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ABSTRACT 

Brazil has the second-highest COVID-19 death rate worldwide, and Rio de Janeiro is among 

the states with the highest rate in the country. Nuclear Magnetic Resonance (NMR) and Mass 

Spectrometry (MS)-based metabolomics were used to identify metabolites associated with 

COVID-19 pathophysiology and disease outcome. This study analyzed metabolites in severe 

COVID-19 cases from two Rio de Janeiro Intensive Care Unit (ICU) reference centers. The 

cohort included 35 severe COVID-19 patients (18 survivors and 17 non-survivors) and 12 non-

infected controls. In severe cases, the findings reveal significant reductions in choline-related 

metabolites, serine, glycine, and betaine, highlighting dysregulated methyl donor pathways. 

Non-survivors exhibited elevated creatine/creatinine, 4-hydroxyproline, gluconic acid, and N-

acetylserine levels, indicating liver and kidney dysfunctions. Sex-specific differences in 

metabolic changes were noted, suggesting the need for gender-specific strategies in pandemic 

surveillance and treatment. Additionally, the study extends its focus to pregnant women, a 

group particularly vulnerable to severe COVID-19 due to immunologic, cardiovascular, and 

respiratory changes. Utilizing 1H NMR-based metabolomics, the research identified significant 

disruptions in insulin sensitivity, lipid metabolism, and inflammation markers in pregnant 

women with severe COVID-19, resembling metabolic patterns in gestational diabetes. Elevated 

glucose, lactate, triacylglycerol, LDL, VLDL, betaine, glycine, citrate, and acetoacetate levels 

were observed, indicating a metabolic shift driven by inflammation. These findings underscore 

the importance of vigilant monitoring for both maternal and neonatal health, highlighting that 

maternal COVID-19 infections may pose long-term neurodevelopmental risks to offspring. 

This research highlights the pivotal role of metabolomics in elucidating the molecular 

mechanisms underlying severe COVID-19, which is crucial for enhancing patient outcomes 

through targeted therapeutic interventions. 

 

Keywords: Metabolomics; Severe COVID-19; Pregnancy Pathophysiology; Maternal health. 



RESUMO 

O Brasil tem a segunda maior taxa de mortalidade por COVID-19 no mundo, e o Rio de Janeiro 

está entre os estados com a maior taxa no país. Utilizando metabolômica baseada em 

Ressonância Magnética Nuclear (RMN) e Espectrometria de Massas (EM), foram identificados 

metabólitos associados à fisiopatologia da COVID-19 e ao desfecho da doença. O estudo 

analisou metabólitos em casos graves de COVID-19 de dois centros de referência de UTI no 

Rio de Janeiro. A coorte incluiu 35 pacientes com COVID-19 grave (18 sobreviventes e 17 não 

sobreviventes) e 12 controles não infectados. Os resultados revelam reduções significativas nos 

metabólitos relacionados à colina, serina, glicina e betaína em casos graves, destacando vias de 

doadores de metil desreguladas. Os não sobreviventes exibiram níveis elevados de 

creatina/creatinina, 4-hidroxiprolina, ácido glucônico e N-acetilserina, indicando disfunções 

hepáticas e renais. Diferenças metabólicas específicas de sexo foram observadas, sugerindo a 

necessidade de estratégias específicas de gênero na vigilância e tratamento da pandemia. Além 

disso, o estudo estende seu foco às gestantes, um grupo particularmente vulnerável à COVID-

19 grave devido a alterações imunológicas, cardiovasculares e respiratórias. Utilizando 

metabolômica baseada em RMN de 1H, a pesquisa identificou interrupções significativas na 

sensibilidade à insulina, metabolismo lipídico e marcadores de inflamação em gestantes com 

COVID-19 grave, assemelhando-se aos padrões metabólicos vistos no diabetes gestacional. 

Foram observados níveis elevados de glicose, lactato, triacilglicerol, LDL, VLDL, betaína, 

glicina, citrato e acetoacetato, indicando uma mudança metabólica impulsionada pela 

inflamação. Esses achados enfatizam a necessidade de monitoramento vigilante da saúde 

materna e neonatal, pois infecções maternas por COVID-19 podem representar riscos de 

neurodesenvolvimento a longo prazo para os filhos. Esta pesquisa destaca o papel crítico da 

metabolômica na elucidação dos mecanismos moleculares subjacentes à COVID-19 grave e 

suas implicações para a melhoria dos resultados dos pacientes através de intervenções 

terapêuticas direcionadas. 

 

Palavras-chave: Metabolômica; COVID-19 Grave; Gravidez; Fisiopatologia; Saúde Materna  
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1 INTRODUCTION 

 

1.1 COVID-19  

 

1.1.1 Epidemiology Background 

 

Over the past two decades, Coronaviruses (CoVs) have been responsible for triggering 

three significant outbreaks, namely severe acute respiratory syndrome (SARS), Middle Eastern 

respiratory syndrome (MERS), and most recently, the coronavirus disease 2019 (COVID-19) 

pandemic. The emergence of the COVID-19 pandemic can be traced back to a cluster of 

pneumonia cases linked to a seafood market in Wuhan City, within the Hubei Province of China 

(ZHOU et al., 2020b). Following the probable transfer of a zoonotic disease, subsequent 

investigations eventually confirmed the causative agent to be a new Betacoronavirus closely 

associated with the SARS-CoV. The initial onset of human symptoms occurred on December 

1, 2019, marking the beginning of instant human-to-human transmission and subsequent global 

dissemination (HUANG et al., 2020). By March 11, 2020, the World Health Organization 

(WHO) declared COVID-19 caused by severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) a global pandemic (WHO, 2020). 

 As a single-stranded ribonucleic acid (RNA) virus, it is genetically similarity to SARS-

CoV-1, the virus responsible for the SARS outbreak between 2002 and 2004 (DHAMA et al., 

2020). However, SARS-CoV-2 has a higher transmission potential and lower pathogenicity. 

Even though most affected individuals experience asymptomatic infections, a significant 

proportion has the potential to develop severe disease, requiring intensive care to prevent fatal 

outcomes. Severe cases are more prevalent in individuals with preexisting comorbidities, 

advanced age, or immunodeficiency (HU et al., 2021). 

In the four years since the beginning of the COVID-19 pandemic, over 775 million cases 

have been confirmed, with more than 7 million deaths worldwide (MATHIEU et al., 2024). 

Until May 2024, Brazil had 38 million notified cases with 712,000 deaths (PAINEL 

CORONAVÍRUS BRASIL, 2024). These numbers place Brazil in the third-highest number of 

confirmed cases and second-highest death toll from COVID-19 in the world, with the United 

States and India in the first and second in the ranking (WHO, 2024). 

 Besides the effects of SARS-CoV-2 itself, around 10 to 20% of infected subjects may 

experience long-term symptoms after recovery from the initial illness (WHO, 2021). The 

condition, also known as post-acute sequelae of COVID-19, or long COVID, is characterized 
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by multisystem and complex symptoms comprising mainly of neurological, gastrointestinal, 

pulmonary, and cardiovascular alterations and which can be highly debilitating 

(FERNÁNDEZ-DE-LAS-PEÑAS et al., 2021). While long COVID seems to be more frequent 

in subjects that presented severe cases of COVID-19, even those who presented mild symptoms 

in the acute phase of the disease may later develop post-acute COVID-19 syndrome. The 

reported incidence of long COVID varies, affecting 10 to 30% of non-hospitalized cases, 50 to 

70% of hospitalized cases, and 10 to 12% of vaccinated cases. This condition can affect 

individuals of all ages and severities of the initial disease, with high prevalence in people 

ranging from 36 to 50 years old. In absolute numbers, most long COVID cases are found in 

non-hospitalized patients who experienced a mild acute illness, as they constitute most COVID-

19 cases overall (DAVIS et al., 2023).  

Although the WHO estimates that COVID-19 mortality could be much higher based on 

global excess mortality (MSEMBURI et al., 2023), the prevalence of vaccination for SARS-

CoV-2 infection resulted in a significant reduction in the number of severe cases and deaths 

from the disease. However, the transition of COVID-19 into an endemic state has introduced 

new challenges in public health management. Despite the widespread vaccination efforts, the 

virus continues circulating, with periodic outbreaks occurring in various regions. These 

outbreaks are often characterized by the emergence of new variants, which can partially evade 

immune protection provided by previous infections or vaccinations. Consequently, public 

health authorities are tasked with the ongoing surveillance of viral mutations and the adaptation 

of vaccines to ensure their efficacy  (COHEN; SPIRO; VIBOUD, 2022). Additionally, the focus 

has shifted towards booster campaigns and the development of treatments to mitigate the impact 

of infections. The endemic nature of COVID-19 necessitates a sustained and flexible response 

to manage the disease effectively, balancing prevention strategies with the need to maintain 

normal societal functions (WILLIAMS et al., 2023).  

 

1.1.2 SARS-CoV-2: The Virus and The Infection Mechanism 

 

SARS-CoV-2, a member of the Coronaviridae family and the Betacoronavirus genus, is 

a virus that possess a spherical structure with 80 to 120 nm diameter range. It is distinguished 

by a lipid bilayer that encases a single strand of positive-sense ribonucleic acid (ssRNA) with 

a length of 26-32 kilobases (LU et al., 2020). Comparative genome analyzes indicate that the 

sequence of SARS-CoV-2 shares approximately 80% similarity with SARS-CoV and around 

50% with MERS-CoV. Its genome comprises 14 open reading frames (ORFs), with most of 
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them, at least two-thirds, being responsible for encoding 16 nonstructural proteins (NSP 1–16) 

that constitute the replicase complex. The remaining one-third of the ORFs encode nine 

accessory proteins and four key structural proteins, namely spike (S), envelope I, membrane 

(M), and nucleocapsid (N) (ZHANG; HOLMES, 2020).  

Viral tropism is dependent on the susceptibility and permissiveness of particular cellular 

characteristics, which are essential for understanding the pathogenesis of viral diseases. The 

SARS outbreak brought attention to patients presenting with respiratory symptoms that 

progressed to severe pneumonia (PEIRIS et al., 2003), a pattern also observed in COVID-19 

cases, suggesting that SARS-CoV-2 primarily targets the lungs. Subsequent research confirmed 

that SARS-CoV and SARS-CoV-2 both utilize the angiotensin-converting enzyme 2 (ACE2) 

receptor for entry, prompting further study into the molecular dynamics of viral infection. 

ACE2 receptors are extensively expressed across various epithelial cells, including those in the 

lungs, small intestine, and other organs such as the heart, kidney, and esophagus (HAMMING 

et al., 2004). Significant mutations in the receptor-binding domain of the SARS-CoV-2 S 

protein have been found to enhance its interaction with ACE2, potentially increasing its binding 

affinity and, consequently, its infectivity (YAN et al., 2020). 

The virus S protein is instrumental in attachment, fusion, entry, and transmission, as it 

contains a receptor-binding domain (RBD) responsible for establishing direct contact with the 

cellular receptor ACE2. The S protein undergoes cleavage into two subunits, S1 and S2. The 

RBD of the S1 subunit engages with the host ACE2 while the S2 subunit secures the S protein 

to the host membrane (PERLMAN; NETLAND, 2009). The interaction between the RBD and 

ACE2 triggers significant conformational alterations in both S protein subunits, revealing the 

S2 site, also known as the priming site. The cleavage of this site is a prerequisite for membrane 

fusion and the eventual liberation of the viral genome into the cytoplasm of the host cell. SARS-

CoV-2 typically relies on the transmembrane protease serine 2 (TMPRSS2) for the cleavage at 

the’S2' site. In scenarios where TMPRSS2 is absent, the virus employs clathrin-mediated 

endocytosis for cell entry, and the’S2' site is cleaved by cathepsin L (FIGURE 1). Both 

TMPRSS2 and cathepsin L, acting in proteolytic cleavage are key factors for viral entry, as 

TMPRSS2 plays a crucial role in facilitating viral entry at the surface of the plasma membrane, 

while cathepsin L is involved in activating the SARS-CoV-2 Spike within endosomes, enabling 

the virus to enter cells lacking TMPRSS2 (JACKSON et al., 2022).  
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Figure 1 - The SARS-CoV-2 Lifecycle. The SARS-related coronavirus (SARS-CoV and SARS-CoV-2) 

lifecycle commences by binding of the envelope Spike protein to its cognate receptor, angiotensin-converting 

enzyme 2 (ACE2). Efficient host cell entry then depends on: (i) cleavage of the S1/S2 site by the surface 

transmembrane protease serine 2 (TMPRSS2); and/or (ii) endolysosomal cathepsin L, which mediate virus–cell 

membrane fusion at the cell surface and endosomal compartments, respectively. Through either entry 

mechanism, the RNA genome is released into the cytosol, where it is translated into the replicase proteins (open 

reading frame 1a/b: ORF1a/b). The polyproteins (pp1a and pp1b) are cleaved by a virus-encoded protease into 

individual replicase complex nonstructural proteins (nsps) (including the RNA-dependent RNA polymerase: 

RdRp). Replication begins in virus-induced double-membrane vesicles (DMVs) derived from the endoplasmic 

reticulum (ER), which ultimately integrate to form elaborate webs of convoluted membranes. 

Source: Reproduction from HARRISON; LIN; WANG, 2020 

 

SARS-CoV-2 also appears to exploit a subset of type II alveolar cells that exhibit 

elevated levels of ACE2 and additional pro-viral genes, enabling effective replication. The 

infectivity and transmission efficiency of SARS-CoV-2 is also dependent of a critical factor for 

membrane fusion between the virus and airways cells, that is facilitated by furin-mediated 

cleavage at the furin cleavage site (FCS) (PEACOCK et al., 2021b). Furthermore, the role of 

the lung as the primary site affected by SARS-CoVs could be linked to the modulation of ACE2 

expression, both at the gene and protein levels (KUBA et al., 2005). For instance, in human 

airway epithelial cells, the expression of the ACE2 gene is increased by type I and II interferons 

(IFNs) in response to viral infections (ZIEGLER et al., 2020).  

