Interest: The authors declare no eonflicts ofinterest,

References

1.

2

3

Aucamp, [ Bronkhomst, A T Badenhorst, C. P, 5,; Pretorius, P, ], The Diverse Origins of Cireulating Cell-Free DN A in the
Human Body: A Critical Re- Evaluation of the Literature. Biol. Rev. 2018, 93 (3}, 1649-1683; https://doi.org/10.111 1 bre. 12413
MANDEL, P; METAIS, P. Les Acides Nucléques Du Plasma Sanguin Chez 'homme. C. R, Seances Soc. Biol, Fil. 1948, 142 (3-
4), 241-243.

Bendich, A, Wilceok, T, Borenfreund, E. Circulating DNA as a Possible Factor in Oncogenesis, Science (80-, ) 1965, 148 (3668),
374-378 hitpsidoiorg/10.1126/sclence. 148 3668374,

Tan, E. M.; Schur, P. H.; Carr, . L; Kunkel, H. G. Deoxybonucleic Acid (DN A) and Antibodies to DNA in the Serum of Patients
with Systernic Lupus Erythematosus. | Clin, Invest, 1966, 45 (11), 1732-1740; httpsy/doi o rg/ 10172/ JCT105479,

Leon, 5. A Shapiro, B.; Sklarolf, D. M. Yaros, M. [ Free DN A in the Serum of Cancer Patients and the Effect of Therapy. Cancer
Res. 1977, 37 (3, 646650,

121



