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Abstract: Calcitonin (CT) and adrenomedullin (ADM) are members of the CT family. Procalcitonin
(PCT) is a prohormone of CT. Elevations in serum PCT and ADM levels are associated with severe
sepsis and coronavirus disease 2019 (COVID-19). PCT enhances sepsis mortality and it binds to the
CGRP receptor, which is a heterodimer of CT receptor-like receptor and receptor activity-modifying
protein 1. The N-terminal truncated form of PCT, PCT3-116, is produced by the cleavage of PCT
by dipeptidyl peptidase 4 (DPP-4) and is the main form of PCT in serum during sepsis, inducing
microvascular permeability. Mid-regional pro-adrenomedullin (MR-proADM) is used instead of
ADM as a biological indicator because ADM is rapidly degraded, and MR-proADM is released at
the same rate as ADM. ADM reduces endothelial permeability and promotes endothelial stability.
Endothelial dysfunction is responsible for multiple organ failure in sepsis and COVID-19 patients.
Therefore, ADM may be an important molecule for improving the severity associated with sepsis and
COVID-19. This review focuses on the current knowledge of PCT and ADM in sepsis and COVID-19.
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1. Introduction

Calcitonin (CT) and adrenomedullin (ADM) are members of the CT family, which
includes α-calcitonin gene-related peptide (αCGRP), βCGRP, and intermedin, also known
as ADM2. Procalcitonin (PCT) is a prohormone of CT, and the elevation of PCT in the blood
is associated with bacterial sepsis [1,2]. Pro-adrenomedullin (proADM) is a prohormone
of ADM and contains proadrenomedullin N-terminal 20 peptide (PAMP), mid-regional
pro-adrenomedullin (MR-proADM), ADM, and adrenotensin. The elevation of ADM in
the blood is associated with hypertension [3], heart failure [4], chronic inflammatory lung
diseases [5,6] and septic shock [7]. However, it is difficult to measure the expression level of
ADM because of its rapid degradation [8]. In contrast, MR-proADM has a longer half-life
than ADM. In addition, MR-proADM is released from the cleavage of proADM at the
same rate as ADM. Therefore, measuring the expression level of MR-proADM can be
used to estimate the expression level of ADM [9]. However, measuring MR-proADM
itself is unable to distinguish between the biologically active ADM, which is amidated at
N-terminus, and the biologically inactive ADM, which has a glycine-extended C-terminus.
Therefore, a method to measure bioactive ADM (bio-ADM) was developed [10]. Both PCT
and MD-proADM have been used as biomarkers of sepsis [11–13], with suppression of
PCT [14–16] and administration of ADM both reducing the severity of sepsis [17]. Therefore,
suppression of PCT and enhancement of ADM may reduce the severity of sepsis and other
infectious diseases. Although various functions of ADM, such as suppression of vascular
permeability, have been reported [18], the detailed physiological role of PCT has remained
unclear. However, it has recently been reported that PCT increases cell permeability [19].
Therefore, the role of PCT and ADM in vascular permeability in sepsis is presumed to be
important in the severity of infection. In addition, recent reports have shown the association
between COVID-19 and PCT or ADM [20,21]. This review will focus on the mechanisms by
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which sepsis and other infections induce the expression of PCT and ADM and their roles in
infectious disease with current knowledge of the physiological functions of PCT and ADM.

2. Procalcitonin and Adrenomedullin
2.1. Procalcitonin

CT is a peptide hormone composed of 32 amino acids with a disulfide bridge in the
N-terminus (Cys1 and Cys7) and amidation at the C-terminus. CT is mainly secreted
from the thyroid gland’s parafollicular cells, which are also called C cells. CT is mainly
considered to control serum calcium levels by inhibiting both the bone-resorbing activity
of osteoclasts resorption and the renal tubular reabsorption of calcium in the kidney [22].
The human CT gene, CALCA, is located in chromosome 11 [23,24] and has two alternative
splicing variants: CT and CGRP [25]. Exons I to IV of CALCA encode the 141-amino
acid-long preproCT [26]. Exons I to III and V of CALCA encode the 128-amino acid-long
preproCGRP [27]. After preproCT is cleaved and the signal peptide of 25 amino acids is
detached, the 116-amino acid-long PCT is generated. The cleavage of PCT then produces
aminoproCT, immature CT, and katacalcin, which is also known as CCP-I (calcitonin
carboxypeptide-1). Then, the immature CT is converted into a mature CT through post-
transcriptional modifications, namely a disulfide bridge between Cys1 and Cys7 and
amidation of the C-terminus (Figure 1) [28–30].