The initial cellular targets of SARS-CoV-2 during natural infection in humans are 

probably multi-ciliated cells within the nasopharynx or trachea, as well as sustentacular cells in 
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the nasal olfactory mucosa (AHN et al., 2020; KHAN et al., 2021). Furthermore SARS-CoVs 

also infect vascular endothelial cells, and alveolar macrophages (KUBA et al., 2005). These 

cells are likely initial sites of infection due to their ACE2 receptor expression, which enables 

the virus to attach and enter (ZIEGLER et al., 2020). Although ACE2 mRNA is present in 

human and other mammalian lung tissues, its expression is relatively low compared to other 

tissues, indicating the relevance of other cellular factors that influence susceptibility to SARS-

CoV-2 infection. One such factor is TMPRSS2, which is critical for viral entry. Even low levels 

of ACE2 can facilitate SARS-CoV infection if TMPRSS2 is present, highlighting the complex 

relationship between host factors and viral infectivity (SHULLA et al., 2011). The importance 

of TMPRSS2 to viral entry can be confirmed by the evidence that human coronaviruses are 

known to cause gastrointestinal infections of varying severity (CHOLANKERIL et al., 2020). 

Notably, the proteins ACE2 and TMPRSS2 are highly expressed in the intestinal lining of 

humans and several other mammals, specifically within the brush border of enterocytes 

(WONG; LUI; SUNG, 2020). This correlates with the common occurrence of gastrointestinal 

symptoms among COVID-19 patients, which aligns with the detection of SARS-CoV-2 in the 

fecal matter of individuals with SARS (XIAO et al., 2020).  

Upon cellular entry, the viral genome is released into the cytosol, and SARS-CoV-2 

commandeers the host endogenous cellular machinery to work on the transcription, replication, 

and translation of its RNA genome (HOFFMANN et al., 2020). This occurs through the ORF1a 

and ORF1b that are translated into viral replicase proteins (SNIJDER; DECROLY; ZIEBUHR, 

2016), thereby initiating the replication and propagation of the virus within the host organism. 

The translation of these ORFs yields two polyproteins, pp1a and pp1ab, which are pivotal for 

infection. Proteases encoded by ORF1a initiate the proteolytic cleavage of these polyproteins 

to release 16 NSPs, which are vital for viral replication (V’KOVSKI et al., 2021). 

 

 

 

 

1.1.3 SARS-CoV-2 Evasion of Host Immune Response 

 

In this initial stage of infection, to ensure survival, viruses have developed sophisticated 

methods to inhibit the signaling pathways of receptors involved in antiviral immunity. This is 

achieved by encoding immunomodulatory proteins that antagonize the host immune system, 
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disrupting the balance between positive and negative regulation of pattern recognition receptor 

(PRR)-initiated immune responses (CHATHURANGA et al., 2021; THOMPSON et al., 2011). 

PRRs, are responsible for recognize conserved molecular structures identified as a 

pathogen-associated molecular patterns (PAMPs) or those damage-associated molecular 

patterns (DAMPs). PAMPs are linked with microbial pathogens, whereas DAMPs are 

associated with the components of the host cell that are released upon cellular injury or death. 

The primary families of PRRs responsible for identifying viral RNA within endosomes are the 

Toll-like receptors (TLR), while RIG-I-like receptors (RLR) are responsible for recognizing 

cytoplasmic viral RNA (OKAMOTO et al., 2017). In the PRR family, we also have the 

scavenger receptors (SR), that represent a distinct set of receptors capable of interacting with 

viruses in a non-specific manner. This category of receptors lies at the crossroads of immunity 

and metabolism, predominantly found on stromal macrophages and dendritic cells 

(PRABHUDAS et al., 2017). Additionally, SRs can serve as co-factors for PRRs, such as TLRs, 

in the identification and elimination of viruses by innate immune cells; however, in certain 

instances, they can also serve as an entry point for viruses, including SARS-CoV-2, to invade 

cells (WEI et al., 2020). 

Upon activation of these receptors that directly or indirectly identifies viral infection, 

the signaling occurs via recruited adaptor proteins, ubiquitin ligases, and kinases, culminating 

in transcription factors and ultimate expression of immune genes, including IFNs, cytokines, 

and chemokines, resulting in the initiation of an antiviral innate immune response, mainly 

linked to the generation of IFN (DALSKOV; GAD; HARTMANN, 2023). The IFN pathway is 

often a primary target of evasion due to its rapidity and potency in eliminating viral infection, 

and that is why CoVs have developed multiple mechanisms to hijack the activation pathway of 

several PRR-IFN to ensure its viability. In fact, CoVs exhibit a pronounced sensitivity to IFNs, 

leading them to engage in multifaceted antagonism against mammalian immune detection. This 

antagonism manifests through the disruption of downstream signaling and the inhibition of 

specific IFN-stimulated gene (ISG) products (TOTURA; BARIC, 2012). CoVs also employ 

evasion tactics such as the creation of double-membrane vesicles (DMVs) that conceal viral 

nucleic acids from PRRs, and the direct impairment of immune signaling molecules by viral 

proteins (KINDLER; THIEL; WEBER, 2016). The structural and functional parallels of these 

proteins within the Betacoronavirus genus, and notably between the non-structural proteins of 

SARS-CoV and SARS-CoV-2, imply the utilization of similar suppressive strategies by SARS-

CoV-2. Clinical observations of severe COVID-19 cases reveal a dysregulated immune 

response characterized by elevated levels of pro-inflammatory cytokines and chemokines, yet 
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diminished levels of circulating IFN-β or IFN-λ, leading to sustained viremia (HADJADJ et al., 

2020). Notably, SARS-CoV-2 has been shown to significantly inhibit the expression of type I 

and type III IFNs, more so than other respiratory viruses, in both human bronchial epithelial 

cells and animal models. The circumvention of IFN signaling by SARS-CoV-2, coupled with 

reduced IFN production in human peripheral blood immune cells, may contribute to efficient 

viral replication, transmission, and the severe pathogenesis observed in COVID-19 (BLANCO-

MELO et al., 2020).  

The process of mutation also serves as a critical survival mechanism for viruses. These 

genetic alterations can enhance viral adaptability, allowing for the evasion of host immune 

defenses and the exploitation of new ecological niches. The high mutation rates, coupled with 

short generation times and large population sizes, enable viruses to adapt swiftly to the host 

environment. Additionally, factors like polymerase fidelity, replication mechanisms, and host-

virus interactions play significant roles in modulating viral mutation rates (SANJUÁN; 

DOMINGO-CALAP, 2016). During the pandemic, mutations that optimized the furin cleavage 

site (FCS) in the Alpha and Delta variants spike proteins were linked to their increased 

transmissibility, estimated to be 55 to 65% greater than the original wild-type Wuhan variant 

(LUBINSKI et al., 2022; PEACOCK et al., 2021a). In contrast, the evolutionary advantage of 

the Omicron variant is not attributed to FCS optimization but rather to an altered entry 

mechanism and significant immune evasion, enabling it to infect individuals with prior 

immunity. The Omicron BA.1 strain, with over 30 spike protein mutations, was initially thought 

to be less virulent, yet it led to substantial hospitalizations and fatalities (CARABELLI et al., 

2023). 

 

1.1.4 COVID-19 Clinical Manifestation and Transmission 

 

In general, CoVs infection tend to have symptoms associated to a common cold, 

resulting in mild upper respiratory tract symptoms and sometimes affecting the digestive system 

(KSIAZEK et al., 2003). In contrast, infections from more virulent coronaviruses like SARS-

CoV-2 leading to intense symptoms similar to influenza, as described in the early pandemic 

stages could escalate to severe respiratory distress, pneumonia, kidney failure, and even cause 

a fatal outcome (WANG et al., 2020a). During the initial phase of the COVID-19 outbreak, in 

China, clinical characteristics from 1,099 affected subjects showed that the most common 

clinical characteristics were fever (88.7%,), cough (67.8%) and radiologic findings (59.1%) 

such as abnormalities on chest radiograph  (GUAN et al., 2020). The same study demonstrated 
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a considerable frequency of symptoms such as sputum production (33.7%) and fatigue (38.1%), 

but few cases of symptoms like diarrhea (3.8%) and nasal congestion (4.8%). Other studies 

indicated that the most common associated symptoms of COVID-19 also included dyspnea, 

myalgia, fatigue, anosmia, and ageusia (EBRAHIMI; MALEHI; RAHIM, 2020). Additionally, 

some less frequent somatic symptoms like shortness of breath, palpitations, and pain in arms, 

legs, and joints have also been reported by COVID-19 affected subjects. The onset of COVID-

19 is fast, with an average incubation period of approximately 5 to 6 days, compared to the 

range of 2 to 11 days for SARS-CoV (LI et al., 2020; SU et al., 2016).  

Considering the fact that COVID-19 has undergone various changes over time, as the 

novel infection grew to inflict upon more people in different regions worldwide, other 

symptoms emerged, while new variants presented new symptoms associations. In a study 

conducted with 15.626 SARS-CoV-2 positive subjects (alpha, delta and omicron variants), 

showed that fever was the common symptom among all individuals, while cough was an 

important predictor of COVID-19 in all variants except for Omicron. Also, the prevalence of 

shivering, myalgia and ageusia or anosmia was more prevalent in subjects with infected with 

the Delta and Omicron variants. Artificial intelligence (AI) studies (predictive models and 

supervised neural networks) using 18 independent variables to determine the importance of 

predictive symptoms, showed the age, sore throat, myalgia, along cough and diarrhea ( 81.7% 

accuracy), were the most important variables that fitted to the model using the initial Wuhan 

strain. AI also showed that with the subsequent new variants the most important variables were 

diarrhea, anosmia/ageusia in the Alpha (75.7%); ageusia and anosmia, cough, and diarrhea in 

the Delta (69.2%) and shivering and diarrhea in the Omicron (62.5%) (TORABI et al., 2023).  

Regarding the broad spectrum of the clinical presentations of COVID-19, the prevalence 

of asymptomatic cases ranged from at least 30% to 45% of infected individuals (KIMBALL et 

al., 2020; ORAN; TOPOL, 2020). Additionally, most symptomatic subjects experience mild 

disease, while approximately 5% of infected subjects progressed to severe illness (RAHMAN 

et al., 2021). Some studies also point that, even though the incubation period of SARS-CoV-2 

range between 3 to 7 days, some cases showed a potential extension up to 18 days.  Notably, 

the incubation time varies across different waves of the pandemic and variants of SARS-CoV-

2. Specifically, the median incubation period decreases over successive waves, with 5 days for 

cases associated with the alpha variant and approximately 3.5 days for cases associated to the 

omicron variant (WU et al., 2022). Importantly, viral transmission can occur even before the 

onset of symptoms, including individuals who remain asymptomatic throughout the course of 

infection. Asymptomatic carriers were estimated to contribute to approximately 50% of all virus 
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transmissions (JOHANSSON et al., 2021). Interestingly, a recent study evaluating patients with 

long lasting positive RT-PCR for SARS-CoV-2, reported the presence of   replication-

competent viruses for up to 128 days after symptom onset (LEITÃO et al., 2021). Data that 

suggest the potential risk for continued transmission for a longer period than previously 

described by literature.  

From the start of the pandemic, COVID-19 cases have been concentrated among adults. 

Children, in general, have been less affected, exhibiting lower infection rates and milder clinical 

manifestations (MOLTENI et al., 2021). However, severe disease presentations, characterized 

by acute respiratory distress syndrome (ARDS), metabolic acidosis, and disseminated 

intravascular coagulation, have primarily been observed in elderly patients. Interestingly, 

individuals aged 5 to 9 years present the lowest case fatality rates, with exponential increases 

in fatality rates as age advances (O’DRISCOLL et al., 2021). Furthermore, numerous studies 

have highlighted increased mortality risk in individuals with comorbidities, including obesity, 

diabetes, cardiovascular disease, chronic kidney disease, and chronic pulmonary conditions 

(TUTY KUSWARDHANI et al., 2020). Additionally, sex-based differences exist in mortality 

rates for hospitalized patients with severe COVID-19, males appear to be at higher risk of 

developing severe forms of the disease compared to females (CHATURVEDI et al., 2022). In 

a global meta-analysis conducted analyzing the impact of sex, age, cardiovascular disease, 

hypertension and diabetes, indicated that males had 16% higher risk of mortality than females. 

Overall patients with pre-existing comorbidities such as  cardiovascular disease, hypertension, 

and diabetes have a increased risk of death up to 1.96-fold,1.73-fold, and 1.59-fold, respectively 

(MOULA et al., 2020). 

Severe illness in COVID-19 typically manifests approximately one week after the onset 

of symptoms. Among the hallmark symptoms of severe disease, dyspnea (shortness of breath) 

stands out as a consequence of hypoxemia (WANG et al., 2020a; ZHOU et al., 2020a). 

Subsequently, patients with severe COVID-19 progress to respiratory failure, often meeting the 

criteria for ARDS. The development of COVID-19 symptoms involves intricate mechanisms 

but can be theoretically understood through established models of three primary inflammatory 

processes: typical local inflammation, acute widespread inflammation, and persistent low-grade 

systemic inflammation. The risk of the latter increases with age and is more prevalent among 

individuals with metabolic disorders, diabetes, and other chronic conditions (GUSEV et al., 

2021). ARDS represents a form of lung injury marked by inflammation, pulmonary vascular 

leakage, and subsequent loss of aerated lung tissue. In subjects with COVID-19 experiencing 

hypoxic respiratory failure, evidence points to systemic hyperinflammation. Pro-inflammatory 
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cytokines, including interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor (TNF), are 

released, contributing to the pathogenesis. Elevated levels of inflammatory markers such as D-

dimer, ferritin, and C-reactive protein further underscore the systemic immune response (CHEN 

et al., 2020; DEL VALLE et al., 2020). 

Initial observations of individuals presenting with cough, pulmonary ground-glass 

opacities, and the subsequent development of severe pneumonia have indicated that SARS-

CoV-2 may be transmitted through respiratory pathways (ZHOU et al., 2020b). These first 

studies confirmed that the primary mode of transmission of SARS-CoV-2 include person-to-

person contagion through airborne droplets and aerosols. Additionally, alternative routes such 

as transmission via contaminated objects, food, and water have been investigated, with some 

studies demonstrating the persistence of SARS-CoV-2 RNA on these surfaces, indicating their 

potential role in contamination and transmission (ARIENZO et al., 2023; SUKHIKH et al., 

2021). Understanding these various modes of transmission was crucial for implementing 

effective control measures to prevent the spread of COVID-19 in different settings and 

populations, especially considering the evolving nature of the pandemic and the emergence of 

new variants.  

