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Abstract: The article delves into the systemic inflammatory response syndrome (SIRS),
thromboinflammation, and septic shock in fetuses and neonates, providing a comprehensive
examination of their pathophysiology, diagnostic criteria, and clinical implications. It establishes
SIRS as a hyper-reaction to external stress, disrupting the balance between inflammation and
adaptive mechanisms, driven by cytokines like TNF-a and IL-1. The fetal inflammatory response
syndrome (FIRS), a subset of SIRS, is highlighted for its role in adverse neonatal outcomes, including
organ damage, inflammation, and long-term developmental disorders. The article outlines the
extensive impact of FIRS on vital systems such as the blood, lungs, central nervous system, and
kidneys. The paper underscores the challenges in diagnosing and managing septic shock in neonates,
emphasizing the interplay between inflammation and hemostatic system. It highlights recent
advancements like the convergent model of coagulation and emerging biomarkers such as
microRNAs for early detection. Despite progress, gaps in understanding the molecular
underpinnings of these conditions and effective therapeutic strategies are noted. This underscores
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the need for targeted research to mitigate the morbidity and mortality associated with septic shock
in neonates.

Keywords: systemic inflammatory response syndrome; thromboinflammation; septic shock; fetal
inflammatory response syndrome

1. Introduction

The phenomenon of Sanarelli-Schwartzman is a localized or generalized reaction of the body to
endotoxins, which cause thrombosis and ultimately necrosis of affected tissues. In fact, the
generalized reaction of Sanarelli-Schwartzman is a model of sepsis and septic shock. Conditions such
as systemic inflammatory response syndrome (SIRS), septic shock, hemolytic-uremic syndrome,
Waterhouse-Friderichsen syndrome can all be considered part of the Sanarelli-Schwartzman
phenomenon. Activation of the clotting system is what occurs in this phenomenon, leading to
consumption coagulopathy and intravascular clotting in the microcirculatory system. In 2020, the
names of Grigory Schwartzman and Giuseppe Sanarelli once again became widely recognized in the
scientific community in the context of the COVID-19 pandemic [1].

2. Systemic Inflammatory Response Syndrome, Thromboinflammation and
Septic Shock in Fetuses and Neonates

2.1. Systemic Inflammatory Response Syndrome, SIRS

SIRS is a hyper-response of the body to an external stress factor, which may include
inflammation due to an infectious process, surgical intervention, or malignancy [2]. Regulation of the
body's response should effectively suppress the cause of inflammation, but in the development of
SIRS, the balance between inflammation and the adaptive anti-inflammatory mechanism is disrupted

(3].

2.1.1. Diagnostic Criteria for SIRS

Table 1 lists the main diagnostic criteria for SIRS. The presence of 2 or more criteria indicates the
development of SIRS [4].

Table 1. Diagnostic criteria for SIRS.

Criterion Value

Body temperature (rectal, oral) >38.5°C or <36°C

Tachycardia > 90/min, or bradycardia in children under 1 year of
age below the 10th percentile

Heart rate

> 20/min or hyperventilation with blood carbon dioxide < 32

Respirat t
espiratory rate mmHg

White blood cell count Leukocytosis or leukopenia or neutrophil left shift

2.1.2. The Pathogenesis of SIRS

The pathogenesis of SIRS is based on the production of pro-inflammatory cytokines, especially
TNF-a, IL-1, IL-6, IL-8, IL-10, which spread to sites distant from the primary focus. In this case, TNF-
acand IL-1, which stimulate the production of tissue factor (TF), play a major role in the development
of endothelial dysfunction. As a result of systemic effects on the endothelium and changes in the
balance between the coagulation system and fibrinolysis, the whole hemostasis system is disturbed,
leading to the development of organ failure. Stimulation of the coagulation system and suppression
of fibrinolysis results in increased thrombosis, impaired microcirculation and further organ damage.
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Cytokines also activate MAPK/NF-kB pathways within endothelial cells, leading to increased
synthesis and release of procoagulant factors [5]

Over the past few years, more and more researches have highlighted the importance of SIRS in
the development of serious pregnancy complications, including recurrent pregnancy loss, preterm
delivery, placenta accreta, intrauterine growth restriction (IUGR) and preeclampsia [6].

2.2. Fetal Inflammatory Response Syndrome, FIRS

The syndrome of systemic inflammatory response in the fetus is known as fetal inflammatory
response syndrome (FIRS), which is associated with infectious and inflammatory changes in the
placenta. The diversity of microorganisms infecting the fetus and the need for different diagnostic
modalities complicate pathogen identification, especially in high-risk neonates. Several studies
demonstrated that the presence of intrauterine infection during pregnancy is associated with a high
risk of serious long-term sequelae. These include exudative otitis media and neuroendocrine-immune
dysfunction in the child. [7,8]. It is therefore of particular interest to consider the problem of
intrauterine infection from the perspective of the FIRS. Despite the high morbidity and mortality,
there is a lack of convincing data on the early diagnosis and effective treatment of this pathology.

The molecular mechanisms of FIRS are still far from being fully understood. However, it has
been proposed to divide this syndrome into 2 types, depending on the nature of the inflammatory
response. Type 1 FIRS is characterized by elevated levels of IL-6, IL-8, CXCL10 (a chemokine whose
levels are increased in the amniotic fluid of patients with chronic chorioamnionitis), IL-1(3 and TNE-
a compared with healthy newborns. There are also characteristic gene expression changes in FIRS
type 1, resulting in suppression of T-cell immune regulation [9]. Thymic involution, often seen in
newborns with acute inflammation, is one explanation for this response [10]. Stranak et al. after
analyzing the cord blood of 100 preterm infants also found a correlation between the presence of FIRS
and increased IL-6, CRP and procalcitonin levels. Maternal leukocytosis (P<0.001), premature rupture
of membranes (P<0.001) and preterm uterine contractions (P<0.0001) were observed in the presence
of FIRS type 1 [11]. There is no acute inflammatory response in FIRS type 2. However, upregulation
of HLA-F, HLA-C and HLA-DRA genes and a significant increase in CXCL10 with normal
proinflammatory cytokine levels were observed, resembling the mechanisms of graft rejection [12].