CT receptor (CTR) and CTR-like receptor (CLR) are seven transmembrane G-protein-
coupled receptors (GPCRs) [22,31]. These receptors associate with receptor activity-modifying
proteins (RAMPs) and act as receptors for members of the CT family. RAMPs can associate
with various GPCRs and modify GPCR signaling [32]. The receptor for CT is CTR. The
receptor for CGRP is the combination of CLR and RAMP1. The receptor for ADM is the
combination of CLR and RAMP2 or RAMP3. The receptor for amylin is the combination of
CTR and RAMP1 or RAMP2, or RAMP3 [33–36]. Although CTR is the receptor for CT, PCT
activates the CGRP receptor, which is a combination of CLR and RAMP1 [37]. PCT and its
mRNA are increased in the response to bacterial sepsis and pyrogen in various human and
rodent organs [1,2,38–42]. PCT is distributed in multiple organs, such as the brain, heart,
lungs, liver, and kidney, and in the blood vessels of these organs in cases of patients who
died of septic shock [40]. In addition, PCT levels were high in the liver, kidney, aorta, fat,
ovaries, bladder and adrenal gland in lipopolysaccharide (LPS)-treated baboons [41] and
postmortem PCT levels in the brain, kidney, and liver were high in LPS-treated rabbits [42].
In addition, CT-mRNA expression was also elevated in multiple organs, such as the brain,
pituitary, lungs, heart, liver, and kidney, of the sepsis model animals [2,38,41]. PCT is a
ligand for the CGRP receptor, formed from a heterodimer of CLR and RAMP1 [34]. The
distribution of CLR in humans is similar to the distribution of PCT in septic shock. CLR is
also expressed in multiple organs, such as the blood vessels, heart, and kidney. Although
CLR was not detected over the epithelium of bronchi and bronchioles or bronchial glands,
it was detected in pulmonary vessels [43]. PCT is produced in multiple organs and is
able to enter the circulation. Therefore, it is understood that PCT can affect not only the
producing organ itself, but also distal organs, by being released into the bloodstream
from that organ. In addition, because both PCT and CLR are expressed in blood vessels,
PCT may be involved in systemic inflammatory reaction syndrome (SIRS), by affecting
the permeability of blood vessels throughout the body [44,45]. Under normal conditions,
vascular permeability remains low. However, under conditions of induced inflammation,
inflammatory mediators such as cytokines increase vascular permeability, causing leakage
of plasma components and extravasation of leukocytes. However, excessive production
of inflammatory mediators further increases vascular permeability and aggravates the
pathogenesis [46].
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Figure 1. Calcitonin (CT), procalcitonin (PCT), and receptors of CT and PCT. The cleavage of preproCT
and the release of the signal peptide produces PCT. The cleavage of PCT generates aminopro- CT,
immature CT, and calcitonin carboxypeptide-1 (CCP-I). Immature CT is converted into mature CT
by post-transcriptional modifications (disulfide bridge between Cys1 and Cys7 and amidation of
C-terminus) and binds to the CT receptor (CTR). PCT is converted into PCT3-116, which binds to the
CGRP receptor, which is composed of a heterodimer of the CTR-like receptor (CLR) and receptor
activity-modifying protein 1 (RAMP1).