Transmission between asymptomatic and symptomatic individuals with COVID-19 

varies significantly. Asymptomatic carriers, despite showing less severe pulmonary damage, 

have been identified as potential sources of transmission, with a shorter duration from disease 

onset to peak progression stage compared to symptomatic patients (TAN et al., 2022). Studies 

have estimated that asymptomatic cases can lead to a lower infection rate compared to 

symptomatic cases, some studies show that the rate of asymptomatic SARS‑CoV‑2 infection 

was 34.9%, which also indicate a reduced transmission risk through asymptomatic exposure 

(EL-GHITANY et al., 2022). Furthermore, mathematical models analyzing different COVID-

19 variants have shown an increasing proportion of asymptomatic infections over time, 

emphasizing the role of asymptomatic individuals in the spread of the epidemic and the need 

for collaborative prevention and control measures to curb transmission effectively (XU et al., 

2023). 

Acute COVID-19 typically persists for up to 4 weeks, while symptomatic COVID-19 

can extend for up to 12 weeks. Long COVID has different definitions across different healthcare 

systems and countries, leading to challenges in standardization and diagnosis (SRIKANTH et 

al., 2023). The most recent published reviews indicate that long COVID-19 is a condition that 

follows recovery from acute COVID-19 infection or unresolved illness. It is characterized by 

persistent symptoms occurring after the acute phase, yet lacks a universal definition, resulting 
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in variations in symptom duration and clinical manifestations. These symptoms typically 

emerge approximately 3 months after the initial infection and persist for more than 3 months. 

Importantly, they cannot be explained by alternative diagnoses. Estimates of the prevalence of 

long COVID-19 symptoms vary widely, influenced by subjects demographics, inclusion of 

control groups, and duration of follow-up. Potential mechanisms contributing to long COVID 

include SARS-CoV-2 persistence, reactivation of other viruses (Epstein-Barr virus), virus-

triggered autoimmunity, persistent tissue damage, immune-triggered inflammation, and 

formation of microthrombi in vascular beds (endothelial cell activation) (LENZ et al., 2024). 

Endothelial damage and subsequent dysfunction may be a mechanism, as long-term viral 

infection, chronic hypoxia, and inflammatory responses can lead to persistent vascular 

endothelial injury, coagulation, microthrombosis, and systemic functional impairments 

(MONJE; IWASAKI, 2022; NEWELL; WAICKMAN, 2022). Alterations in the host 

microbiome may also play a role (LIU et al., 2022a). 

SARS-CoV-2 primarily targets the respiratory system. However, mounting evidence 

reveals that its impact extends beyond the lungs, affecting various organs and systems. The 

virus RNA and proteins have been detected in multiple organs, including the heart, intestines, 

brain, male genitals, and kidneys. Additionally, infectious virus has been identified in various 

body fluids such as mucus, saliva, urine, cerebrospinal fluid, semen, and breast milk 

(TRYPSTEEN et al., 2020). Beyond lung involvement, SARS-CoV-2 may lead to 

extrapulmonary diseases, encompassing gastrointestinal symptoms, acute cardiac, kidney, and 

liver injury, cardiac arrhythmias, rhabdomyolysis, coagulopathy, and shock (ASKARI et al., 

2023) 

Amid the urgency of the COVID-19 pandemic, discovering precise, efficient, and cost-

effective diagnostic methods for large-scale use is paramount to mitigating contagion risks and 

reducing mortality. Accurate identification of patients likely to progress to severe disease or 

multiple organ failure versus those who will remain stable is essential for personalized 

treatments and optimized medical resource allocation. High-throughput omics technologies —

such as genomics, transcriptomics, proteomics, epigenomics, metabolomics, and microbiomics 

— have become vital to precision diagnostics. These technologies generate extensive data, 

enabling the identification of vulnerable populations and the discovery of omics-based 

biomarkers, which drive advancements in early diagnosis, disease prognosis, individualized 

treatments, and vaccination (MA et al., 2022). 

In particular, metabolomics stands out as a key strategy. By globally analyzing 

metabolites—small molecules indicative of the metabolic status of organs and tissues—
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metabolomics provides a metabolic profile or “metabotype.” This approach facilitates the 

identification of specific metabolic profiles for diagnosis and prognostication, paving the way 

for personalized medicine strategies. Beyond patient profiling, metabolic signatures enhance 

the understanding of disease-associated biological pathways and generate mechanistic 

hypotheses, making metabolomics a cornerstone in the fight against COVID-19 and other 

diseases(VLASOVA-ST. LOUIS et al., 2023). 

 

1.1.5 COVID-19 Pathogenesis 

 

The precise pathophysiological mechanisms driving COVID-19 remain unknown 

considering this is a complex disease with a wide range of clinical presentations and that both 

host and viral determinants are involved. The pathogenesis of COVID-19 exhibits a spectrum 

of intensity and even tissue distribution. While the majority of individuals experience symptoms 

related to the upper respiratory tract and lungs, severe cases may present with extensive 

thrombosis affecting both small and large blood vessels, damage to the microvasculature, 

dysrhythmia, neurological impairments, diarrhea, and gastrointestinal hemorrhage, all of which 

pose significant mortality risks (EBRAHIMI; MALEHI; RAHIM, 2020; RAHMAN et al., 

2021). 

SARS-CoV-2 is described to utilize at least three of traditional viral pathogenic tactics. 

The first involves virus recognition by cellular receptors, which are divided into three functional 

groups: (a) receptors that facilitate virus entry into the cell, aiming to increase binding affinity 

and broaden the range of these receptors and their co-receptors; (b) receptors that transmit 

information advantageous to the virus to the cell; and (c) receptors that initiate an antiviral 

response upon virus detection, and the virus strategy is to inhibit these receptors and their 

signaling pathways. The second strategy is the inhibition of the host antiviral defenses, affecting 

both the infected cells and the host immune system. This includes reducing the early antiviral 

response of type I and type III IFN, disrupting universal cellular stress signals or specific 

immune responses, and protecting the virus from the direct action of antiviral response factors. 

The third strategy is to ‘provoke’ the host immune system to attack its own tissues, a unique 

viral survival tactic that results in autoimmune and autoinflammatory processes (GUSEV et al., 

2022). Emerging evidence indicates that severe COVID-19 arises from virus-induced 

perturbations within the immune system, resulting in tissue damage, alterations in critical 

immune cell populations, activation of the complement system, and intricate interactions 

between innate immunity and the coagulation cascade, ultimately promoting inflammatory 
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thrombotic events (BORCZUK; YANTISS, 2022). These multifaceted changes can be 

categorized into three distinct groups characterized by a humoral immunodeficiency 

characterized by B-cell dysfunction,  a hyperinflammatory state marked by T-cell subset 

depletion and elevated cytokine levels driven by IL-6, IL-1β, and TNF-α, and  injury mediated 

by complement activation (DUPONT et al., 2021) 

In the context of SARS-CoV-2 pathogenesis IFN responses play a pivotal role in 

mediating viral defense mechanisms. While IFNs are integral to combating viral infections, an 

excess can precipitate tissue damage, underscoring the significance of both timing and tissue 

location in the resultant effects of IFN-mediated immune activity. Variations in interferon levels 

across different tissues have been observed to correspond with the severity of COVID-19, 

suggesting a complex interplay between IFN response and disease progression (UNTERMAN 

et al., 2022). In the early stages of infection, type I IFN responses are critical; however, these 

responses remain elevated in patients experiencing prolonged viral replication. Conversely, an 

upsurge in type II IFN has been linked to severe manifestations of the disease across various 

organ systems. Type III IFN, predominantly found in the upper respiratory tract, appears to be 

associated with milder cases characterized by high viral loads (KARKI et al., 2021; 

MONTALVO VILLALBA et al., 2020). The Type III IFN also have a role in SARS-CoV-2 

resolution in the upper airways, as it is hypothesized to contribute to the clearance of SARS-

CoV-2. However, in the case of antiviral efforts fail, a shift towards a pro-inflammatory state 

ensues, driven by types I and II IFN within the lower respiratory tract (SPOSITO et al., 2021).  

Peripheral blood mononuclear also cells exhibit an increased type I IFN profile 

correlating with initial viral load, which subsequently diminishes as the viral load decreases. 

Notably, in severe COVID-19 cases, IFN responses are often attenuated or delayed 

(BERGAMASCHI et al., 2021). This suboptimal IFN activity may stem from individual 

biological factors such as genetic factors, the presence of neutralizing autoantibodies, or a 

reduction in plasmacytoid dendritic cells, which are known for producing TLR7—a toll-like 

receptor that recognizes single-stranded viral RNA and stimulates IFN responses (SONG et al., 

2020). Furthermore, genetic susceptibilities linked to severe COVID-19 have been identified in 

genes that are instrumental in the induction and amplification of type I interferon via TLR3-

dependent and TLR7-dependent pathways, as well as in the detection of type I interferon 

(ASANO et al., 2021; ZHANG et al., 2020). This underscores the critical role of interferon 

signaling in the immune response against SARS-CoV-2. Reinforcing this notion are studies 

indicating an association between neutralizing autoantibodies to IFNα and severe COVID-19 

outcomes (BASTARD et al., 2020). Such autoantibodies are found in approximately 4% of 
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uninfected individuals over the age of 70 and are estimated to account for around 20% of 

fatalities of patients over 80 years related to COVID-19. As these autoantibodies appear to 

increase with age, these findings provides one possible explanation for the major increase in 

the risk of critical COVID-19 in the elderly, (BASTARD et al., 2021).  

The dichotomy of IFN responses in the pathogenesis of COVID-19 presents a complex 

puzzle in the landscape of viral infections. While the protective versus detrimental roles of IFNs 

in COVID-19 remain a subject of debate, emerging literature suggests that the efficacy of IFN 

responses may be contingent upon the stage of infection and the severity of disease. Recent 

investigations have illuminated that severe COVID-19 is often accompanied by compromised 

IFN signaling pathways (BASTARD et al., 2020; COMBES et al., 2021). In contrast, other 

studies posit that an exacerbated and protracted IFN response correlates with adverse clinical 

outcomes (LEE et al., 2020; LUCAS et al., 2020). In published study that describes an in-depth 

analysis of IFNs in COVID-19, elucidates that robust viral replication of SARS-CoV-2 triggers 

an effective IFN-III response in the upper respiratory tract of younger individuals or those with 

milder symptoms, whereas patients with severe illness exhibit pronounced IFN levels in the 

lower respiratory tract, both at the mRNA and protein levels. These findings corroborate to the 

notion that IFNs exert divergent effects along the respiratory tract, potentially reconciling the 

conflicting reports regarding IFN dynamics in COVID-19. An efficient early IFN response in 

the upper airways may facilitate swift viral clearance and impede progression to the lower 

respiratory tract. However, if the virus elude initial immune defenses, the intensified IFN 

response in the lungs may exacerbate the inflammatory milieu, contributing to the cytokine 

storm and subsequent tissue damage observed in severe-to-critical cases of COVID-19, which 

are marked by diminished cellular proliferation and enhanced pro-apoptotic p53 transcriptional 

activity (SPOSITO et al., 2021).  

There is accumulating evidence suggesting that dysregulated inflammation and cytokine 

alterations plays a significant role in the mortality and morbidity of the disease(LUCAS et al., 

2020). When compared with influenza, the ARDS associated with SARS-CoV-2 infection 

features a increased cytokine levels. Patients with COVID-19 with hypoxic respiratory failure 

have evidence of systemic hyperinflammation, including release of pro-inflammatory 

cytokines, such as interleukin-1 (IL-1), IL-6, IL-8 and TNF, while also presenting elevated 

concentrations of inflammatory markers, including D-dimer, ferritin and C-reactive protein. 

Serum levels of IL-6, IL-8, and TNF at the time of hospitalization are strong and independent 

predictors of patient survival (DEL VALLE et al., 2020).  



29 
 

This disturbed cytokine profile is also correlated with the recruitment of functionally 

altered immune cells, as in SARS-CoV-2 infection neutrophils present a higher degree of 

degranulation, which also increases the cytokine levels (CAMBIER et al., 2022).  While 

macrophages presents precipitate activation syndrome, which is characterized by increased type 

II IFN-related responses as well as elevated IL-6, IL-1β, TNF-α, and ferritin 

levels(MCGONAGLE et al., 2020). These two cells also interact with each other in cascade of 

proinflammatory events that represents an worsening of the patients condition, as monocytes 

release proinflammatory cytokines being responsible for pneumocyte apoptosis. Macrophages 

release chemokines and cytokines, which increase capillary permeability and also cause the 

recruitment of neutrophils. Excessive degranulation of neutrophils causes permanent damage 

to pneumocytes breaking the alveolar–capillary barrier (FIGURE 1). The end result of all these 

mechanisms is a transmigration of blood proteins resulting in alveolar and interstitial edema. 

This acute and diffuse inflammatory damage into the alveolar-capillary barrier is associated 

with a vascular permeability increase and reduced compliance, compromising gas exchange 

and causing hypoxemia, occasionally evolving to ARDS (BATAH; FABRO, 2021). 

Histological examination of human lung tissues indicates that this diffuse alveolar damage is 

the predominant pattern of injury in patients infected with COVID-19 (CARSANA et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - A Brief Overview of Lung Pathology in Patients with COVID-19. Following inhalation of 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) into the respiratory tract, the virus traverses 

deep into the lower lung, where it infects a range of cells, including alveolar airway epithelial cells, vascular 
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endothelial cells, and alveolar macrophages. Upon entry, SARS-CoV-2 is likely detected by cytosolic innate 

immune sensors, as well as endosomal toll-like receptors (TLRs) that signal downstream to produce type-I/III 

interferons (IFNs) and proinflammatory mediators. The high concentration of inflammatory 

cytokines/chemokines amplifies the destructive tissue damage via endothelial dysfunction and vasodilation, 

allowing the recruitment of immune cells, in this case, macrophages and neutrophils. Vascular leakage and 

compromised barrier function promote endotheliitis and lung edema, limiting gas exchange that then facilitates a 

hypoxic environment, leading to respiratory/organ failure. 