2.3. Multiple Organ Failure in FIRS

The basis of FIRS is the maternal inflammatory response (MIR), which encompasses acute
subchorionitis, inflammation of the placenta and extraplacental membranes. The diagnostic criteria
for FIRS include the fetal inflammatory reaction (FIR), acute inflammation of the placenta,
extraplacental membranes, umbilical cord and chorionic vasculitis. It is possible that FIR and MIR
may be absent in patients with FIRS type 2. However, this does not negate the likelihood of
subsequent neonatal complications [13].

In the context of FIRS, the fetus exhibits indications of damage to a multitude of organs and body
systems. The most frequently affected organs include the blood system, lungs, central nervous
system, thymus, spleen, and kidneys.

Neutrophils represent a significant component of the innate immune system. Fetuses with FIRS
were more likely to have neutrophil counts that exceeded the 95th percentile for gestational age (71%
(30/42) vs. 35% (37/105); p<0,001) [14]. Granulocyte colony-stimulating factor (G-CSF) is a cytokine
that stimulates the production of various cells, including neutrophils, macrophages, eosinophils, T-
helper cells (Th1l and Th17), and cells of some tumors. The expression of this factor is enhanced by
inflammatory mediators, including IL-1, IL-4, IL-6, and TNF-a, but can be inhibited by a number of
cytokines, including IL-10, and interferon-gamma [15,16]. Additionally, G-CSF is known to facilitate
the release of neutrophils in response to stressors, associated with infectious processes.
Chaiworapongsa et al. demonstrated that G-CSF levels were significantly elevated in fetuses with
FIRS in comparison to controls (p < 0.001). Furthermore, they identified that a fetal plasma G-CSF
concentration of 2134 pg/ml was a significant predictor of chorioamnionitis, infection, and
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cumulative neonatal morbidity and mortality [17]. An increased number of nucleated erythrocytes
(immature forms) in neonates has been observed in cases of a prolonged rupture of fetal membranes
(>24 hours), with a histological diagnosis of chorioamnionitis and neonatal sepsis presenting in early
onset. These observations indicate an increase in erythropoiesis [18,19]. It is commonly assumed that
circulating nucleated erythrocytes are a reliable indicator of hypoxia. However, in the case of by FIRS,
no acidosis or hypoxemia was observed. Furthermore, the pH (-0.026 and -0.016), PaO(2) (0.25 mmHg
and 5.9 mmHg) and BE (-2.4 and -2.6 mEq/L) values didn’t differ significantly between the fetuses
without FIRS and those affected by it (p<0.05) [20].

Zaharie et al. examined the dynamics of plasma levels of the main pro-inflammatory cytokines
on the first and third days of life. Their findings indicated a correlation between these levels and
neonatal morbidity and mortality [21]. The study included 80 neonates. pH, oxygen saturation,
fraction of inhaled oxygen (FiO2), gestational age at which premature rupture of the fetal membranes
(PROM) occurred, and venous blood cytokine levels (CRP, IL-6, CXCL-5, IL-10, TNF-a) were
assessed. The results of the study demonstrated that neonates born to mothers with PROM exhibited
elevated levels of all cytokines. The symptoms of necrotizing enterocolitis (NEC) were associated
with elevated levels of IL-6, while the development of cerebral intraventricular hemorrhage in
neonates was correlated with high CXCL-5 (p=0.037) and sepsis was correlated with high IL-10 levels
(p=0.02).

The lungs represent a crucial target organ in fetuses with FIRS. Elevated levels of IL-6 in cord
blood were associated with an increased risk of bronchopulmonary dysplasia (BPD) in neonates.
Kallapur et al., demonstrated that the administration of intra-amniotic endotoxin in vivo resulted in
an enhanced inflammatory response and the occurrence of multiple increases in mRNA levels of IL-
1, IL-6, IL-8 and TNF-a in subsequent bronchoalveolar lavage [22]. The administration of endotoxin
in vivo results in an increase in surfactant synthesis and structural changes in the fetal lungs,
including an enlarged alveolar diameter and thinned alveolar septa. These changes facilitate
accelerated lung maturation and preparation for preterm labor [23,24]. Yoon et al. demonstrated the
correlation between cord blood and amniotic fluid IL-6 levels and the subsequent development of
BPD in 203 patients. The results demonstrated that 17% of the patients exhibited BPD symptoms. The
results indicated that IL-6 levels in cord blood were significantly elevated in newborns with BPD (OR
4,2; 95% CI 1,6-11,2) [25]. Nevertheless, a meta-analysis by Jackson et al. revealed no correlation
between BPD and chorioamnionitis, adjusted for gestational age (OR 0.99, C10.76-1.3). Consequently,
prospective studies will be required in order to ascertain the pathogenetic mechanisms underlying
these pathologies [26]. Other complications of the perinatal period in children include respiratory
distress syndrome (RDS), which is caused by increased cortisol secretion and surfactant deficiency,
and persistent pulmonary hypertension. The symptom complex of neonatal RDS includes cyanosis,
tachypnea, retraction of the pliable areas of the chest, and a characteristic wheeze that results from
exhaled air entering the partially closed vocal tract during or shortly after birth [27]. In the study by
Dessardo et al., the presence of FIRS was the most important risk factor for both chronic lung disease
of prematurity (OR 31,05, 95% CI 10,7-87,75, p<0,001), and wheezing in infants (OR 5,63, 95% CI 2,42—
13,05, p=0,01) [28].