Processing of PCT1-116 is catalyzed by dipeptidyl-peptidase 4 (DPP-4), which cleaves
the N-terminal dipeptide Ala1-Pro2 of PCT1-116, resulting in the generation of a 114-amino
acid-long, truncated form (PCT3-116) [47]. In addition, PCT3-116 is considered the main form
of PCT in the serum during sepsis [48,49]. At the endothelial cell surface, the DPP-4-cleaved
PCT3-116 activates the CGRP receptor (CLR heterodimerized with RAMP1) and induces
microvascular permeability through the phosphorylation of vascular endothelial (VE)-
cadherin [19]. In addition, increased vascular permeability during inflammatory responses
is brought about by phosphorylation of VE-cadherin [50]. Furthermore, lipopolysaccharide
induces VE-cadherin disruption [51,52]. VE-cadherin is the major adhesion molecule and
constitutes vascular endothelial cell–cell adhesion. Vascular permeability is regulated by
the formation of endothelial cell–cell adhesions. Thus, PCT can play an important role in
the regulation of systemic vascular permeability via VE-cadherin.
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2.2. Adrenomedullin

ADM is a peptide hormone composed of 52 amino acids that displays a disulfide
bridge between Cys16 and Cys21 and amidation at the C-terminus. Although ADM is
mainly expressed in the adrenal medulla, it is also found in a variety of organs, such as
blood vessels, the heart, lungs, kidneys, and so on [53,54]. ADM has diverse physiologi-
cal functions: hemodynamic improvement, organ protection, anti-inflammatory effects,
tissue repair, and regeneration [18]. The human ADM gene, ADM, is located in chro-
mosome 11 [55]. ADM is initially generated as preproADM, which has 185 amino acids.
After cleavage of the 21-amino acid-long signal peptide from preproADM, a proADM
of 164 amino acids is generated. Proadrenomedullin N-terminal 20 peptide (PAMP), of
20 amino acids, the 48-amino acid MR-proADM, the 52-amino acid ADM, and the 33-amino
acid adrenotensin are all released by the cleavage of proADM [56]. Immature ADM be-
comes a mature ADM by post-transcriptional modification (disulfide bridge between Cys16

and Cys21 and amidation of C-terminus) [53] (Figure 2). No physiological function for
MR-proADM has been found to date. In addition, alternative RNA processing of the ADM
gene generates another mRNA coding PAMP and a truncated MR-proADM. Thus, the
expression levels of PAMP and ADM are not parallel [57]. Circulating ADM is elevated
by hypertension [3], heart failure [4], chronic inflammatory lung diseases [5,6] and septic
shock [7]. In addition, ADM reduces endothelial permeability and promotes endothelial
stability [58,59].
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The cleavage of proADM generates mid-regional proadrenomedullin (MR-proADM), ADM, and
adrenotensin. Immature ADM is converted into mature CT by post-transcriptional modifications
(disulfide bridge between Cys16 and Cys21 and amidation of C-terminus) and binds to ADM receptors
AM receptor 1 and AM receptor 2. PAMP is converted into PAMP-12, which binds to Mas-related
G-protein coupled receptor member X2 (MRGPRX2 in humans and Mrgx2 in mice) and atypical
chemokine receptor 3 (ACKR3).

PAMP-12 or PAMP (9-20) is a 12-amino acid peptide is the processed form of PAMP. It
activates chemokine receptors, namely the Mas-related G-protein coupled receptor member
X2 (MRGPRX2 in humans and Mrgx2 in mice) and atypical chemokine receptor 3 (ACKR3),
also known as the C-X-C chemokine receptor type 7 [60]. In addition, PAMP-12 has
hypotensive action [61] and antimicrobial activity [62].

3. Infectious Diseases, Procalcitonin and Adrenomedullin
3.1. Procalcitonin and Adrenomedullin in Sepsis
3.1.1. Sepsis

The current definition of sepsis (Sepsis-3) is life-threatening organ dysfunction caused by
a dysregulated host response to infection [63,64]. Organ dysfunction is considered an acute
change with a sequential (sepsis-related) organ failure assessment (SOFA) score ≥ 2 points,
which is associated with an in-hospital mortality greater than 10% [63,65]. Septic shock, a sub-
type of sepsis, is a severe form of sepsis affecting the circulatory system and producing cellular
and metabolic abnormalities, with a higher risk of death than sepsis. Furthermore, the associ-
ated hypotension requires a vasopressor to maintain a mean arterial pressure ≥ 65 mm Hg
and serum lactate > 2 mmol/L (>18 mg/dL) without hypovolemia [63]. International guide-
lines for managing sepsis and septic shock have been provided [66].