 

Source: Reproduction from HARRISON; LIN; WANG, 2020 

 

Alveolar cell death or damage leads to a disruption of the alveolar epithelium, which 

sets the exudative phase of diffuse alveolar damage, which involves hyaline membrane 

formation due to the polymerization of fibrin present in plasma leaked into interstitial space. 

The formation of hyaline membranes are dangerous because as a fibrin-rich exudates that seal 

the alveoli from fluid accumulation, it can also limit oxygen exchange (IBA et al., 2020). This 

exudative phase is accompanied by alveolar–capillary barrier injury, resulting in red blood cell 

extravasation and inflammatory cell infiltration. This process leads to a proliferative phase, 

which involves excessive fibroblast and myofibroblast proliferation resulting in acute fibrinous 

organizing pneumonia with extracellular matrix deposition and the formation of fibrin thrombi 

(TANG et al., 2020). This explains why lung radiological examination show bilateral ground-

glass opacities along with peripheral distribution. In the most severe cases of COVID-19 fibrin 

thrombi are found in the small arterial vessels (KLOK et al., 2020). This prothrombotic state 

seen in patients with COVID-19 is hypothesized to be a reminiscent process known as 

immunothrombosis, in which immune and coagulation systems would work through activated 
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neutrophils and monocytes that interact with platelets and the coagulation cascade, leading to 

intravascular clot formation in small and larger vessels, which block pathogens and limit their 

spread, creating an intravascular barrier that facilitates the recognition, containment, and 

destruction of pathogens, thereby protecting host integrity without inducing major collateral 

damage to the host (BONAVENTURA et al., 2021; ENGELMANN; MASSBERG, 2013).  

The precise mechanisms inciting coagulation system imbalances in COVID-19 remain 

elusive; however, the initial disruption of the alveolar epithelium is a suspected 

trigger(MEYER; GATTINONI; CALFEE, 2021). A plethora of stimuli, including hypoxia, 

cytokines, chemokines, and damage-associated molecular patterns, are known to induce 

permeability in both endothelial and epithelial barriers, disrupting intercellular junctions 

(MILLAR et al., 2016). Endothelial dysfunction serves as a hallmark of microvascular 

impairment, precipitating a shift in vascular homeostasis favoring vasoconstriction and a 

prothrombotic state. Early in the pandemic, case reports suggested that SARS-CoV-2 infection 

precipitates endotheliosis across multiple organs. This phenomenon may elucidate the observed 

systemic microcirculatory dysfunction across diverse vascular beds, contributing to the clinical 

sequelae manifest in patients with COVID-19 (VARGA et al., 2020). A relevant 

pathophysiological hallmark of COVID-19 is the emergence of a prothrombotic state, 

characterized by elevated blood levels of fibrinogen, von Willebrand factor (VWF), and D-

dimer, the latter being a fibrin degradation product. Despite these indicators, patients typically 

exhibit minimal alterations in conventional coagulation metrics such as prothrombin time, 

activated partial thromboplastin time, antithrombin, activated protein C levels, and platelet 

counts (PANIGADA et al., 2020; TANG et al., 2020).  

 

 

 

 

1.1.6 SARS-CoV-2 Evolution and Genetic Variants 

 

The evolutionary trajectory of SARS-CoV-2 has been marked by the emergence of 

multiple variants, driven by a diverse array of genetic alterations encompassing recombination 

events, point mutations, deletions, and amino acid substitutions. Usually, genome size inversely 

correlates with mutation rate, which influences the genetic diversity of viruses. That is why 

RNA viruses mutate faster than desoxyribonucleic acid (DNA) viruses, with single-stranded 

RNA viruses exhibiting higher mutation rates than double-stranded RNA viruses. While 
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recombination, facilitated by copy choice of the RNA template and polymerase-based 

mutations, leads to intramolecular recombination in coronaviruses, contributing to the evolution 

of new strains (SANJUÁN; DOMINGO-CALAP, 2021). Considering this, upon the initial 

identification of SARS-CoV-2, it was posited that the mutation rate in coronaviruses would be 

constrained due to the necessity of preserving the integrity of their large genome (RAUSCH et 

al., 2020), which are among the largest of RNA viruses, encompassing roughly 30,000 

nucleotides (HARTENIAN et al., 2020). This presumption of genomic stability misguided 

pharmaceutical strategies to develop vaccines targeting the spike protein to curb the spread of 

SARS-CoV-2, not considering the molecular epidemiological dynamics that resulted in the 

rapid spread and succession of SARS-CoV-2 new strains(YANG et al., 2020).  

Unfortunately, Over three years, since the first genome sequence was published, the 

SARS-CoV-2 genome has accumulated nearly 120 mutations per genome, a stark contrast to 

the original Wuhan genomic sequence, reflecting the virus's ongoing evolution (COLSON et 

al., 2024). These changes are particularly pronounced within the RBD of the S protein. The S 

protein itself is bifurcated into two subunits by host cell proteases: the S1 subunit, which 

contains the RBD and is responsible for recognizing and binding to the host cell surface 

receptor, and the S2 subunit, which facilitates the fusion of the viral and host cell membranes. 

The S1 subunit’s C-terminal domain specifically interacts with the human ACE2, initiating the 

infection process (WANG et al., 2020b). Both the S1 and S2 subunits are pivotal in the virus’s 

pathogenesis and serve as primary targets for antiviral-neutralizing antibodies. Genetic 

variations within the S1/S2 domains and the RBD have led to the genesis of novel SARS-CoV-

2 variants, each with potentially distinct pathogenic profiles and implications for vaccine 

efficacy and public health strategies(ANDERSEN et al., 2020). 

To assist with public discussions about significant SARS-CoV-2 variants, the WHO has 

classified the SARS-CoV-2 variants into three main categories, such as the variants of concern 

(VOCs), variants of interest (VOIs), and variants under monitoring (VUMs). The classification 

with most impact worldwide, the VOC, have been identified by their genetic distinctions and 

epidemiological effects, being differentiated from the original CoV identified in Wuhan by any 

of the subsequent alterations, such as: increased transmissibility; increased virulence; change 

in clinical disease presentation; or decrease in the effectiveness of public health and social 

measures, such as available diagnostics, vaccines, or therapeutics (FIGURE 3). The VOC were 

named using the Greek alphabet: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 

(B.1.617.2), and Omicron (B.1.1.529) (WHO, 2023). 
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Figure 3 - Timeline of different VOCs of SARS-CoV2. More than 17 different variants have been 

discovered starting from its origin in 2019 through the most recent VOC discovered early in 2023. 

 

Source: Reproduction from ANDRE et al., 2023 

 

The alpha variant of COVID-19, also known as the B.1.1.7 variant, was first detected in 

late 2020 and rapidly became the dominant strain in the United Kingdom (BRAYBROOK et 

al., 2021). This variant contains mutations in the S protein that enhance infectivity and 

immunity evasion, potentially leading to more severe clinical outcomes and increased 

resistance to vaccines developed based on the original strain. Such adaptations increased 

transmittance and virulence, and research concluded that the death risk to this Alfa variant were 

39%-72% higher when compared to the Wuhan wild-type strain (MENG et al., 2021). It spread 

quickly, being the the predominant variant in England, accounting for over 95% of cases by 

February 2021 (LOCONSOLE et al., 2021). The alpha variant's prevalence during this period 

was linked to a 3.8-fold rise in the risk for death or intensive care unit (ICU) hospitalization, 

suggesting a more severe inflammatory disease phenotype (VASSALLO et al., 2021). 

The emergence of the Beta variant, B.1.351 variant, initially detected in South Africa, 

marked a significant development in the COVID-19 pandemic. This variant rapidly became the 

predominant strain within the region, distinguished by a heightened transmissibility rate. The 

spike protein of B.1.351 exhibited a multitude of mutations, which are believed to contribute to 

its increased spread. During the Beta wave of infections in South Africa, a notable 12.6% of 

infected individuals required hospitalization. Of these hospitalized cases, 63.4% progressed to 

severe disease states, culminating in a 28.8% mortality rate (JASSAT et al., 2022). Comparative 

analyses between the Alpha (B.1.1.7) and Beta (B.1.351) variants, focusing on clinical 

outcomes such as 60-day and 28-day mortality rates, as well as the necessity and duration of 

mechanical ventilation, revealed no statistically significant disparities (ULRICH et al., 2022). 
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Despite the global dissemination of the B.1.351 variant, the WHO have not reported any 

exacerbation in disease severity attributable to this variant, even in the face of its augmented 

infectivity and capacity for neutralizing antibody evasion. Moreover, amidst the severity 

associated with the Alpha and Beta variant infections, preliminary data indicates that a single 

administration of the mRNA-1273 vaccine (also know as bivalent) provided substantial 

protection. The vaccine efficacy extends to preventing B.1.1.7 and B.1.351 infections, 

hospitalizations, and fatalities associated with COVID-19, irrespective of symptomatic 

presentation (CHEMAITELLY et al., 2021). 

The Gamma variant (P.1), identified as the third VOC, was initially detected in the 

timeframe of November to December 2020 within Manaus, Brazil (DA SILVA et al., 2021). 

Characterized by its rapid proliferation, the Gamma variant extended its reach to over 36 

countries. Concurrently, Brazil experienced a second wave of COVID-19, marked by a surge 

in case numbers and mortality rates. This escalation was fueled by the circulation of several 

VUMs, notably the Zeta (P.2) and Gamma (P.1) variants, with the latter achieving widespread 

prevalence by January 2021 (FARIA et al., 2021). Despite the commencement of the national 

vaccination campaign on January 17, 2021, the death toll attributed to COVID-19 in Brazil 

continued to escalate, culminating in a daily peak of 4,249 fatalities in April 2021. This peak 

was succeeded by a decline in daily case numbers and associated deaths. The Zeta variant 

played a minimal role in the initial epidemic wave, persisting until March 2021, before being 

swiftly supplanted by the Gamma variant. Between February and June 2021, a significant spike 

in case numbers was observed, with the Gamma variant accounting for 96% of cases in Brazil. 

However, its dominance was short-lived, as it was eventually overtaken by the highly 

transmissible Delta variant (GIOVANETTI et al., 2022). In terms of immunity, prior infection 

conferred a protection range of 54 to 79% against the P.1 variant. This finding was corroborated 

by pseudotyped neutralization assays utilizing anti-SARS-CoV-2 RBD monoclonal antibodies, 

which demonstrated a diminished neutralization capacity in plasma from vaccinated or 

previously infected individuals (WANG et al., 2021b). Despite the concerns regarding 

increased reinfection risk or reduced vaccine efficacy posed by the P.1 variant, the threat level 

does not appear to be as pronounced as that of the B.1.351 variant (WANG et al., 2021a).  

The B.1.617.2 variant, the Delta variant, emerged as the fourth and the most significant 

VOC in October 2020, originating from Maharashtra, India. This variant was characterized by 

a mutation at the FCS, which led to an increase in pathogenicity and fusogenic activity (SAITO 

et al., 2022). Such changes were associated with heightened infection severity and the 

emergence of atypical symptoms. The Delta variant’s increased virulence is partly attributed to 



35 
 

enhanced binding affinity to the ACE2 receptor, which facilitated viral entry into host cells. 

Similar to the Kappa variant, the Delta variant exhibited a notable capacity for immune evasion, 

reducing the neutralization effectiveness of both monoclonal and vaccine-induced polyclonal 

antibodies. The increased RBD-ACE2 interaction also contributed significantly to the variant’s 

ability to circumvent immune defenses (SAVILLE et al., 2022). The Delta variant’s global 

impact was profound, with reports indicating its presence in over 119 countries and its role as 

a primary driver of the COVID-19 pandemic’s spread, despite ongoing vaccination efforts 

worldwide (MLCOCHOVA et al., 2021). During its peak period from late 2020 to early 2021, 

the Delta variant was responsible for approximately 99% of all SARS-CoV-2 cases, surpassing 

the earlier B.1.617.1 (Kappa) variant. Its dominance was attributed to an estimated 40–60% 

increase in transmissibility compared to the original SARS-CoV-2 strain (CAMPBELL et al., 

2021). Vaccination efforts, particularly those utilizing mRNA-based vaccines such as 

Moderna’s mRNA-1273 and Pfizer-BioNTech’s BNT162b2, as well as Johnson & Johnson’s 

adenoviral vector vaccine, proved to be 95% effective in reducing hospitalizations and fatalities 

associated with the Delta variant. While vaccines have shown high efficacy in preventing severe 

disease and hospitalization for up to six months post-immunization, a decline in vaccine 

effectiveness against infection has been observed with Beta, Delta, and Omicron variants 20 

weeks following the secondary vaccination. It was observed that the protective effect against 

infection diminishes over time post-primary immunization, highlighting the need for continued 

vigilance and potential booster vaccinations to combat emerging variants (LOPEZ BERNAL et 

al., 2021). 

The Omicron variant, classified under the B.1.1.529 lineage, emerged as the fifth and 

final VOC identified during the COVID-19 pandemic. The initial detection of the original 

Omicron strain occurred in Botswana and South Africa in late November 2021. The variant 

rapidly disseminated internationally, leading to a significant spike in case numbers. By 

December 2021, the United States reported daily case figures exceeding one million, and the 

Omicron variant began to give rise to several subvariants (VITIELLO et al., 2022). Genomic 

analysis of the S protein sequence revealed the existence of two distinct subclades within the 

Omicron variant. Subclade 1, characterized by a lower sequence frequency, was predominantly 

observed in South Africa. In contrast, Subclade 2 demonstrated a higher sequence frequency 

and a global distribution (WANG; CHENG, 2022). 

Data available up to March 2022 indicated that the Omicron variant surpassed the Delta 

variant in terms of global incidence. Notably, infections with the Omicron variant were 

associated with the least reduction in body weight and mortality rates among the variants 
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studied. Comparative analyses utilizing a transgenic mouse model infected with SARS-CoV-2 

wild type (WT) from Wuhan and the subsequent Alpha, Beta, Delta, and Omicron variants 

suggested an attenuating trend in pathogenicity, with the Omicron variant exhibiting the mildest 

effects (SHUAI et al., 2022). In terms of viral replication dynamics, the Omicron variant 

exhibited a replication rate in the lungs that was tenfold lower than that of the Delta variant. 