A number of authors have proposed that fetal FIRS affects brain function and leads to
neuroinflammation [29]. The pathogenetic mechanism of brain damage is not yet fully understood
and is probably related to the ‘multiple hits’ theory. Chorioamnionitis causes diffuse damage to both
white and grey matter neurons, most likely due to the direct damaging effects of pro-inflammatory
cytokines (TNF-q, IL-1 and IL-6) [30-32]. Furthermore, inflammatory mediators can also affect the
integrity of the blood-brain barrier (BBB), which contributes to increased permeability of the BBB to
various proteins and exacerbates brain damage [33]. The activation of microglia, which represents
the initial line of defense of nerve cells during inflammation, plays a pivotal role in the pathogenesis
of brain disorders. When endotoxin was administered to animals, a profound activation of microglia
was observed, accompanied by changes in immunoreactivity of myelin basic protein and apoptosis
of oligodendrocytes [34]. In 2023, Giovannini et al. demonstrated that the primary and most life-
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threatening condition in the newborn following FIRS is cerebral hypoxia (CH) [35]. For this reason,
it is recommended that these children undergo a GM ultrasound or GM MRI to detect focal and
periventricular leukomalacia and cystic changes [36]. Consequences of GM hypoxia may be
irreversible, including cerebral atrophy, which is characterized by decreased white matter volume
and enlarged ventricles. Another significant complication of FIRS is neonatal encephalopathy (NE),
which is characterized by altered consciousness, seizures, impaired muscle tone and the inability to
initiate or maintain respiration. NE is associated with a high mortality rate and long-term disability,
including cerebral palsy (CP), various cognitive impairments, and visual and hearing damage. In
turn, CP is characterized by a variety of motor and sensory impairments, in addition to mental
retardation, perceptual, behavioral and consciousness disorders [37].

Chorioamnionitis is a significant risk factor for the development of retinopathy of prematurity
(ROP). This condition is caused by various lesions that disrupt neurovascular growth in the immature
retina, which may be a consequence of gestational maternal hypoxia. Elevated plasma IL-6 levels
indicate the severity of ROP, which can be used as a prognostic factor in the development of the
disease [38,39].

Gibson et al. analyzed the risk of developing various psychiatric disorders with a history of FIRS
in nearly five thousand children [40]. The findings and statistical analyses confirmed that children
with FIRS were more likely to be diagnosed with neuropsychiatric disorders (OR =1.21, CI95% [1.09,
1.35]): autism spectrum disorder (OR = 1.35, 95% CI [1.08, 1.67]), attention deficit hyperactivity
disorder (ADHD) (OR = 1.27, 95% CI [1.07, 1.49]), conduct disorder (OR = 1.50, 95% CI [1.24, 1.81]),
post-traumatic stress disorder (PTSD) (OR = 2.46. CI 95% [1.21, 5.04]). A seven-year period of
observation was employed in this study in order to assess the long-term effects of FIRS on newborn
infants. However, it is important that psychiatric disorders are not necessarily related to
complications of the neonatal period.

Furthermore, the kidneys are frequently affected in fetus with FIRS. The relationship between
the amniotic fluid index (AFI), which is dependent on renal function and fetal urination, and the
presence of intra-amniotic infection was explored. A positive culture result and an increased
concentration of matrix metalloproteinase-8 (>23 ng/ml), IL-6 and TNF-a were observed more
frequently in patients with oligohydramnios (p < 0.05) [41,42]. Azpurua et al. demonstrated that
children born to mothers with intra-amniotic inflammation exhibited elevated levels of IL-6 and urea
nitrogen. However, there were no discernible alterations in renal vascular function as assessed by
ultrasound Doppler ultrasonography [43]. In animal model studies, chorioamnionitis resulted in a
reducing number of renal tubules (p < 0.05), but there was no significant difference in body weight
or degree of inflammation in the kidneys [44,45]. However, Muk et al. demonstrated that
inflammation within the amnion led to an increase in creatinine and microalbumin concentrations —
markers of renal dysfunction. Moreover, elevated concentrations of biomarkers indicative of renal
damage (e.g., LRG1, KIM1, NGLA, HIF1A, and CASP3) were observed in kidney tissue.
Consequently, further research is warranted to elucidate the impact of FIRS on fetal immune
activation and kidney function [46].

Furthermore, FIRS has a significant impact on the thymus, which is the most crucial organ in
fetal immune defense. A study by Kuypers et al. observed a decrease in lymphocyte levels and a
decrease in the cortico-medullary area of the thymus following intra-amniotic injection of endotoxin.
Twenty-four hours after administration, the levels of IL-6, IL-17 mRNA and TLR4 mRNA were
increased, indicating acute activation of the thymus [47]. In the context of inflammation, there is a
notable shift in the composition of CD8+ T-lymphocytes, accompanied by an activation of CD4+ T-
lymphocytes, as evidenced by an elevated expression of CD25 (p = 0.0001), HLA-DR and CD69 (p =
0.0003) [48,49].