When tissues are stimulated or damaged by pathogens, such as bacteria and fungi,
tissue abnormalities, such as circulatory disturbance, tissue infiltration, and tissue degener-
ation, occur. When the presence of these pathogens or pathological changes in tissues are
sensed, inflammatory responses occur to eliminate the cause of the pathogens and to repair
the abnormalities. The characteristic components of the pathogen or damaged tissues are
recognized as molecular patterns by pattern recognition receptors (PRRs) [67–69]. Molec-
ular patterns include pathogen-associated molecular pattern molecules (PAMPs), which
are derived from infected pathogens, and damage-associated molecular pattern molecules
(DAMPs), are derived from damaged cells. There are five classes of PRRs: toll-like receptors
(TLRs), nucleotide-binding oligomerization domain-like receptors, RIG-I-like receptors
(RLRs), C-type lectin receptors, and absent in melanoma-2-like receptors [70]. Stimulation
of PRRs by pattern recognition molecules activates the intracellular signaling pathways of
PRRs and induces cytokine production and secretion. As a result, inflammatory and infec-
tion defense responses are induced in immune cells and tissue components that express
PRRs [68,71]. A variety of pro-inflammatory cytokines, such as tumor necrosis factor-α
(TNF-α), interleukin-1 (IL-1), IL-6, IL-8, and IL-12, are elevated during the early stages of
sepsis [64,72].

3.1.2. Procalcitonin in Sepsis

Serum PCT are increased by responding to bacterial sepsis and bacterial endotoxins
and are produced in various organs in humans and rodents [1,2,38,39]. CT mRNA is also
elevated in multiple organs by sepsis and endotoxins [1,2,38,39]. Moreover, procalcitonin
increases sepsis mortality in rodents, and antibodies against PCT improve sepsis in pigs
and rodents [14–16,73]. PCT is also induced by proinflammatory cytokines, such as IL-1,
IL-2, IL-6, or TNF-α, which are induced by bacteria or their endotoxins [12,74]. In addition,
the binding site for the transcription factor nuclear factor kappa B (NF-κB) is identified in
the promoter region of the calcitonin gene and LPS induces the expression of PCT via the
activation of NF-κB [75]. NF-κB is a member of the inducible transcription factor family
and a crucial master transcription factor that regulates a variety of molecules for immune
and inflammatory responses. The activation of NF-κB leads to the regulation of many
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genes involved in various processes of inflammatory responses, including the expression
of proinflammatory cytokines. In addition, proinflammatory cytokines such as IL-1, IL-2,
IL-6, and TNF-α, which induce PCT expression, also stimulate the activation of NF-κB [76].

PCT levels are higher in Gram-negative bacteremia than in Gram-positive bacteremia
and fungemia [77–80]. The different PCT values induced by Gram-negative bacteria, Gram-
positive bacteria, and fungi are considered to be due to the fact that each of them stimulate
different receptors. The main membrane component of Gram-negative bacteria is LPS and
that of Gram-positive bacteria is peptidoglycan (PGN) and lipoteichoic acid (LTA). LPS
mainly activates TLR4. In contrast, PGN and LTA mainly activate TLR2. In addition, fungi
mainly activate the C-type lectin receptor. However, the detailed mechanisms by which PCT
values differ among infections caused by different pathogens have not been elucidated [80].
In contrast, it has been considered that the elevation of PCT is not due to viral infection.
Interferons (IFNs) are significantly released by the infection of viruses [81–83]. IFNγ

suppresses the expression of both PCT and its mRNA induced by IL-1 [84]. Thus, PCT has
been considered as a diagnostic marker of sepsis caused by bacteria, not viruses. Therefore,
it should be possible to monitor the usage of antibiotics because the PCT level is thought to
indicate the level of bacterial infection [11,12].

However, recent studies have shown that PCT does not distinguish between bacterial
and viral infection [85,86]. For example, PCT levels in patients with community-acquired
pneumonia (CAP) do not reflect the expected difference between bacterial and viral pneu-
monia [86]. In addition, PCT levels are elevated by viral infection, organ failure, and
mortality. Organ failure and mortality caused by influenza infection induce PCT with-
out bacterial coinfection [85]. Furthermore, an association between PCT and coronavirus
disease 2019 (COVID-19) has been reported [87–94].