Conversely, it replicated approximately 70 times more efficiently in the human bronchus 

compared to both the Delta variant and the original SARS-CoV-2 virus (KHANDIA et al., 

2022). The high mutation rate of the Omicron variant has compromised the efficacy of 

neutralizing antibodies and vaccines, leading to an increased incidence of reinfections in 

regions such as South Africa (HARVEY et al., 2021). 

A mathematical model developed to assess the transmissibility and infection fatality 

ratio of the Omicron variant in South Africa concluded that, despite its higher transmissibility, 

the infection fatality was reduced by 78.7% compared to previous variants (LIU et al., 2022b). 

In both the United States and South Africa, the case fatality ratio associated with the Omicron 

variant was half that observed with the Delta variant (SIGAL; MILO; JASSAT, 2022). 

Consistent with these findings, a patient cohort study from Paraná, Brazil, mirrored the 

observations from South Africa and the United States. The study reported that within a single 

week, approximately 1.3% of the state’s population was infected by the Omicron variant, 

indicating a high transmission rate. However, the lethality rate was significantly mitigated, 

likely due to combination of multiple infection waves and the high vaccination coverage (70%) 

within the population (ADAMOSKI et al., 2022). 

 

 

 

1.1.7 COVID-19 Treatment and Prevention  

 

At present, the medical community faces the challenge of lacking a standardized 

approach for the prevention and treatment of COVID-19. The disease’s pathogenesis is 

primarily propelled by two factors: SARS-CoV-2 infection and subsequent immune system 

dysfunction. In the initial phase of the disease, pathogenesis is predominantly governed by the 

virus’s life cycle, which encompass its detection, fusion with host cells, entry, and replication, 

largely regulated by viral proteins. Conversely, in the advanced stages, an overwhelming 

inflammatory and immune reaction to SARS-CoV-2 precipitates significant tissue damage 

(PADASAS et al., 2023). Consequently, targeting both viral proteins and host cellular factors 
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is crucial for mitigating COVID-19 and represents a promising avenue for antiviral 

intervention. Current therapeutic strategies are categorized based on target specificity and 

underlying molecular actions. Antiviral medications aim to inhibit various phases of the viral 

infection cycle, whereas immunomodulatory therapies focus on tempering the host’s 

inflammatory response that exacerbates disease severity (ZHOU et al., 2021a). To date, 

treatments for COVID-19 have been grouped into three main types: antiviral agents, biological 

agents, and anti-inflammatory agents. Insights into the structural biology of SARS-CoV-2, its 

mechanisms of infection, and clinical manifestations in patients have guided the deployment of 

several therapeutic modalities in clinical trials targeting COVID-19 (PANAHI et al., 2023). 

During the early transmission phase of SARS-CoV-2, no antiviral medication had 

established efficacy against the disease. However, as clinical insights accumulated and research 

advanced, various antiviral agents emerged as prospective treatments for COVID-19. 

Numerous pharmaceuticals have been repurposed and evaluated for their potential to prevent 

the virus’s entry into host cells, a critical initial step in the infection process.  Among these 

drugs, Remdesivir has shown considerable promise. Initially conceived as a treatment for 

hepatitis C, Remdesivir was later repurposed to combat Ebola and Marburg virus diseases 

before being considered for COVID-19 therapy. Its mechanism involves inhibiting the viral 

RNA-dependent RNA polymerase, effectively halting viral replication through premature 

termination of RNA transcription(MARTINEZ, 2020). Chloroquine, an antimalarial 

medication, and hydroxychloroquine, a derivative used to treat autoimmune conditions such as 

systemic lupus erythematosus and rheumatoid arthritis, have also been explored for their 

antientry effects (VINCENT et al., 2005). Hydroxychloroquine is thought to disrupt viral fusion 

with host cell membranes by increasing endosomal pH. Additionally, it was hypothesized that 

chloroquine may impede SARS-CoV-2’s attachment to cell membranes by inhibiting ACE2 

receptor glycosylation. In vitro studies have hinted at an immunomodulatory role for both 

chloroquine and hydroxychloroquine. Their efficacy and safety in treating COVID-19 have 

undergone extensive clinical trial evaluation. Regrettably, hydroxychloroquine did not reduce 

28-day mortality compared to standard care; instead, it prolonged hospital stays and heightened 

the risk of requiring invasive mechanical ventilation or resulting in death (HORBY et al., 2020). 

Therefore, current evidence suggests that hydroxychloroquine does not enhance clinical 

outcomes for hospitalized patients with mild-to-moderate COVID-19 and may be associated 

with more adverse events than standard care (CAVALCANTI et al., 2020). Ivermectin, known 

for its broad-spectrum antiviral and antimicrobial properties, was initially suggested as a 

potential inhibitor of SARS-CoV-2 based on in vitro studies (CALY et al., 2020). However, 
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subsequent clinical trials and meta-analyses have consistently demonstrated its ineffectiveness 

in treating COVID-19 (MARCOLINO et al., 2022). Notably, a significant phase 3 trial and a 

comprehensive meta-analysis in 2022 concluded that Ivermectin does not reduce mortality or 

the need for mechanical ventilation, thereby refuting earlier claims of its efficacy in any phase 

of COVID-19 (BRAMANTE et al., 2022). Notably, repurposing drugs that previously 

knowledge indicate that it might inhibit the entrance of virus into host cell or block the viral 

replication have not shown clinical effectiveness. 

As no pharmaceutical drug emerged as a definitive treatment for COVID-19, the 

development and deployment of vaccines have proven to be a pivotal intervention in controlling 

and mitigating the pandemic’s impact. The novelty of SARS-CoV-2 and the limited 

understanding of protective immune responses have cast uncertainty on vaccine development 

strategies. Nevertheless, it was crucial to utilize diverse platforms and strategies to develop 

vaccines, such as DNA, RNA, protein subunits, live attenuated viruses, inactivated viruses, 

virus-like particles, and non-replicating viral vectors has been crucial in advancing vaccine 

research (THANH LE et al., 2020). In summary, the vaccines developed were based on four 

different platforms, inactivated virus vaccines, nucleic acid-based vaccines (specifically 

mRNA), viral vector vaccines containing recombinant protein, and viral subunit-based 

vaccines. 

 It is important to notice that, prior to the emergence of COVID-19, the commercial 

viability of mRNA vaccines was hindered by concerns over their stability and the uncertainties 

associated with their formulation (O’CALLAGHAN; BLATZ; OFFIT, 2020). The successful 

delivery of messenger RNA into the cytoplasm is crucial for vaccine efficacy, leading to the 

adoption of various methods such as complexes of polymers, nano-emulsions with a positive 

charge, and lipid-based nanoparticles(KOWALSKI et al., 2019). DNA vaccines utilize 

plasmids from eukaryotic cells that encode the antigen protein; following uptake by host cells, 

transcription and translation of the antigen can elicit immune responses that confer 

protection(PORTER; RAVIPRAKASH, 2017). Viral vector-based vaccines employ modified 

non-pathogenic viruses like adenovirus to deliver and express target antigens, offering long-

term stability and potent immune responses while being amenable to large-scale 

production(SHARPE et al., 2020). These vaccines combine the high immunogenicity of live 

attenuated vaccines with the safety profile of subunit vaccines. However, their effectiveness 

may be compromised if there is pre-existing immunity against the viral vector due to prior 

exposure to the target virus(URA; OKUDA; SHIMADA, 2014). 
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The rapid pace of COVID-19 vaccine development marked a historic milestone in 

immunization technology, with the first vaccine being authorized for use within a year of the 

disease’s emergence (ZHOU et al., 2021b). The global response to SARS-CoV-2 saw an 

unprecedented variety of vaccines receiving emergency use authorization across different 

nations. To date, 11 vaccines have received licensing or approval globally, including viral 

vector-based, RNA-based, inactivated virus, and protein subunit vaccines. Notably, vaccines 

such as Pfizer/BioNTech, Oxford/AstraZeneca (ChAdOx1-S), Janssen/Ad26.COV 2.S; 

Moderna; Sinopharm; Sinovac-Coronavac; Bharat Biotech BBV152 COVAXIN; Covovax; and 

Nuvaxovid have been granted emergency use authorization by the WHO (WHO, 2024). While 

each country adopted a unique portfolio of vaccines, Russia approved Sputnik V, while China 

authorized Ad5-nCoV along with CoronaVac and two other inactivated vaccines. In United 

States, vaccines included BNT162b2 by Pfizer/BioNTech and mRNA-1273 by Moderna; 

Covishield in England; Covaxin in India (ZHOU et al., 2021b). 

To the efficacy and safety of developing vaccines, the Pfizer/BioNTech and the Moderna 

vaccines were notable for their high efficacy rates of 95% (SKOWRONSKI; DE SERRES, 

2021) and 94.1% (CHEMAITELLY et al., 2021), respectively, both utilizing messenger RNA 

technology. Sputnik V, based on adenovirus types 26 and 5, demonstrated an efficacy of 91.6% 

despite initial concerns over its rapid production process(LOGUNOV et al., 2021). The vaccine 

CoronaVac by Sinovac, using the CN02 strain of the virus, underwent phase III clinical trials 

in multiple countries, with varying efficacy results ranging from 91.25% in Turkey, 67% in 

Chile and 50.65% in Brazil(PALACIOS et al., 2020). In England, the viral vector-based vaccine 

Covishield (ChAdOx1 nCoV-19), developed by AstraZeneca and the University of Oxford, was 

approved to a phase III clinical trial in the UK, Brazil, and South Africa, showing an overall 

efficacy of 66.7%(VOYSEY et al., 2021). Notably, a dosing regimen involving a low dose 

followed by a standard dose achieved an efficacy of 80.7%, while two standard doses resulted 

in 63.1% efficacy. The vaccines before mentioned, typically necessitate a regimen of two or 

three doses, administered at intervals ranging from 14 to 21 days. In contrast, vaccines requiring 

only a single dose have been developed to offer greater ease of administration to the population. 

Janssen Pharmaceutical’s Ad26.COV2.S vaccine, offered the convenience of a single-shot 

regimen with an efficacy of 72% and an overall efficacy of 66% in preventing moderate-to-

severe COVID-19 28 days post-injection (SADOFF et al., 2021). 

In Brazil, the immunization campaign against COVID-19 commenced on January 17, 

2021. Initially, the biological immunizers available for vaccination were CoronaVac and 

AstraZeneca. Subsequently, vaccines from Janssen and Pfizer were introduced, with Pfizer’s 
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vaccine accounting for the majority of doses distributed across the country (BERNARDEAU-

SERRA et al., 2021). The vaccination rollout was structured to prioritize more vulnerable 

groups within the population. Therefore, elderly individuals, those with comorbidities, and 

healthcare professionals were among the first to receive vaccinations. In certain federal units, 

other groups such as indigenous people, residents of quilombo communities, homeless 

individuals, security personnel, educators, and public transport workers were also classified as 

priority groups for immunization. Overall, vaccination coverage in Brazil against COVID-19 

is higher in the wealthier regions of South and Southeast Brazil. Disparities exist as men, people 

of color, and those from lower-income backgrounds are more likely to have incomplete 

vaccination due to missed or delayed second doses. The early initiation of vaccination for 

individuals under 50 may have impacted the uptake among older populations. Higher 

vaccination rates correlate with reduced mortality risk, particularly in the elderly, while areas 

with greater vaccination coverage see increased hospitalization rates, likely due to better access 

to healthcare and reporting systems. (LI et al., 2024). In the city of Rio de Janeiro, 

epidemiological observatory data indicate that 91% of the population has received at least two 

vaccine doses and 62% have received a booster dose. Adherence to both the first and second 

booster doses is primarily concentrated among older age groups (over 60 years) (PAINEL RIO 

COVID-19, 2023).  

Despite not being included in the initial clinical trials, various authors report the safety 

of mRNA vaccines in pregnant and breastfeeding women (SHOOK et al., 2022), with a reported 

lower occurrence of adverse neonatal outcomes and a fivefold lower risk of developing 

COVID-19 compared to unvaccinated individuals (ROTTENSTREICH et al., 2022). Joubert et 

al. highlight that 36 pregnant women were inadvertently enrolled in clinical trials, 17 of whom 

received an mRNA vaccine. None of these vaccinated pregnant women suffered from adverse 

events, while 2 out of 19 in the placebo group experienced gestational loss. Although limited, 

these data suggest that vaccination during pregnancy was not associated with an increased risk 

of spontaneous abortion (JOUBERT; KEKEH; AMIN, 2022). Additionally, in a prospective 

cohort study with 24 pregnant women and healthcare workers (14 lactating and 10 non-lactating 

women) enrolled at the time of COVID-19 vaccination, reported no significant difference in 

the incidence of adverse effects from vaccination, according to surveillance program data from 

V-safe (a vaccine safety monitoring system from United States) after vaccination health 

checker, after pregnancy registry, and vaccine adverse event reporting system (CHAREPE et 

al., 2021). 
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In general, pregnant and breastfeeding women vaccinated with mRNA formulations 

exhibited a robust response with the production of high levels of serum antibodies, 

predominantly IgG. Maternal antibodies are transferred through the highly selective IgG 

placenta to confer passive immunity to the fetus, and this transfer increases throughout the 

second and third trimesters, peaking in the last four weeks of intrauterine life (ATYEO et al., 

2021). A study by Gray et al. on pregnant and breastfeeding women revealed that antibody titers 

produced in response to vaccination were significantly higher than those produced by natural 

infection (GRAY et al., 2021). After the first inoculation, both pregnant and breastfeeding 

women demonstrated a similar response but lower than non-pregnant women. Upon 

administration of the second dose, IgG production in breastfeeding women increased 

substantially, equating to that of non-pregnant women. Pregnant women also showed an 

increase in antibody production; however, it was lower than breastfeeding and non-pregnant 

women, and with difficulty in producing functional antibodies (FALSAPERLA et al., 2021). 

The transfer of immunity to the newborn was observed, being greater the longer the time 

elapsed from vaccination to delivery and the more doses administered(KASHANI-

LIGUMSKY et al., 2021). In addition to the placental route, transmission of IgG and IgA 

antibodies through breast milk was also observed, with a positive correlation between longer 

breastfeeding duration and IgG concentrations (SHOOK et al., 2021). 