Other organs and systems can also be affected in FIRS, including the spleen, liver, thyroid and
intestine. In FIRS, there is an alteration in splenic blood flow and a significant increase in TNF-a and
CD3 expression, indicating an inflammatory response [50-52]. Presumed mechanisms of bowel
damage in FIRS involve increased TNF-a-mediated impairment of wall microcirculation and
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decreased expression of vascular endothelial growth factor (VEGF) [53,54]. Chorioamnionitis also
decrease the liver function. In animal models, administration of endotoxin resulted in impaired lipid
and glucose metabolism, increased alanine aminotransferase and aspartate aminotransferase, and
decreased total antioxidant status [55]. Furthermore, during endotoxin administration, the
production of cytokines by Kupffer cells, such as TNF-a, IL-8 and IL-18 levels, increase, which
precede intestinal inflammation. This indicates a possible influence of hepatic cytokines on the
subsequent development of NEC [56].

Umbilical vessel funiculitis is a marker of FIRS, which occurs more frequently in preterm infants
who have elevated serum levels of intercellular adhesion molecule-1 (SICAM-1) [57]. A correlation
between FIRS and endothelial dysfunction has been proposed, as a reduction in the systemic
inflammatory response in patients was accompanied by an increase in sICAM-1 levels and
endothelial activation. Additionally, elevated sSICAM-1 levels were observed in neonates with CNS
depression syndrome. Further studies are required to ascertain the role of sSICAM-1 as a predictor of
the development of long-term consequences of FIRS [58,59].

There are only a few studies that have clearly defined the relationship between specific
hemodynamic abnormalities and fetal intrauterine growth restriction syndrome (FIRS). Eloundou et
al. evaluated the effect of intrauterine inflammation on hemodynamic and structural abnormalities
of the placenta (vascular malperfusion) and fetal outcomes in vivo. Virchow's triad postulates that
thrombus formation occurs when three conditions are present: hypercoagulability (as in pregnancy),
vascular injury, and slow blood flow. Upon exposure of the mice to the infectious agent, the following
observations were made: placental endotheliitis, thrombus formation as a result of decreased
fibrinogen levels, and placental thinning. The third component of Virchow's triad, stasis of blood
flow, may be caused by placental thinning in conjunction with damage to the vascular network.
Furthermore, the fetuses exhibited the activation of fetal microglia, which is likely associated with
impaired nutrient passage and toxin excretion through the placenta [60].

It is important that de novo synthesis of antiphospholipid antibodies (aPL) may be one of the
responses to intra-amniotic inflammation, which is viewed from a "first-hit" perspective. As a
consequence of inflammation during the perinatal period, there may be significant alterations in the
composition of the peripheral regulatory T-cell population in umbilical cord blood. Maternal
infections may therefore result in the reprogramming of the still immature innate and adaptive
immune systems of the fetus [61]. The first three months of a newborn's life are characterized by the
presence of maternal antibodies, which provide immunity. However, a year after birth, IgG and IgM
levels reach 50% of the total adult level. This may explain the propensity for sepsis, septic shock and
other life-threatening conditions in the neonatal period, especially in premature infants.

Preterm infants with abnormal immune system responses, combined with immaturity of most
organs and systems (including the hemostasis system), are at greatest risk of high mortality and the
development of complications associated with inflammation and thrombosis [61]. It is becoming
increasingly evident that fetal immune shifts resulting from intrauterine infection and de novo aPL
may play a significant role in the development of neonatal thrombosis [61].

FIRS in neonates has a higher risk of neonatal sepsis [62]. In a study by Nomiyama et al.,
neonates with FIRS and MIR/FIR had a higher prevalence of neonatal sepsis than neonates without
FIRS and MIR/FIR (p <0,001) [13].

The major complications of the neonatal period and associated cytokines after undergoing FIRS
are summarized in Figure 1.
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Figure 1. The major complications of the neonatal period and associated cytokines after undergoing FIRS.

2.4. Perinatal Aspects of Septic Shock

Shock is a state of organ hypoperfusion characterized by cellular dysfunction. The pathogenesis
of shock is diverse and includes several development mechanisms: decrease in circulating blood
volume, decreased cardiac output and vasodilation. Sepsis is a dangerous condition that develops
during excessive response of the body's immune system to infection, which leads to organ
dysfunction. The development of sepsis in newborn infants is the most dangerous condition, which
correlates with increased mortality ([OR] 4.41, 95% CI 1.75-11.1) [63].

The development of sepsis can be attributed to a number of factors, which can be categorized
into several groups. These include maternal and neonatal risk factors [64] (Table 2).

Table 2. Potential risk factors for the development of sepsis.

Maternal risk factors Age over 30 years

Chorioamniotis

Premature labor

Presence of meconium in amniotic fluid

Rectovaginal colonization with group B streptococcus.

Infectious diseases (urinary tract infection) and intrapartum fever
Central venous catheter placement

1
2
3
4
5
6
1
2. Prematurity (less than 37 weeks of age)
3
4
5
6
7
8

Fetal risk factors

Low birth weight (less than 2500 grams)

Apgar score less than 5 points

Artificial ventilation

Lack of enteral nutrition

Pathology of the gastrointestinal tract

Hemodynamic disorders (neutropenia and decreased serum IgG concentration)
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Septic shock in the newborn is a life-threatening complication of sepsis. It is characterized by a
high mortality rate among patients. Inadequate treatment of sepsis or its late diagnosis can result in
the spread of infection, which in turn causes the development of generalized endothelial
inflammation and subsequently septic shock. Statistical data indicates that septic shock develops in
10-15% of children with sepsis [65]. The high mortality rate observed in patients with septic shock is
attributed to the nonspecific clinical manifestations and the delayed diagnosis. Consequently, this
condition demands particular attention from physicians.