PCT has been expected to be a diagnostic marker that indicates the likelihood of
sepsis and septic shock. Early diagnosis of sepsis is one of the effective factors associated
with poor prognosis of sepsis. Diagnostic markers provide information not only on the
likelihood of disease, but also on the subsidence of the disease, improving the patient’s
clinical evaluation. Monitoring PCT values is believed to aid in the appropriate use of
antibiotics in clinical practice and in improving disease status. Therefore, efficient diagnosis
of sepsis prevents misuse and overuse of antibiotics in clinical practice [95–97]. Various
methods of measuring PCT levels have been developed for diagnosis, such as the enzyme-
linked fluorescent immunoassay, chemiluminescence immunoassay, chemiluminescent
microparticle immunoassay, time-resolved amplified cryptate emission immunoassay,
electrochemiluminescence immunoassay, latex-enhanced immunoturbidimetric assay, and
the lateral flow immunoassay, also known as immunochromatography assay or rapid
antigen test [98–100]. In addition, the use of immunohistochemical assays for PCT in specific
organs, such as the brain, heart, lungs, liver, and kidney, is useful for the postmortem
diagnosis of sepsis [44]. Postmortem diagnosis leads to the investigation of the causes of
the process of death and the prevention and treatment of that disease.

3.1.3. Adrenomedullin in Sepsis

Serum ADM levels are increased in sepsis and are associated with the severity of sepsis,
organ failure, and mortality [101–104]. Furthermore, the expression of ADM is upregulated
by LPS and proinflammatory cytokines, such as IL-1 and TNF [105]. In addition, ADM
is also elevated by hypoxia (hypoxic responses) [106]. In sepsis, blood flow is impeded
due to impaired circulatory function caused by vascular microthrombosis. As a result,
oxygen supply to various organs is reduced, leading to hypoxia and multiorgan failure
syndrome [107]. Many biological responses to hypoxia are regulated by the transcription
factors hypoxia-inducible factors (HIFs), key regulators of hypoxia. HIFs regulate genes
involved in a variety of biological events, including hematopoiesis, angiogenesis, inflam-
mation, apoptosis, and autophagy. HIFs also regulate genes related to intracellular energy
metabolism [108,109]. However, HIFs are negatively regulated by prolyl hydroxylase do-
main proteins (PHDs). Therefore, PHDs act as an oxygen concentration sensor molecule
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during hypoxia and serves as a master regulator of the response to hypoxia [110]. HIFs
are transcription factors formed by a heterodimeric complex composed of two subunits,
HIFα and HIF1β, which are also known as aryl hydrocarbon receptor nuclear translocator
(Arnt). A heterodimeric complex of HIFα and HIF1β is responsible for the transcription
of many hypoxia-related genes. The β-subunit of HIF (HIF1β) is always expressed, but
the expression of the α-subunit (HIFα) changes with oxygen concentration. Under normal
oxygen concentrations, specific proline residues in the N-terminal transcription activation
domain (NTAD) of HIFα are hydroxylated by PHDs, which, in turn, is used as an indicator
that HIFα is ubiquitinated by a ubiquitin ligase complex containing the protein product
of the von Hippel-Lindau (pVHL) and degraded by the proteasome. Thus, HIFs are not
able to form a heterodimer consisting of HIFα and HIF1β, leading to the suppression
of the HIF-mediated hypoxic responses. In contrast, hypoxia suppresses the activity of
PHD, which requires molecular oxygen for enzymatic activity, thus inhibiting the hydrox-
ylation of HIFα by PHD. Therefore, HIFα is protected from proteasomal proteolysis by
ubiquitination by the pVHL complex and accumulates intracellularly. This allows HIFα
to bind to HIF1β/Arnt and form heterodimers. HIF promotes transcription of a group
of hypoxia-related genes by binding to specific hypoxia response elements (HREs) on ge-
nomic DNA, thereby activating a HIF-mediated hypoxia response, including the elevation
of ADM [106,108].