 

1.2 COVID-19 During Pregnancy 

 

1.2.1 Epidemiology Background 

 

The first cases of pregnant women infected with SARS-CoV-2 were reported in March 

2020 and indicated that the clinical manifestations were in general similar to the general 

population: 86% mild infection, 9.3% severe pneumonia, and 4.7% ARDS (BRESLIN et al., 

2020). In May 2020, the United Kingdom Obstetrics Surveillance System published a 

prospective national cohort of pregnant women admitted with COVID-19, identifying a 

percentage of severe illness, requiring Intensive Care Unit (ICU) admission and resulting in 

death, that was comparable to that of the general female population of reproductive age 

(KNIGHT et al., 2020). The frequency of COVID-19 infection is consistent throughout all 

gestation. However, symptomatic cases requiring hospital admission are concentrated in the 

third trimester, around 34 weeks (29-38 weeks) (CROVETTO et al., 2020; KNIGHT et al., 

2020). Still during the early onset of pandemics, in August 2020, one of the first systematic 
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reviews and meta-analysis, utilizing 435 studies December 2019 to July 2020, showed that 

pregnant women with COVID-19, when compared to pregnant women without COVID-19, 

were more likely to be admitted in the ICU  (odds ratio 3.71), to require mechanical ventilation 

(odds ratio 2.71), and to present all cause morality (odds ratio 6.09). The same study also 

indicated that the odds of stillbirth increased from 1.87 to 2.37, and admission to the neonatal 

ICU were from 2.18 to 3.26, when comparing newborns from COVID-19 versus healthy 

pregnancies     (ALLOTEY et al., 2020). Some studies suggested an increased susceptibility to 

be infected during pregnancy. In a study comparing the results of universal screening in patients 

scheduled for surgery and pregnant women in labor, the cases of asymptomatic infection were 

fifteen times higher in obstetric patients, even after adjusting for age, race, and sex (KELLY et 

al., 2021). 

Findings from the previously mentioned studies reinforced the statement that pregnant 

women are considered to be a high risk group for SARS-CoV-2 infection. In 2021, pregnancy 

was listed by OMS as one of the underlying medical conditions that increased the risk of severe 

illness from COVID-19, when compared with non-pregnant women with a similar age. 

COVID-19 during pregnancy has also been associated with an increased likelihood of preterm 

birth (OMS, 2022). The most recent scientific literature identified the primary impacts of the 

COVID-19 pandemic during pregnancy as follows: an increased risk of severe clinical 

progression, extended hospitalization periods, and maternal mortality; poor maternal and/or 

fetal perfusion; thromboembolic disease; hypertensive disorder; elevated rates of cesarean 

section and preterm births; and the development of depression, anxiety, as well as other 

emotional issues during and after pregnancy (SMITH et al., 2023). Additionally, although 

COVID-19 is a recent disease which explains the lack of long-term consequences of SARS-

CoV-2 infection during pregnancy, it is know that infections during pregnancy, in particular 

viral infections, are amongst the environmental factors that can compromise fetal development 

with an impact on life-long health, both the mother and the offspring (BURTON; FOWDEN; 

THORNBURG, 2016; GLUCKMAN et al., 2008; KOURTIS; READ; JAMIESON, 2014)   

The clinical management of pregnant women with COVID-19 is complicated by the fact 

that it is not possible to maintain them in a supine position, and the tolerable limit for a decrease 

in oxygen saturation is lower in these individuals than in non-pregnant individuals, to prevent 

potential effects of hypoxia to the fetus. The markers of severe COVID-19 illness, in this 

specific population, are oxygen saturation less than 94% at sea level, (PaO2/FiO2) <300 mm 

Hg, a respiratory rate faster than 30 breaths/min, or lung infiltrates area bigger than 50%. 

Critical illness describes patients with respiratory failure, septic shock, or multi-organ 
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dysfunction (NHI US, 2021).While the risk factors associated with the more severe 

manifestations of the disease and death are the same in pregnant women as in the general 

population. Advanced age (≥ 35 years), obesity (Body Mass Index [BMI]>30 kg/m2), arterial 

hypertension, diabetes mellitus, chronic pulmonary disease, cardiovascular disease, chronic 

kidney disease are linked to poorer maternal outcomes (GALANG et al., 2021).  

The prevalence of SARS-CoV-2 viral infection in the obstetric population is challenging 

to estimate, as it varies across geographical areas, testing period during the pandemic phases, 

and different testing methodology strategies, which makes it difficult to obtain a global 

perspective. Allotey et al. described in a meta-analysis containing 192 cohort studies, that the 

COVID-19 prevalence in pregnant women during the first wave (between December 2019 and 

June 2020) was 7% (4-10%) with universal screening, and 18% (10-28%) when based on 

symptomatology. Approximately three-quarters of the pregnant women were asymptomatic 

(ALLOTEY et al., 2020). In a comprehensive retrospective cohort analysis conducted by Son 

et al., encompassing 108,067 pregnant individuals throughout the United States from March to 

December 2020, it was found that 6.9% of the participants were diagnosed with SARS-CoV-2 

infection during their pregnancy (SON et al., 2021).A seroprevalence study conducted in Spain, 

employing a universal screening strategy for all pregnant women attending first-trimester 

ultrasound or admitted for delivery between April and May 2020, determined a 14% infection 

prevalence. Of these, 60% of the pregnant women were asymptomatic, with a variation from 

70% in the first trimester to 52% in the third trimester (CROVETTO et al., 2020). Concerning 

the development of severity, an observational cohort study of pregnant women from the United 

States from May 2020 until September 2021, pointed that between 5.4% to 12% of pregnant 

women with SARS-CoV-2 infection developed critical illness (METZ et al., 2021). 

In Brazil, in the last report by May 2022, the Brazilian Obstetric Observatory estimates 

at least 24,000 cases of SARS related to COVID-19 among pregnant and postpartum women, 

while between the years 2020 and 2021, the maternal mortality ratio increased about five times 

when compared to 2019. The fatality rate of SARS-CoV-2 among pregnant women in Brazil 

stands at about 7.2%, markedly higher than the 2.6% average in the broader population 

(OBSERVATÓRIO OBSTÉTRICO BRASILEIRO, 2022). The same study also revealed that 

in 2020, there was a 40% increase in maternal deaths compared to previous years. Concerning 

severe cases, Guimarães et al. published a study utilizing Brazilian nationwide analyses based 

on data from the Mortality Information System (SIM) for general and maternal deaths and the 

Influenza Epidemiological Surveillance System (SIVEP-Influenza) for estimates of female and 

maternal deaths due to COVID-19 and concluded that 59.8% of maternal deaths occurred 
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during pregnancy compared to postpartum deaths. Even when accounting for the expected rise 

in overall mortality due to the COVID-19 pandemic, there was a 14% of maternal mortality that 

exceeded the expected number (GUIMARÃES et al., 2023). The ongoing prevalence of SARS-

CoV-2 within the population, coupled with the advent of novel viral variants and the 

progression of vaccination efforts, persistently impacts the frequency of the disease and its 

potential ramifications in pregnant women.  

 

1.2.2 Viral Infection During Pregnancy 

 

Infection during pregnancy, particularly viral infection, is among the stressors that can 

compromise fetal development with long-term health impacts on both the offspring and the 

mother (GOLDSTEIN; NORRIS; ARONOFF, 2017; KOURTIS; READ; JAMIESON, 2014). 

Pregnancy is accompanied by a series of physiological changes that may predispose expectant 

mothers to complications arising from infections, potentially leading to increased maternal and 

neonatal morbidity and mortality (BRABIN, 1985). These include cardiovascular system 

alterations, such as an increase in cardiac output due to a higher stroke volume in the first half 

of pregnancy and a rise in maternal heart rate in the latter half. These changes ensure adequate 

uterine vascularization and fetal nourishment. Furthermore, the hematological system 

contributes to the success of pregnancy by maximizing the maternal oxygen transport capacity, 

achieved through increased plasma volume, erythrocytes, and coagulation factors. However, 

due to the heightened production of fibrinogen, fibrin products, and coagulation factors VII to 

X (and a lower concentration of coagulation inhibitors), pregnancy is considered a 

hypercoagulable state, with an elevated risk of thromboembolism. Concerns also extend to 

energy metabolism; from a metabolic standpoint, pregnancy induces a state akin to diabetes, 

characterized by hyperinsulinemia and hyperglycemia. This is attributed to the action of human 

chorionic somatomammotropin (hPL), which inhibits glucose metabolism in the maternal 

tissues, ensuring greater availability for the placenta and transfer to the fetus (JAFARI et al., 

2021). This metabolic traits also acts as a risk factor, as a higher prevalence of severe outcomes 

in SARS-CoV-2 has been described in diabetic subjects (BLOOMGARDEN, 2020). 

The symptomatology of the SARS-CoV-2 in pregnant women are similar to that of the 

general population, with the most common symptoms being fever (40%), cough (39%), myalgia 

(10%), anosmia and ageusia (15%), and diarrhea (7%). When compared to a similar non-

pregnant population, pregnant women exhibit less fever and myalgia (ALLOTEY et al., 2020). 

Existing evidence on other infections such as the influenza A H1N1 virus, SARS, and MERS 
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suggests that pregnant women are at higher risk of developing more severe forms of the disease 

than the general population (BABARINSA; OKUNOYE; ODUKOYA, 2021; MOSBY; 

RASMUSSEN; JAMIESON, 2011). Concerning the different reactions to new variants of 

SARS-CoV-2, it was reported that infected pregnant women tended to present 

asymptomatically with pre-Delta and Omicron variants, and symptomatically with Delta 

variant. While there were fewer cases of severe-critical disease (1.8% Omicron vs 13.3% pre-

Delta and 24.1% Delta) and adverse perinatal outcomes during the Omicron wave compared 

with the pre-Delta and Delta waves (SEASELY et al., 2022). 

 

1.2.3 Vertical Transmission and Maternal-Fetal Responses to COVID-19 

 

The concern about vertical transmission comes from the information that, in addition to 

the aforementioned lungs, heart, gastrointestinal tract, kidneys, liver, and vascular endothelium, 

tissue tropism of SARS-CoV-2 extends to the placenta (LAMERS; HAAGMANS, 2022). For 

vertical transmission to occur the pathogen must cross the placenta, the critical maternal-fetal 

interface. SARS-CoV-2 exhibits tissue tropism that includes the placenta, where ACE2 

expression is noted in syncytiotrophoblast, cytotrophoblasts, endothelium, and vascular smooth 

muscle of both primary and secondary villi (VALDÉS et al., 2006). It is hypothesized that 

ACE2 modulates vascular dynamics through the renin-angiotensin system within the chorionic 

and extravillous trophoblasts, facilitating trophoblast invasion (ANTON et al., 2008). The 

functional parallelism of the ACE2 and TMPRSS2 in the placenta, similarly to its role in 

pulmonary tissue, remains to be elucidated (PIQUE-REGI et al., 2020). Notably, several studies 

pointed that ACE2 protein expression peaks during the first trimester and diminishes as 

pregnancy progresses, reaching its lowest in the final stages of gestation (FIGURE 4). Thus, 

the data reflect a momentary infectious state and cannot be extrapolated to a consistent 

vulnerability profile of the placenta to SARS-CoV-2 throughout gestation, suggesting an 

increased susceptibility to infection in the early stages of pregnancy (BLOISE et al., 2021; LU-

CULLIGAN et al., 2021).  
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Figure 4: ACE2 protein expression in the placenta varies with gestational age. (A) Human kidney used 

as a positive control revealed strong apical staining of the proximal tubules (P). The distal tubules (D) and 

glomerulus (G) were negative. The inset shows a serial section of the same kidney stained with non-immune 

rabbit serum, resulting in no staining; (B–D) Placentas derived from normal pregnancies between 7 and 15 

weeks of gestation demonstrated strong, uniform, apical microvillus syncytiotrophoblast staining (arrowheads) 

and patchy strong basolateral staining at the cytotrophoblast-syncytiotrophoblast contact zone (arrows). V, 

villous core; (E) A normal 21-week placenta still exhibited syncytiotrophoblast surface staining (arrowhead) but 

to a lesser extent than the earlier samples. Cytotrophoblast-syncytiotrophoblast contact zone staining was still 

prominent (arrow); (F) A representative normal placenta at 39 weeks revealed almost no ACE2 staining. 

Occasionally, staining at the cytotrophoblast-syncytiotrophoblast contact zone was noted (arrow); (G) Normal 

extravillous invasive trophoblasts from a 39-week placenta demonstrated strong surface expression of ACE2 

with variable cytoplasmic staining; (H) Representative image of ACE2 expression in a 38-week placenta derived 

from an individual with symptomatic maternal COVID-19. (A–H) Scale bars represent 50 mM 

Source: Reproduction from LU-CULLIGAN et al., 2021 

 

Vertical transmission is shown to be rare, estimated to be about 2-3% (KOTLYAR et 

al., 2021), and COVID-19 pregnancies do not seem to affect the rates of miscarriage and 

congenital anomalies (SUKHIKH et al., 2021). The few studies that report documented cases 

of feto-placental infection with and without fetal sequelae have been criticized about wide range 

of accuracy, lack of reproducibility, and varying methods of virus detection that create doubt 

about cross-contamination between maternal blood, placental tissue, and the neonate (PATANÈ 

et al., 2020; VIVANTI et al., 2020). Usually published data support the hypothesis that in utero 

SARS-CoV-2 vertical transmission, while low, is possible, and usually dependent on the strong 

maternal inflammatory response (FENIZIA et al., 2020). A 2021 systematic review of the 

literature on early RNA detection of SARS-CoV-2 postpartum posits that vertical transmission, 

while feasible, is infrequent and predominantly associated with infections in the third trimester. 

Notably, the lack of data from the first trimester hinders a comprehensive evaluation of vertical 

transmission rates during early gestation and the potential implications for fetal morbidity and 

mortality (KOTLYAR et al., 2021). 