The development of septic shock is a complex process involving cells of the immune system and
the pathogen itself. Upon entering the bloodstream, the infectious agent is recognized by
macrophages and monocytes through surface receptors, initiating the activation of secondary
messengers and intracellular cascades that promote the release of cytokines and chemokines.
Subsequently, generalized activation of the endothelium, lymphocytes, and complement function
occurs, resulting in massive inflammation and shock [66].

The systemic spread of the pathogen and the generalized activation of the endothelium result in
impaired microcirculation and the development of tissue hypoxia, acidosis, and hypotension. These
factors determine the development of septic shock in newborns [67]. The clinical manifestations of
septic shock in neonates include damage to the respiratory and cardiovascular systems, as well as
some other non-specific symptoms, such as decreased muscle tone and skin discoloration [68].

The clinical features of septic shock are characterized by three distinct stages of development,
each with its own set of clinical characteristics:

1) The initial phase, termed 'compensated shock', is characterized by the activation of
neuroendocrine compensatory mechanisms [66]. The symptoms of stage 1 may include
tachycardia, hypouresis, decreased tissue perfusion, and extremity coldness in the newborn.

2) The subsequent stage in the development of septic shock is uncompensated shock, which is
characterized by symptoms of systemic hypotension and metabolic acidosis.

3) The final phase of septic shock development is irreversible shock, which is characterized by
severe microcirculatory disorders and irreversible cellular damage, leading to necrosis and
multi-organ failure.

In children, cold septic shock usually develops, which is characterized by a change in
hemodynamics, an increase in systemic vascular resistance due to peripheral vasoconstriction. The
symptom complex of cold septic shock includes decreased and weakened pulse, diuresis, and
marbling of fingertips. The development of metabolic acidosis at the second stage of shock leads to
increased pulmonary resistance, which is a key link in the formation of right ventricular failure.

2.5. Hemostasis in Newborns

The specific hemostatic characteristics of newborns contribute to the development of non-
specific clinical features of septic shock and SIRS. The peculiarities of hemostasis in newborns include
prolongation of aPTT, PT and delayed thrombin formation. The ability to produce thrombin in the
plasma of a healthy newborn is markedly reduced and delayed in comparison to an adult [69]. The
neonatal hemostasis system functions by maintaining a balance between factors that promote
bleeding and those that lead to thrombosis. Factors that can induce bleeding include decreased
platelet reactivity, pellet release, levels of II, VII, IX, X, XI, XII coagulation factors and increased levels
of alpha-2-macroglobulin. Factors that may cause thrombosis in neonates include increased
hematocrit, mean corpuscular volume (MCV), von Willebrand factor (vWF), and decreased protein
S, protein C, heparin cofactor II. Additionally, thrombin production in neonates is equivalent to
approximately 90% of that observed in adults, which is sufficient for hemostatic clot formation [70].
Furthermore, neonatal hemostasis exhibits a low buffer capacity, which increases the risk of
thrombosis due to acquired risk factors. These include various comorbidities, reduced fibrinolytic
capacity, resistance to heparin due to low antithrombin (AT) levels and higher clearance of
unfractionated heparin (UFH). The rise in neonatal thrombosis may be attributed to improvements
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in the management of life-threatening neonatal conditions, as well as a reduction in mortality among
preterm infants.

Platelet function and physiology are also age-dependent. The study demonstrated an increase
in fetal platelet count by ~2 x 10"9/L for each week of gestation [71]. The mean platelet count in
preterm infants was 2200 x 10”9 /L, which is a normal level for adult patients. Platelet counts that are
normal for newborn infants range from 150x10"3 to 450x10”3 /uL. However, there is an evidence that
platelet counts in preterm infants may be lower than this value [72]. For this reason, preterm infants
are more susceptible to developing hemorrhage, particularly in the brain. The reactivity of platelets
in neonates increases with age. A decrease in the expression of membrane glycoproteins in preterm
infants results in an increased platelet reactivity [73].

2.6. Alterations in Neonatal Hemostasis in Septic Shock

In patients with septic shock, there is a prevalence of pronounced disorders of hemostasis, which
can occur in three distinct forms: chronic, subacute and acute (disseminated intravascular
coagulation, DIC). The relationship between inflammation and hemostasis is considered from the
perspective of an “amplification loop”, whereby inflammation triggers and supports coagulation
processes, and coagulation products support and amplify inflammation [74] (Figure 2).

The activation of hemostasis in sepsis and septic shock occurs as a result of the damage to the
vascular endothelium. This damage occurs by pathogenic microorganisms, activated
immunocompetent blood cells, proinflammatory cytokines (especially IL-6 and TNF-a), with the
subsequent production and release of tissue factor by monocyte, macrophages and endothelial cells.
Furthermore, the TF-mediated generation of thrombin occurs, as well as the inhibition of protein C
activity and fibrinolysis [75,76].

Another mechanism that suggests the presence of an “amplification loop” (Figure 2) is the
interaction of protease-activated receptors (PARs) with coagulation factors, in particular TF-VIla and
factor Xa. This interaction results in the activation of intracellular signal transduction by endothelial
cells, which also contributes to the amplification of the inflammatory response. Nevertheless, this
mechanism has not yet been sufficiently studied in neonates [77].