ADM suppresses endothelial permeability and promotes endothelial stability, leading
to the reduction of hypoxia and leakage of plasma components and extravasation of
leukocytes [58,59]. In addition, administration of ADM decreases mortality in a rat sepsis
model [17]. It is considered that ADM may reduce sepsis-related mortality by inhibiting
vascular permeability. ADM has two receptors: the AM1 receptor (CLR and RAMP2)
and the AM2 receptor (CLR and RAMP3). It has been reported that AM1 receptors are
involved in angiogenesis and vascular homeostasis, while AM2 receptors are involved
in lymphatic vessel function [111,112]. ADM induces intracellular cAMP [113], leads to
the activation of an exchange protein directly activated by cAMP (Epac1) [114]. Epac1 is a
guanine nucleotide exchange factor for the small GTPase Rap1 [115]. Activation of Epac1
and Rap1 is responsible for the maintenance of endothelial barrier function [114,116]. In
addition, Epac1 has been reported to regulate cell junction formation via VE-cadherin [117].

Although serum ADM levels are related to the severity of sepsis [101–104], it is
difficult to measure serum ADM because the circulating ADM has a short half-life [8]
and the ADM binding protein interferes with the measurement of ADM [118]. Thus,
because MR-proADM is stable in the plasma [119], its levels are measured to indicate the
severity of sepsis [9,13,120,121]. In addition, MR-proADM levels are associated with organ
failure [122]. Administration of ADM reduces mortality in a rat sepsis model [17]. The
N-terminus of ADM may not affect ADM receptors because ADM22–52 binds to the AM
receptors [123]. Thus, Adrecizumab, an antibody that targets the N-terminus of ADM,
increases circulating ADM, which leads to an increase in the activity of ADM [124].

3.2. Procalcitonin and Adrenomedullin in COVID-19
3.2.1. COVID-19

COVID-19, also called the novel coronavirus disease, is an infectious disease caused
by the SARS-CoV-2 virus, also called the novel coronavirus. SARS-CoV-2 is related to
SARS-CoV-1, which caused SARS in 2003, and to the Middle Eastern respiratory syndrome
coronavirus (MERS-CoV), which caused MERS in 2012 [125]. COVID-19 is characterized by
acute respiratory symptoms (sore throat, cough, and shortness of breath), fever, diarrhea,
vomiting, loss of smell or taste, chills, muscle fatigue, and multiple organ failure [126–128].
COVID-19 causes severe viral pneumonia, which, in the most complicated cases, can lead to
death [129]. SARS-CoV-2 has a genomic RNA of approximately 30,000 bases and produces
proteins necessary for the replication and infection of SARS-CoV-2. The spike protein and
envelope proteins are structural proteins that form viral particles. In addition to structural
proteins, viral genomic RNA codes for nonstructural proteins (NSPs) crucial for replication
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and other processes, such as proteases and RNA-dependent RNA polymerase (RdRP). After
SARS-CoV-2 enters the cell, it synthesizes SARS-CoV-2 proteins based on its viral genomic
RNA. Cleavage of this SARS-CoV-2 protein results in the production of NSPs. NSP5 is a
3C-like protease (3CLpro), which is also called main protease (Mpro), and NSP3 is a papain-
like protease (PLpro). 3CLpro and PLpro cleave 11 and 3 sites in the SARS-CoV-2 protein,
respectively. 3CLpro is activated by dimerization to cleave the SARS-CoV-2 protein and
release NSPs, including RdRP (NSP12), NSP 7, and NSP8 [130]. The complex of RdRP, NSP
7, and NSP8 is responsible for the replication of SARS-CoV-2 genomic RNA [131]. RdRP is
an RNA-dependent RPA polymerase, and NSP7 and NSP8 play a role in guiding the long
viral genomic RNA to RdRP. PLpro also plays an important role in prohibiting antiviral
immunity in infected host cells. PLpro deconjugates interferon-stimulated gene 15 (ISG15)
from the interferon regulatory factor (IRF3), leading to the inhibition of the interferon
response [132]. However, the ISG15 released by PLpro is secreted into extracellular spaces
and may induce proinflammatory cytokines, which may cause a cytokine storm [133].
Therefore, molecules that inhibit SARS-CoV-2 proteases and RdRP are attracting attention
as potential drugs against SARS-CoV-2 [134–137].

The COVID-19 patients hospitalized in the intensive care unit met the Sepsis-3 septic
shock definition and displayed organ dysfunctions [138]. The clinical presentation of a
severe or critically ill COVID-19 patient is described as viral sepsis [139]. In addition, SARS
CoV-2 evokes the disruption of intestinal barrier function, leading to the leakage of gut
bacteria and endotoxin into blood and lymph vessels [140].