Breastfeeding was once one of the proposed routes of mother-to-child transmission of 

SARS-CoV-2. Despite some evidence of the presence of SARS-CoV-2 in colostrum, the 

overwhelming majority of documented breast milk samples in the literature do not contain viral 
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RNA particles (HERNÁNDEZ-CARAVACA et al., 2023). Breast milk contains a multitude of 

nutrients, hormones, digestive enzymes, and immune cells such as macrophages and antibodies. 

Breastfeeding has been proven to be a protective factor against various infectious, 

cardiovascular, gastrointestinal, behavioral, neoplastic, and atopic pathologies, and it also has 

a positive impact on neurodevelopment and reduces the risk of sudden infant death (ALOTIBY, 

2023). The passive immunity that is obtained by the neonate with the transfer of 

immunoglobulins (Ig) from breast milk may also act as a protective factor against COVID-19. 

A cross-sectional study was developed with 165 participants with COVID-19 infection during 

pregnancy and their newborns reported that colostrum presenting anti-SARS-CoV-2 IgA was 

found in 117 (70.9%) women. The presence of anti-SARS-CoV-2 IgA in colostrum was 

independently associated with fewer clinical symptoms in their newborns. SARS-CoV-2 seems 

to spare human breast milk, and horizontal transmission from mother to neonate might occur 

through respiratory droplets rather than through breast milk (DUTRA et al., 2023) 

Irrespective of vertical transmission and placental infection, SARS-CoV-2 infection 

during pregnancy elicits an immune response that affects both the maternal-fetal interface and 

systemic health. The balance of this immune reaction is crucial; while it can combat the 

infection, an excessive response may induce pregnancy complications, affecting maternal and 

fetal health (NADEAU-VALLÉE et al., 2016). A 2021 study utilizing bulk and single-cell 

transcriptomics analysis revealed that in most cases, placental cells were not infected by SARS-

CoV-2, and no significant difference in S protein IgG and IgM antibodies was observed in the 

plasma of infected women. Nonetheless, large-scale RNA sequencing of placenta villi and 

assessment of differentially expressed genes revealed upregulated pathogen-response pathways 

and downregulated physiological pathways, crucial for the success of pregnancy (LU-

CULLIGAN et al., 2021). This suggests that even without direct infection, the placenta immune 

gene expression is significantly altered, particularly IFN-regulated genes, underscoring the 

profound influence of maternal infection on placental function. The same study highlighted 

distinctive interactions between NK cells and T cells within the placenta of infected women, a 

phenomenon absent in uninfected individuals. It was inferred that the full-term placenta may 

present an inflammatory response even in the absence of an active local infection, particularly 

in cases involving maternal upper respiratory tract infections. 

The potential adverse effects of maternal SARS-CoV-2-induced inflammation on 

offspring are of concern, particularly in asymptomatic infection. A 2022 study that aimed to 

characterize the maternal-fetal immune responses triggered by SARS-CoV-2 during pregnancy, 

stated that this infection is linked to inflammatory reactions both in maternal circulation and at 
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the maternal-fetal interface (GARCIA-FLORES et al., 2022). The authors reported elevated 

IgM and IgG levels in maternal blood, with only IgG present in neonatal cord blood, implying 

that direct fetal infection is unlikely. The increased levels of IgG in the cord blood are explained 

by the fact that this immunoglobulin crosses the placenta via the neonatal Fc receptor, which is 

highly expressed in the syncytiotrophoblast layer (LEACH et al., 1996), which by contrast is 

not the same to IgM due to large molecular weight (HAIDER, 1972). Additionally, infected 

mothers and their neonates exhibit higher pro-inflammatory cytokine levels. In particular, 

infected women showed increased systemic levels of IL-8 (5.9-fold change), IL-10 (2.3-fold 

change), and IL-15 (1.5-fold change), while neonates born from women infected with SARS-

CoV-2 had increased concentrations of IL-8 (2 fold change) compared to those born from 

control mothers. Correlation analyses between maternal blood and placental single-cell RNA 

sequencing data suggest that infection alters the transcriptome of both the mother and the 

neonate, with some changes reflected in placental tissues. These findings indicate that while 

SARS-CoV-2 does not elicit fetal hematopoietic immune responses in the placenta, it does 

influence the neonatal immune system (GARCIA-FLORES et al., 2022). Taken together, these 

data indicate that SARS-CoV-2 infection not only causes a maternal cytokine response but also 

induces neonatal inflammation, which can lead to long-term morbidities. 

 

1.2.4 Obstetric and Neonatal Outcomes 

 

One of the first systematic review published found that COVID-19 may be accompanied 

by some obstetrics outcomes such as decreased fetal movement, intrauterine fetal distress, 

developed anemia, and preterm labor (BANAEI et al., 2020). Later on, during the COVID-19 

pandemic, several authors observed a potential increased association between SARS-CoV-2 

infection during pregnancy and an elevated relative risk of pre-eclampsia (NASCIMENTO et 

al., 2023). Pre-eclampsia is a complex syndrome characterized by the onset of hypertension, 

systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg measured on 

two separate occasions at least 4 hours apart, after 20 weeks of gestation in a previously 

normotensive woman, associated with proteinuria, hematological issues such as 

thrombocytopenia, organ dysfunction as renal insufficiency, hepatic function impairment, 

pulmonary edema, and/or neurological symptoms (ACOG, 2020). Although traditionally 

defined by hypertension and proteinuria, recent understandings have highlighted the need for 

more precise diagnostic criteria, potentially incorporating biochemical markers like angiogenic 

or anti-angiogenic factors.  A most precise pathogenesis of pre-eclampsia remains largely 
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unknown, but, it is widely believed that multiple factors, involving genetic, environmental as 

well as other complicated facets, may contribute (BURTON et al., 2019).   

Observational studies that examined the relationship between obstetric and neonatal 

outcomes and the timing of infection concluded the odds of developing pre-eclampsia were 

significantly higher among pregnant women with SARS-CoV-2 infection than among those 

without SARS-CoV-2 infection (7.0% vs 4.8%) (CONDE-AGUDELO; ROMERO, 2022). A 

meta-analysis that combined data from 10 studies of preeclampsia in pregnant women infected 

with SARS-CoV-2 estimated a prevalence of 8.2% (KARIMI-ZARCHI et al., 2021). In Brazil, 

a meta-analysis that included 10 studies and 2988 women estimated the prevalence of pre-

eclampsia in 6.7% of pregnancies (GUIDA et al., 2022). The overall frequency of pre-eclampsia 

in Brazil was similar to that reported worldwide (SAY et al., 2014).  

The condition affects both the mother and fetus, as pre-eclampsia is part of a spectrum 

of pregnancy complications linked to disordered placentation, which includes late spontaneous 

miscarriage, abruptio placentae, fetal growth restriction, pre-term rupture of membranes, and 

premature delivery. Currently, there are no treatments that reverse the underlying 

pathophysiology of pre-eclampsia, and prolonged pregnancy can increase the risk of fetal death 

due to uterine artery obstruction (BURTON et al., 2019). Pre-eclampsia is one of the leading 

causes of maternal morbidity and mortality, as well as the primary cause of iatrogenic 

prematurity (FOX et al., 2019). 

The international INTERCOVID study, which included data from 18 countries with 

varying socioeconomic levels, demonstrated a significantly higher risk of severe neonatal 

complications in pregnant women with COVID-19 (17% vs. 7.9% in uninfected pregnant 

women). This disparity may also be explained by the global inequality in access to healthcare, 

reinforcing the notion that these complications could be partially prevented if pregnant women 

had access to appropriate obstetric care (VILLAR et al., 2021). 

The challenge of accurately determining global maternal mortality rates among pregnant 

women with COVID-19 is due, at least in part, to pre-existing disparities in maternal healthcare. 

Before the COVID-19 pandemic, lower-income countries already experienced significantly 

higher rates of maternal mortality and morbidity compared to wealthier nations (KHAFAIE; 

RAHIM, 2020). While studies have identified geographical disparities in SARS-CoV-2 

infection rates and related health outcomes in the general population — attributed to factors 

such as population density, median age, and urbanization — there remains a dearth of high-

quality evidence regarding the global variation and extent of these differences among pregnant 

women (MILLER; BHATTACHARYYA; MILLER, 2020). The limited data available, often 
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derived from small cohorts or case reports, fail to provide a comprehensive understanding of 

the impact of SARS-CoV-2 infection on maternal and neonatal health (DUBEY et al., 2021). 

In a meta-analysis including 117 studies with a total of 11758 pregnant women, Karimi et al 

reported that maternal mortality was 1.3%, of which mortality rate from high income countries 

including the United Kingdom, United States, Italy, Switzerland, France, Sweden, Portugal, 

Netherlands, Ireland, Spain, Canada, and Australia were 0.19%, while women in middle-

income countries including China, Iran, Iraq, Jordan, Peru, Turkey, India, Venezuela, Thailand, 

Brazil, and Honduras has a mortality rate of 8.51% (KARIMI et al., 2021). Unfortunately, the 

same study pointed that the highest mortality rate was reported in Brazil, in a study using the 

Brazilian Ministry of Health’s ARDS Surveillance System, reporting a pregnancy death rate of 

12.7% (TAKEMOTO et al., 2020).  

Four years into the COVID-19 pandemic, longitudinal data on the offspring of COVID-

19 pregnancies are just emerging. Epidemiological research consistently links maternal 

infections during pregnancy, including those caused by other viruses like influenza, to a 

spectrum of adverse neurodevelopmental outcomes in children (AL-HADDAD et al., 2019). 

These adverse outcomes include autism spectrum disorders, schizophrenia, cerebral palsy, 

cognitive impairments, bipolar disorder, and mood disorders such as anxiety and depression, 

and are related to all kinds of viral infections during pregnancy (ADAMS WALDORF; 

MCADAMS, 2013; AL-HADDAD et al., 2019). The significant immune response observed in 

SARS-CoV-2 infected individuals indicates that maternal and placental inflammation (SHOOK 

et al., 2022), and the shift in cytokine profiles induced by infection during critical periods of 

neurological development (URAKUBO et al., 2001), may harm maturation of the fetal brain. 

Neonates from mothers infected with SARS-CoV-2 exhibit disrupted immune functions, 

notably neutrophil activation, a phenomenon also observed in pediatric COVID-19 cases 

(SEERY et al., 2021). This response could be linked to increased IL-8 levels in the cord blood, 

which is known to stimulate neutrophils, indicating a subtle neutrophilic reaction in these 

newborns (NÉMETH; SPERANDIO; MÓCSAI, 2020). The significance of even a mild 

immune response cannot be underestimated, as viral infections during gestation, such as 

influenza and Zika virus, have been connected to negative long-term effects (MWANIKI et al., 

2012). In particular, heightened IL-8 levels in neonates have been implicated in the onset of 

neurological disorders. This underscores the importance of monitoring and understanding the 

implications of maternal infections on neonatal health (BARTHA et al., 2004). This hypothesis 

is also supported by data from animal models, that stablished that it is the maternal immune 

response and increased inflammation, not a specific pathogen, which is a risk factor for 
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neurodevelopmental disorders (HAGBERG; GRESSENS; MALLARD, 2012). Those studies 

illustrate that maternal immune activation can alter the normal trajectory of brain development, 

leading to disorders that have developmental origins including autism and schizophrenia 

(PLOEGER et al., 2010; RAPOPORT; GIEDD; GOGTAY, 2012).  

One of the first retrospective cohort study, that aimed to evaluate whether in utero 

exposure to SARS-CoV-2 is associated with risk for neurodevelopmental disorders in the first 

12 months after birth, found that preterm delivery was more likely among 14.4% of infected 

mothers versus 8.7% from uninfected, and utilizing the International Statistical Classification 

of Diseases and Related Health Problems, Tenth Revision (ICD-10), maternal SARS-CoV-2 

positivity during pregnancy was associated with greater rate of neurodevelopmental diagnoses 

in unadjusted models (odds ratio 2.17) as well as those adjusted for race, ethnicity, insurance 

status, offspring sex, maternal age, and preterm status (odds ratio 1.86). The author also 

emphasizes that, particularly due to neurodevelopmental effects, some of these disorders may 

not manifest until adolescence or adulthood, and the true risks of maternal immune activation 

may not become apparent for decades (EDLOW et al., 2022).  

Nonetheless, several studies have described an increased incidence of prematurity, low 

birth weight, and admission to neonatal ICU, with the latter being more prevalent in premature 

neonates (GALANG et al., 2021; LOKKEN et al., 2021; NORMAN et al., 2021). It has also 

been established that neonatal outcomes are correlated with maternal health, with adverse 

outcomes more likely in symptomatic mothers, particularly in cases of severe or critical illness 

(KIM, 2021). It is important to note that some authors highlight that the higher occurrence of 

prematurity may be a confounding factor, as many cases were induced deliveries due to 

maternal health deterioration, rather than a direct effect of infection (NORMAN et al., 2021).  

 

 

1.3 Metabolomics 

 

1.3.1 Metabolomic Based Studies 

 

Metabolomics provides knowledge concerning small molecules, usually those with a 

molecular weight of less than 1,500 Da, linked to human metabolism. This field has gained 

prominence within systems biology, offering a new way to explore metabolic dynamics in 

different physiological and pathological situations. Unlike DNA, RNA, or proteins, metabolites 
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provide real-time snapshots of biochemical activity, directly reflecting the underlying 

physiological state of cells and tissues (DS, 2005).  

Blood, as an integral component of the circulatory system, is intimately connected with 

all organs and tissues in the human body. In the pathological state, changes in metabolites in 

the bloodstream may reflect changes in the diseased tissues. Additionally, blood samples are 

easily obtainable and less invasive than tissue samples, making them ideal for metabolomics-

based research. 

The human serum metabolome, which encompasses all metabolites present in serum, is 

increasingly used to identify disease biomarkers (PSYCHOGIOS et al., 2011). These 

metabolites, being the end products of various metabolic pathways, closely link genotype and 

phenotype, making them valuable indicators of disease (HOLMES; WILSON; NICHOLSON, 

2008). Furthermore, measuring the entire serum metabolome rather than individual metabolites 

simplifies the biomarker discovery process and enhances the reliability of results (HOLMES et 

al., 2008). Comparative metabolomics studies reveal potential diagnostic and prognostic 

biomarkers, inform therapeutic strategies, and unveil the impact of external chemical exposures 

(WANG et al., 2022). These investigations shed light on altered metabolic pathways in diseases, 

assess treatment efficacy, predict drug responses, and even stratify the risk of multiple common 

ailments simultaneously (T et al., 2022).  