The development of sepsis is associated with an increased release of plasminogen activator
inhibitor type 1 (PAI-1) from endothelial cells, which inhibits the activity of plasmin. Bacteremia is
associated with the early activation of fibrinolysis due to increased tissue-type plasminogen activator
(tPA) levels, which in turn leads to a reciprocal release of PAI-1. However, the appearance of tPA is
not the sole factor responsible for the increase in PAI-1 levels; the circulation of a number of cytokines
(TNF-a, IL-6, etc.) affects this process. Elevated levels of TNF-a and PAI-1 in patients are directly
correlated with the severity of DIC and sepsis. Furthermore, these levels are significantly associated
with an unfavorable prognosis and a high risk of mortality. In a study of 107 children with sepsis,
Green et al. examined the levels of TF and PAI-1 antigens. The results indicated that elevated TF and
PAI-1 levels were associated with increased IL-6, cardiovascular and renal abnormalities, liver
failure, coagulopathy and increased mortality (p <0.05) [78].


https://www.zotero.org/google-docs/?HvyavY
https://www.zotero.org/google-docs/?ScjNyG
https://www.zotero.org/google-docs/?AYsyXW
https://www.zotero.org/google-docs/?BuItF6
https://www.zotero.org/google-docs/?xukie3
https://www.zotero.org/google-docs/?eoEQbz
https://www.zotero.org/google-docs/?7eGNHp
https://doi.org/10.20944/preprints202502.0618.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0618.v1

10 of 23

Inflammation

Cytokine
release (IL-6,

TNF-a @
°
.
Goq e,
uJ..',
_ - g
o _IT <3

Fibrin /

Amplification
loop

FXa Platelet activation

Coagulation

Figure 2. The relationship between inflammation and hemostasis - “amplification loop”.

Another crucial aspect of the hemostasis system is the thrombin-activated inhibitor of
fibrinolysis (TAFI) [79-81]. The activated form of TAFI has the capacity to suppress fibrinolysis. This
is achieved by the removal of the terminal lysine molecule in fibrin, thereby inhibiting the high-
affinity binding site for plasmin [82]. The existing literature contains information on TAFI gene
polymorphisms, but it is not yet known which gene variants are associated with a more severe disease
course [83]. The role of TAFI in neonates is poorly understood. Emonts et al. observed a decrease in
TAFI levels in patients with septic shock and an increase in TAFI activation peptide (TAFI-AP) in
patients with the pediatric DIC [84].

The complement system plays a pivotal role in the immune response, and the effective
neutralization of foreign agents depends on it. In sepsis, there is a failure of the complement system
to respond adequately to infection, which results in the uncontrolled release of chemoattractants C3a
and Cba that bind to receptors on the surface of macrophages and neutrophils [85]. Component C5a
activates the wall coagulation system, namely factor XII and kallikrein, which is accompanied by
thrombosis and development of DIC. New therapies targeting the complement system may be an
effective way to combat septic shock and coagulation disorders in children [86].

In addition to the clinical manifestations of DIC, patients with septic shock may present with
signs of thrombotic thrombocytopenic purpura (TTP). TTP is a pathology resulting from congenital
or more commonly acquired deficiency of the metalloproteinase ADAMTS-13, whose main role is to
cleave vVWF multimers into monomeric fragments [87]. This deficiency results in microvascular
obstruction, which in turn causes organ damage, particularly in the brain and kidneys. Additionally,
thrombocytopenia and non-immune hemolytic anemia are observed [88]. In addition to overuse,
thrombocytopenia (platelet count less than 100x109/1) in patients with sepsis may be due to either
delayed platelet formation or spleen sequestration [89]. The formation of vWF multimers is
stimulated by inflammatory mediators, including IL-8 and TNF-a, whereas the action of ADAMTS-
13 is inhibited by IL-6 and antimicrobial peptides secreted by neutrophils [90]. Furthermore, during
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the inflammatory process, vVWF and ADAMTS-13 are oxidized, which impairs the cleavage of vVWF
multimers by metalloproteinases [91].

A number of studies have reported that more than one-third of patients with sepsis have
ADAMTS-13 levels 2 times lower than normal, and approximately 15% of patients have levels less
than 10% of normal. A reduction in ADAMTS-13 levels is associated with an increased risk of
mortality in patients with sepsis and septic shock [92-95]. Enzyme deficiency results in the
accumulation and prolongation of vWF action, which is associated with an increased risk of mortality
in patients due to the formation of prothrombotic status [96,97]. Papadogeorgou et al. demonstrated
a significant decrease in ADAMTS-13 levels in neonates with sepsis during the acute phase of
infection compared to controls (488.5 + 75.4 ng/ml and 577.2 + 113.6 ng/ml, p =0.015) [98].

The role of platelets in the coagulopathy associated with sepsis is significant. During the
inflammatory process, P-selectin (intercellular adhesion protein), is expressed on the platelet surface.
P-selectin is located in a-granules of platelets and Weibel-Palade secretory granules of endothelial
cells, and is involved in the primary interaction between polymorphonuclear neutrophils and
endotheliocytes. In conjunction with cytokines, it is capable of regulating the synthesis of integrins
[99]. Bacteria from the Staphylococcus and Escherichia coli families play a role in increasing
GPIIb/IlIa receptor expression on activated platelet surfaces and activation of FcyRIIA [100]. Platelets
also help to attract other cells of innate immunity such as granulocytes, monocytes and innate
lymphoid cells (ICL) [101]. Consequently, platelets play a crucial role in the immunological response
to bacterial invasion.

In patients with septic shock, thrombocytopenia is frequently accompanied by augmented
platelet consumption for clot formation [102]. Neonatal thrombocytopenia more likely happens due
to a reduction in the expression of platelet Toll-like receptor 4 (TLR-4), which is associated with an
increased mortality rate [103]. A reduction in MyD88 expression on monocytes is also observed in
neonates, which is associated with an increased incidence of severe bacterial infections and
septicemia [104]. Also, preterm neonates with histologically confirmed chorioamnionitis had higher
levels of CD40L expression in platelets compared to the control group (5.3 +/- 2.9% vs. 1.6+/-0.7%,
p<0.05), indicating a significant involvement of platelets in the pathological process [105,106].