3.2.2. Procalcitonin and Adrenomedullin in COVID-19

PCT and ADM are diagnostic biomarkers for detecting the severity associated with
COVID-19. The levels of PCT were elevated in patients with severe COVID-19 [87–94]. As in
the case of CAP patients [86], the COVID-19 patients demonstrated an elevated PCT value
despite a low prevalence of bacterial complications [91,141]. PCT levels were increased in
patients with severe COVID-19, although PCT has been considered a diagnostic marker
of sepsis caused by bacteria, not viruses. When viruses infect host cells, PRRs, such as
RLRs and TLRs, sense viruses and promote the induction of type I IFNs (IFN-α, IFN-β) and
type III IFN (IFN-λ). Both type I and III IFNs are innate cytokines that play an important
role in defense against viruses [142]. However, the infection of SARS-CoV-2 leads to low
levels of type I and type III interferons with increased cytokines [143]. Moreover, Orf9b in
SARS-CoV-2 localizes to mitochondrial membranes and interacts with the mitochondrial
import receptor Tom70 (translocase of the mitochondrial outer membrane 70), leading
to the suppression of IFN-β expression [144]. On the other hand, PLpro from SARS-CoV-
2 can release ISG15, leading to the induction of proinflammatory cytokines [133]. In
addition, PLpro deconjugates ISG15 from IRF3, which inhibits interferon responses [132].
PCT is induced by proinflammatory cytokines and is suppressed by IFN. Therefore, the
elevation of PCT in patients with COVID-19 may be due to the effects of the induction of
proinflammatory cytokines in addition to the low level expression of IFNs and suppression
of IFN response by SARS-CoV-2.

MR-proADM and bio-ADM serum levels are associated with severity and mortality
in COVID-19 patients [21,145–148]. Furthermore, ADM levels are potent indicators of
endothelial dysfunction and endotheliitis in patients diagnosed with COVID-19 [149–151].
Endothelial dysfunction is associated with multiple organ failure in COVID-19 [152,153].
Also, ADM plays an essential role in reducing endothelial permeability and promoting
endothelial stability [58,59], as evidenced by phase 2a clinical trial involving an intravenous
ADM infusion for treating COVID-19 patients [154].

4. Concluding Remarks

PCT and ADM have been considered as biological markers for sepsis. Both serum
PCT and ADM levels are increased during severe sepsis and in COVID-19 patients. PCT
is considered to be responsible severity and mortality of sepsis. In addition, PCT3-116 is
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considered as the main form of PCT in serum of patients with sepsis [48,49] and induces
microvascular permeability [19]. In contrast, ADM lowers endothelial permeability and
enhances endothelial stability [58,59]. Moreover, ADM reduces the mortality associated
with sepsis and is used as a therapeutic molecule for COVID-19 [154]. Inhibiting the
activity of PCT and promoting the activity of ADM can improve the severity and mortality
associated with sepsis and in COVID-19 patients. Thus, developing effective drugs and
antibodies targeting PCT and/or ADM to treat sepsis and COVID-19 patients is expected.

5. Future Directions

Both PCT and MD-proADM have been used as biomarkers of infectious diseases,
with PCT reported to be involved in the severity of sepsis and ADM reported to decrease
the severity of sepsis, contrary to PCT. Various functions have been reported for ADM,
such as inhibition of vascular permeability, but the detailed physiological role of PCT has
remained unclear. However, it was recently reported that PCT enhances cell permeability
via phosphorylation of VE-cadherin. Thus, the opposing effects of PCT and ADM in sepsis
are presumably due to the opposing effects of PCT and ADM on vascular permeability.
Therefore, suppressing blood levels of bioactive PCTs or maintaining effective blood levels
of bioactive ADMs may reduce the severity of sepsis. Detailed functional analysis of the
physiological roles of PCT and ADM will be useful in reducing the severity of sepsis and
other infectious diseases, and further research is expected to be developed. In addition,
both PCT and ADM are expected to play a role as bioactive substances that contribute to
treatment, in addition to their conventional role as biomarkers for clinical testing.
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