The two most successful analytical platforms used in metabolomics are mass 

spectrometry (MS, including liquid chromatography-mass spectroscopy [LC-MS] and gas 

chromatography-mass spectroscopy [GC-MS]) and nuclear magnetic resonance spectrometry 

(NMR). While MS and NMR are pivotal techniques in metabolomics, each one presents distinct 

advantages and limitations, such as different systematic workflow, that may encompass sample 

collection, viral inactivation, metabolite extraction, statistical analysis, identification, and data 

interpretation (GOWDA; RAFTERY, 2023).  
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Figure 5: Schematic overview of typical workflow metabolomic investigation. The usual metabolomics 

workflow is divided into: (a) pre-analytical including sample collection and sample preparation, (b) chemical 

analysis and data generation which involves spectra acquisition, spectral processing, and the generation of 

spectral bins and/or metabolite concentrations. (c) Data analysis was performed for both data types multivariate 

and univariate analysis. 

 

Source: Reproduction of FENIZIA; SCODITTI; GASTALDELLI, 2023 

 

MS is renowned for its exceptional sensitivity, allowing for the detection and analysis 

of a significantly greater number of metabolites compared to NMR in a smaller amount of 

sample. This high sensitivity is largely facilitated by the widespread use of LC in approximately 

80% of MS studies, which separates metabolites prior to detection (EDISON et al., 2021). 

Despite this, LC-MS faces considerable challenges, such as ion suppression and adduct 

formation, leading to variations in peak intensities and increased spectral complexity. 

Conversely, NMR, while less sensitive and possessing limited spectral resolution for complex 

biological samples, offers unique and advantageous features. Unlike MS, NMR typically does 

not employ chromatography, as it would reduce sensitivity and increase variability. NMR is 

lauded for its high reproducibility and quantitative accuracy, enabling absolute quantitation of 

metabolites either with a single internal standard or without any. It serves as the gold standard 

for unambiguous identification of unknown metabolites and allows for minimal sample 

preparation, preserving the sample for repeated measurements or other analyses due to its non-

destructive nature. Additionally, the ability of NMR to differentiate between various isotopes 

makes it valuable for tracing and quantifying metabolite fluxes across multiple pathways from 

a single measurement. The technique also supports the detection of the same metabolites 

through different atomic nuclei, such as 1H, 13C, 31P, or 15N, providing diverse options for 

metabolite analysis and metabolic pathway exploration. These distinct characteristics and 
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capabilities of NMR, including its reproducibility, quantitative nature, minimal sample 

processing requirements, non-destructiveness, and versatility in isotope detection, significantly 

outweigh its limitations in sensitivity and resolution, presenting a robust complement to the 

high sensitivity of MS in the field of metabolomics (GOWDA; RAFTERY, 2023; WISHART, 

2019). 

 

1.3.2 Application of Metabolomics in Human Disease 

 

For research purposes, understanding specific metabolic changes during disease 

progression is crucial, as blood-based metabolite markers can enhance disease diagnosis. By 

tracking changes in metabolites and correlating them to specific pathways, researchers can 

integrate metabolomics, proteomics, and genomics to gain mechanistic insights into disease 

pathogenesis. Risk stratification is essential for disease prevention, and over the past decade, 

increasingly complex phenotypic information has become available, extending beyond 

traditional demographic and laboratory data (LIN et al., 2018). Established clinical predictors 

such as blood cholesterol levels are well-known indicators of cardiovascular disease risk (GOFF 

et al., 2014), yet numerous other blood metabolites have been associated with common disease 

phenotypes. Recent studies have advanced beyond examining individual markers, linking 

comprehensive metabolomic profiles to aging (AHADI et al., 2020), disease onset, and 

mortality, thereby recognizing the human blood metabolome as a direct representation of 

physiological states (SCHÜSSLER-FIORENZA ROSE et al., 2019). Furthermore, identifying 

metabolites that significantly alter in the early stages of certain diseases can serve as predictive 

indicators, potentially allowing for early risk assessment and intervention (LI et al., 2015). The 

onset and development of many diseases can be tracked to disturbances in specific metabolites, 

such as glucose (WÜRTZ et al., 2012) and lipid (HOLMES et al., 2018) to diabetes, and protein 

metabolism to Alzheimer’s disease (TYNKKYNEN et al., 2018). 

Importantly, in recent years, assays such as 1H-NMR metabolomics have become more 

frequent in epidemiology studies. This method evolved to allow the assessment of 

representative screening changes in metabolites within patient samples, in a robust and low-

cost way (SOININEN et al., 2015). The most up-to-date reviews report that predictive 

information of patients metabolic profiles matched established clinical variables, such as type 

2 diabetes, dementia, and cardiovascular diseases, while specific metabolites related to amino 

acids metabolism and creatinine have been linked to all-cause and disease specific mortality (T 

et al., 2022). In 2016, Louis et al., aiming to create a discriminating model based on 1H-NMR 
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metabolic profiles of plasma between 233 patients with lung cancer and 226 controls, found 

that higher levels of glucose and lower levels of lactate and phospholipid were found in lung 

cancer patients. The same study stated that the model makes it possible to correctly classify 

78% of patients with lung cancer and 92% of controls (LOUIS et al., 2016). A study using 1H-

NMR analyzed serum from patients with chronic obstructive pulmonary disease, a prevalent 

chronic condition characterized by airflow obstruction, discovering lower levels of 

phenylalanine, tyrosine, alanine, valine, leucine, isoleucine, and high-density lipoprotein, along 

with higher levels of glycerophosphocholine, compared to healthy controls (WANG et al., 

2013). These findings suggest that NMR-based metabolomic profiling holds significant 

potential for clinical use, both as an alternative to extensive laboratory tests and as an additional 

source of detailed information to enhance risk assessments for various diseases concurrently. 

 

1.3.3 Metabolomics in COVID-19 Patients 

 

The multisystemic nature of SARS-CoV-2 infection necessitates an integrated approach 

to biological systems to understand the molecular mechanisms associated with COVID-19 

pathogenesis. In this context, metabolomics, serving as a central omics field in the translation 

of information (COSTA DOS SANTOS; RENOVATO-MARTINS; DE BRITO, 2021), 

provides the metabolic signature of organs and biological fluids under different conditions, 

making it an excellent tool for elucidating metabolic pathways associated with the infectious 

process. Host energy and lipid metabolism alterations, as well as metabolites related to the 

immune system, are frequently observed as the virus disrupts and exploits host metabolic 

pathways to enable its replication (EL-BACHA; DA POIAN, 2013; GIRDHAR et al., 2021) . 

These metabolic changes play a critical role in modulating the host's immune response and 

determining the disease outcome in both the short and long term. 

The limited understanding of the biological mechanisms related to COVID-19 hampers 

the development of evidence-based therapeutic strategies. While hyperinflammation is known 

to play a significant role in patients with severe COVID-19, the extent to which direct cellular 

and tissue damage, activation of coagulation pathways, immune responses, and metabolic 

changes contribute to the clinical picture remains unclear. Various clinical markers, such as sex, 

age, and pre-existing chronic disease, are associated with more severe COVID-19 outcomes 

(MOULA et al., 2020). Conditions linked to metabolic disorders, like obesity or diabetes, show 

a higher correlation with severe outcomes, suggesting that metabolic disturbances play an 

important role in the progression of COVID-19 (BLOOMGARDEN, 2020; DIETZ; SANTOS-
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BURGOA, 2020). In this context, metabolomics, as a method of identifying an individual's 

metabolic profile, acts as a relevant tool for studying the metabolic status of different organs, 

tissues, or fluids associated with diseases or altered metabolic states. 

Among studies aiming to identify metabolic changes during coronavirus infection, it has 

been demonstrated that free fatty acids are mobilized to form the viral envelope membrane 

(DIAS et al., 2020), double-membrane vesicles, and lipid compartments essential for replication 

(WOLFF et al., 2020; YAN et al., 2019). Other studies on patients with severe COVID-19 

indicate that more than 100 lipid species, including glycerophospholipids, sphingolipids, and 

fatty acids, were downregulated in serum (RICCIARDI et al., 2022; SHEN et al., 2020). 

Additionally, an increase in serum triglycerides and dysregulation in apolipoproteins were 

positively correlated with the severity of SARS-CoV-2 infection and fatal outcomes (WU et al., 

2020). Taken together, these alterations in host lipid metabolism appear to be related to the 

disease's pathogenesis and may also suggest the presence of multiple dysfunctions in tissues 

such as the liver, intestine, and kidneys. 

As a result of metabolic disruption, COVID-19 frequently leads to widespread 

thrombotic disorders. It has been reported that 15 of the 17 proteins involved in platelet 

degranulation were downregulated in individuals infected with SARS-CoV-2, which correlated 

positively with the most severe and fatal cases of COVID-19 (GIRDHAR et al., 2021). 

Although inflammation plays a significant role in thrombotic events in COVID-19 patients, it 

may also be involved in alterations in one-carbon metabolism (STARK; MASSBERG, 2021). 

A study indicated that homocysteine, a metabolite often associated with hypercoagulability 

(EDIRISINGHE, 2004), was decreased, while S-adenosyl-homocysteine was increased in 

hospitalized COVID-19 patients, independent of their inflammatory status measured by IL-6 

concentration (THOMAS et al., 2020). These changes suggest a dysregulation in methyl 

donors, which may be related to SARS-CoV-2's ability to modulate host folate metabolism and 

the one-carbon metabolism of infected cells that are involved in viral genome replication 

(ZHANG et al., 2021). Disruptions in one-carbon metabolism affect a multitude of cellular 

functions, including epigenetic regulation, redox homeostasis, and the metabolism of glucose, 

amino acids, nucleotides, and lipids (DUCKER; RABINOWITZ, 2017). Therefore, a 

comprehensive investigation of the metabolites (de)regulated by SARS-CoV-2, could help 

identify common metabolic pathways involved in multi-tissue dysfunction, and biomarkers of 

disease severity, and potentially lead to the development of new therapeutic strategies. 
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2 OBJECTIVES 

 

2.1 Main Objectives 

 

The purpose of this study was to characterize in depth the metabolic alterations 

associated with the severe cases of COVID-19 and to investigate potential markers of disease 

progression in (a) a cohort of adult female and male subjects and (b) in a cohort of pregnant 

women.  

 

2.2 Specific Objectives 

 

Chapter I - Metabolomics of Severe COVID-19 Patients 

Evaluate the metabolic changes associated with the severity of COVID-19 in a well-

characterized cohort of adult individuals presenting with severe COVID-19, divided into 

survivors, non-survivors, and healthy individuals. The study aims to provide a possible 

explanation for the metabolic biases observed in COVID-19, establishing an important 

foundation for a better understanding of the metabolic alterations in severe COVID-19 and 

disease progression. 

 

Chapter II – Severe COVID-19 Induces Metabolic Alterations in Pregnancy 

Using serum samples from a cohort of pregnant women infected with SARS-CoV-2, we 

aim to identify metabolic alterations and pregnancy outcomes related to disease severity. These 

analyses will contribute to the understanding of the effects of infection in this group and help 

identify predictors for clinical outcomes, placental responses and long-term health effects of 

the infection to the mother and the offspring. 
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3 RESULTS 

 

3.1 Chapter I - Metabolomics of Severe COVID-19 Patients 

In this section, we present the results corresponding to the specific objectives outlined in 

Chapter 1. This analysis aims to evaluate the metabolic changes associated with the severity of 

COVID-19 in a well-characterized cohort of adult individuals presenting with severe COVID-

19, divided into survivors, non-survivors, and healthy individuals. The study aims to provide a 

possible explanation for the metabolic biases observed in COVID-19, establishing an important 

foundation for a better understanding of the metabolic alterations in severe COVID-19 and 

disease progression. 

Those results were already published as: GAMA-ALMEIDA, M. C. et al. Integrated NMR 

and MS Analysis of the Plasma Metabolome Reveals Major Changes in One-Carbon, Lipid, 

and Amino Acid Metabolism in Severe and Fatal Cases of COVID-19. Metabolites, v. 13, n. 7, 

p. 879, 24 jul. 2023. DOI: 10.3390/metabo13070879 
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3.2  Chapter II – Severe COVID-19 Induces Metabolic Alterations in Pregnancy 

 

In this section, we present the results corresponding to the specific objectives outlined in 

Chapter 2. Using serum samples from a cohort of pregnant women infected with SARS-CoV-

2, we aim to identify metabolic alterations and pregnancy outcomes related to disease severity. 

These analyses will contribute to the understanding of the effects of infection in this group and 

help identify predictors for clinical outcomes, placental responses and long-term health effects 

of the infection to the mother and the offspring. 

 

The following results, from second chapter, was written in the format for publication in the 

journal Frontiers of Physiology. The manuscript will be sent for publication in due course. 
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4 FINAL CONSIDERATIONS 

 

Integrating metabolomics into the study of severe COVID-19 has uncovered critical insights 

into the complex metabolic disturbances associated with the disease, affecting both the general 

population and pregnant individuals. The plasma and serum metabolome analysis revealed 

significant alterations in one-carbon, lipid, and amino acid metabolism, reflecting systemic 

dysregulation and correlated with disease severity and outcomes. In non-pregnant individuals, 

particularly those with fatal outcomes, increased levels of creatine/creatinine, 4-

hydroxyproline, gluconic acid, and N-acetylserine suggest uncontrolled inflammation and 

multi-organ dysfunction, highlighting the urgent need for enhanced understanding of post-acute 

COVID-19 syndrome. Similarly, in pregnant women, metabolic shifts similar to those observed 

in gestational diabetes underscore an increased risk of complications, including potential 

placental dysfunction that may affect both maternal and neonatal health. These findings 

emphasize the importance of considering sex-specific and pregnancy-related metabolic changes 

in the management and surveillance strategies for COVID-19. By advancing our understanding 

of the metabolic underpinnings of severe COVID-19, these studies provide a foundation for 

improving patient stratification, therapeutic approaches, and long-term care for affected 

individuals. 
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