Recently, the role of neutrophils and the formation of neutrophil extracellular traps (NETs), or
netosis, in the pathogenesis of sepsis has become increasingly significant. For a considerable period,
neutrophils were regarded as a uniform population. However, recent studies demonstrated that the
cells can be subdivided according to their density, expression of surface markers and stage of
maturation [107]. NETs consist of modified chromatin and proteins of cytoplasm, nuclei, and
granules of neutrophils with antimicrobial activity. NETs can be triggered not only by
microorganisms, but also by platelets, immune complexes, proteins of the complement system, anti-
inflammatory cytokines and other biologically active substances [108]. NETs form a framework for
binding platelets, erythrocytes, and plasma proteins [109]. The formation of neutrophil extracellular
traps (NETs) is reduced in neonates born preterm, which is associated with an elevated incidence of
sepsis during the neonatal period [110]. Although the formation of NETs reduce the spread of
infection, they are also associated with the development of DIC and microvascular damage [111],
consequently, further research is required to elucidate the mechanism in children.

The damage to the endothelial glycocalyx can lead to sepsis in children. The glycocalyx plays a
pivotal role in maintaining vascular homeostasis, controlling vascular permeability and
microcirculation, preventing microvascular thrombosis and regulating leukocyte adhesion. The
sympathoadrenal system can be hyperactivated in response to shock, which can subsequently lead
to damage to endothelial cells and the glycocalyx. The anticoagulation system interacts with the
endothelial glycocalyx system via several components, including antithrombin III and activated
factors IX and X. The anticoagulant activity of antithrombin III is enhanced by binding to heparan
sulphate — a structural link of the glycocalyx [112]. A potential marker of glycocalyx damage in
neonatal sepsis is matrix metalloproteinases (MMP-8, MMP-9). Studies demonstrated a correlation of
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MMP-8 and MMP-9 levels with early onset of sepsis and increased risk of multi-organ failure in
children [113,114].

MicroRNAs (miRNAs), small non-coding RNA molecules that regulate gene expression by
binding to messenger RNA (mRNA) involve in immune and inflammatory responses as modulators
of critical biological pathways and processes [115]. Dysregulated miRNA expression profiles have
been identified in sepsis, suggesting their potential as both diagnostic and prognostic biomarkers.
For instance, specific miRNAs such as miR-155-5p, miR-21, miR-223, miR-146a, and miR-125a have
shown promise in detecting sepsis, with pooled sensitivities and specificities ranging from 0.67 to
0.85 and SROC values demonstrating their diagnostic accuracy [116,117].

MiR-146a is known to modulate the immune response by targeting key signaling molecules such
as TRAF6 and IRAK 1-5, which are involved in the NF-kB pathway. Its upregulation has been
observed in septic patients, indicating its role in dampening excessive inflammatory responses.
Similarly, miR-150 levels are significantly reduced in sepsis, correlating with disease severity and
mortality. This miRNA affects the activation and function of immune cells, thus serving as a potential
prognostic marker [115]. MiR-223, another miRNA of interest, regulates granulocyte function and
inflammation by targeting various mRNAs involved in these processes. Its expression is dysregulated
in septic shock, making it a viable candidate for both diagnostic and prognostic applications.

Compared to traditional diagnostic methods such as leukocytosis and fever monitoring,
miRNAs offer a more specific and stable biomarker profile. Their presence in circulating blood makes
them accessible for non-invasive testing, potentially leading to earlier and more accurate diagnosis
of septic shock [118]. This novel approach not only aids in early detection but also provides insights
into the molecular mechanisms underlying sepsis, paving the way for targeted therapeutic
interventions.

2.7. The Role of Convergent Model of Coagulation in Septic Shock

The Convergent Model of Coagulation represents a paradigm shift in our understanding of
hemostasis and thrombosis, integrating inflammation and innate immune activation as a unified
response to vascular injury [119]. This model builds upon previous advancements in the knowledge
in coagulation cascade, by incorporating the role of damage-associated molecular patterns (DAMPs)
which facilitate interactions within and between systems to reinforce and resolve clot formation. The
aim of this model is to extend the boundaries of coagulation to address novel diagnostics and
therapeutics for contemporary medical challenges, highlighted by the COVID-19 pandemic and
vaccine-induced immune thrombotic thrombocytopenia.

The Convergent Model of Coagulation describes the interaction between the coagulation
pathways and the innate immune system during vascular injury, highlighting a collaborative
mechanism essential for clot formation. Upon vascular injury, the coagulation cascade is initiated,
leading to the activation of various immune cells such as platelets, monocytes/macrophages, and
neutrophils. Platelets not only participate in clot formation but also release cytokines and chemokines
that recruit additional immune cells to the site of injury, thereby reinforcing the immune response.
Monocytes and macrophages contribute by expressing tissue factor (TF), a critical initiator of the
extrinsic coagulation pathway, further bridging coagulation with immune activation. Neutrophils,
another key component, release extracellular traps (NETs) that provide a scaffold for clot formation
and capture pathogens, simultaneously enhancing both coagulation and immune defense. This
integrated response underscores the complex yet coordinated interactions between the coagulation
system and innate immunity in maintaining hemostasis and defending against infections [120].
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3. The Early Diagnosis and Treatment of Septic Shock

In accordance with the recommendations of international guidelines, a systematic screening
process for sepsis and septic shock is indicated when acute multiorgan failure is identified [121]. The
timely identification of sepsis and septic shock allows for the administration of appropriate
treatment. The diagnosis of sepsis is primarily based on the isolation of the pathogen in blood
cultures. It is therefore necessary to isolate the pathogen before antibiotic therapy is initiated.
Furthermore, it is essential to differentiate between septic shock and other forms of shock, which may
exhibit similar symptoms. Lactate is a nonspecific marker of septic shock, reflecting the presence of
tissue hypoperfusion. However, blood lactate measurement is not indicated according to
international guidelines.

The treatment of septic shock encompasses a range of interventions, including cardiovascular
and respiratory support. In the event of cardiovascular damage, infusion therapy or inotropic
support is required [122]. If the neonate exhibits symptoms indicative of septic shock, including
cyanosis, marbling, and a weakened pulse wave, it is recommended to start treatment with
prostaglandins [123]. In 2020, Weiss et al. published the International Guidelines for the management
of septic shock and organ dysfunction associated with sepsis in children. These guidelines include
the following treatment steps [121]:

3.1. Antimicrobial Therapy

It is recommended that antibiotic therapy be initiated without delay in neonates presenting with
the first signs of septic shock. Nevertheless, in children with multi-organ failure associated with
sepsis but without symptoms of septic shock, antimicrobial therapy is also recommended. It is better
to choose a broad-spectrum antibiotic with a wide therapeutic window to avoid the development of
undesirable side effects. Cancellation of antibiotic therapy is possible in case of its ineffectiveness,
development of side effects and absence of isolated pathogen. Intravascular access is not
recommended, as catheters can act as an additional source of infection and may also complicate the
course of septic shock, prolonging the recovery period [124]. The high mortality of neonates with
septic shock is a consequence of inappropriate or delayed antibiotic therapy. The safest drugs should
be prescribed, taking into account all pathological symptoms of the neonate and the risk-benefit ratio
for each patient, based on the individuality of each case. Third-generation cephalosporins
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(ceftriaxone) may be employed as an initial therapeutic option for out-of-hospital sepsis. In the event
of antibiotic resistance to cephalosporins, it is necessary to alter the approach to antibiotic therapy
and prescribe a drug from the aminoglycoside group [125]. The greatest challenge in the clinical
management of sepsis and other serious infections caused by antibiotic-resistant bacteria, such as
Methicillin-resistant Staphylococcus aureus (MRSA), is the lack of effective therapeutic options. In
such cases, vancomycin is often added to the treatment regimen to enhance its efficacy.

3.2. Infusion Therapy

Infusion therapy to correct the hypovolemia caused by septic shock is recommended as 40-60
ml/kg bolus (10-20 ml/kg bolus) during the first hour. Concurrently, both BP and pulse control should
be carried out. If signs of fluid overload develop, infusion therapy should be discontinued. It is
recommended that infusion therapy be replaced with crystalloids, as they have fewer side effects,
rather than albumin and physiological solution. Starch (e.g., Hydroxyethyl Starch) is not
recommended as a treatment for septic shock in children. In a study involving adult patients with
septic shock, starch increased the risk of death, coagulopathy, and acute kidney injury [126]. The
measurements of lactate levels are not recommended as a marker of septic shock in children.
However, they can be used to assess the adequacy and effectiveness of infusion therapy [127].
Elevated lactate levels may indicate incomplete or inadequate hemodynamic resuscitation, which in
turn necessitates the continuation of infusion therapy or an increase in the bolus fluid volume.

3.3. Vasoactive Drugs

International guidelines recommend the use of adrenaline or noradrenaline instead of dopamine
as first-line therapy in children with septic shock. If the signs of impaired perfusion are observed
following infusion therapy, the administration of vasoactive drugs via intravenous or intraosseous
assesses (where available) should be initiated. A comparison of the efficacy of adrenaline and
dopamine has demonstrated that adrenaline therapy has been shown to reduce mortality, in contrast
to dopamine (OR, 0.63; 95% CI, 0.40-0.99) [128,129].

3.4. Corticosteroids

In accordance with international clinical guidelines, the use of glucocorticosteroids is acceptable
if infusion therapy and therapy with vasoactive drugs is not effective. A study demonstrated the
efficacy of glucocorticosteroid therapy in children. The administration of glucocorticosteroids
resulted in earlier relief of septic shock (p=0,046) [130]. Furthermore, there are no more extensive or
detailed studies in the pediatric population on the use of hydrocortisone in the therapy of septic
shock.

3.5. Antipyretic Therapy

There is no consensus among healthcare professionals regarding the use of antipyretics in
children. However, international guidelines do recommend their use in patients with septic shock.

Currently, there is no unambiguous and uniform protocol for the management of neonatal septic
shock in neonates. Treatment depends on numerous factors, including the age and weight of the
child, the presence or absence of nonspecific symptoms, comorbidities, and the genetically
determined response to drug therapy. Primarily, therapy for septic shock should aim to save the
patient's life, offset adverse symptoms of the underlying disease, and minimize undesirable side
effects of drug therapy. International guidelines provide a general framework for the approach to
therapy of septic shock.

4. Conclusions

The impact of FIRS and septic shock on the newborn organism is significant, affecting all
systems. It is important to consider the changes occurring in the still immature hemostasis system.
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The nonspecific clinical features of septic shock, which is characterized by damage to various body
systems (from cardiovascular to endocrine), represents a significant challenge for clinicians. The
clinical manifestations of newborns differ significantly from adults due to the unique features of the
organism. A deeper understanding of the underlying pathogenic mechanisms will facilitate the
development of more effective therapeutic approaches and improve the prognosis for these children.
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