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Abstract: Antithrombin (AT) is a natural anticoagulant that interacts with activated proteases of
the coagulation system and with heparan sulfate proteoglycans (HSPG) on the surface of cells.
The protein, which is synthesized in the liver, is also essential to confer the effects of therapeutic
heparin. However, AT levels drop in systemic inflammatory diseases. The reason for this decline
is consumption by the coagulation system but also by immunological processes. Aside from the
primarily known anticoagulant effects, AT elicits distinct anti-inflammatory signaling responses.
It binds to structures of the glycocalyx (syndecan-4) and further modulates the inflammatory
response of endothelial cells and leukocytes by interacting with surface receptors. Additionally,
AT exerts direct antimicrobial effects: depending on AT glycosylation it can bind to and perforate
bacterial cell walls. Peptide fragments derived from proteolytic degradation of AT exert antibacterial
properties. Despite these promising characteristics, therapeutic supplementation in inflammatory
conditions has not proven to be effective in randomized control trials. Nevertheless, new insights
provided by subgroup analyses and retrospective trials suggest that a recommendation be made to
identify the patient population that would benefit most from AT substitution. Recent experiment
findings place the role of various AT isoforms in the spotlight. This review provides an overview of
new insights into a supposedly well-known molecule.
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1. Overview

Antithrombin (AT) is synthesized in the liver and, along with protein C and protein S,
is one of three major endogenous anticoagulants. Its functional characteristics arise from
two distinct binding sites: one interacts with the active sites of coagulation factor proteases,
the second one binds to therapeutic heparin and glycosaminoglycans (GAGs) containing a
3-OS-modification on cellular surfaces [1]. Although AT alone exerts inhibitory activity,
its binding to mast cell-derived heparin or endothelial GAGs, such as heparan sulfate [2]
or heparinase, initiates a conformational change leading to an increase in AT activity
by several orders [3,4]. AT binds to active coagulation factors of both the intrinsic and
the extrinsic coagulation system, such as FIXa [5]; contact pathway factors [6], including
kallikrein [7], FXIa, FXIIa, FVIIa [8]; and with highest affinity to FXa and thrombin (FIIa).
Its binding results in the inactivation of the above-mentioned factors and, therefore, acts as
an anticoagulant factor within the coagulation cascade (reviewed in [9]). The importance
of the role of AT in the coagulation cascade is exposed in situations with antithrombin
deficiency or where its function is impaired in carriers of AT mutations. For instance,
the thrombin inhibition capacity by AT is significantly impaired in plasma of patients
carrying mutations in the SERPINC1 gene [10]. The AT Budapest 3 (ATBp3) mutation leads
to changes in the type II heparin-binding site (IIHBS) and, subsequently, to a functional
AT deficiency due to decreased heparin–AT interactions. This was shown to be associated
with an increased risk for thrombosis [11,12].

Int. J. Mol. Sci. 2021, 22, 4283. https://doi.org/10.3390/ijms22084283 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms22084283
https://doi.org/10.3390/ijms22084283
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22084283
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22084283?type=check_update&version=2


Int. J. Mol. Sci. 2021, 22, 4283 2 of 13

Since the primary function of AT is its essential role as anticoagulant, the dynamics in
severe inflammatory syndromes, such as sepsis, are well researched. The lower the levels
of AT, the worse the projected outcome for the septic patient [13,14].

COVID-19 is known to alter the coagulation and, in severe cases, leads to a hyper-
coagulatory state, which is causally involved in non-favorable patient outcomes [15–17].
Microthromboses of the pulmonary vasculature were described early after COVID-19 first
peaked in Europe in spring 2020. It partially caused the pronounced hypoxemia during
symptomatic infection [18]. Certain coagulation parameters were found to be increased,
i.e., fibrinogen, D-Dimer, factor VIII, von Willebrand factor antigen, and protein C levels,
whereas others were found to be decreased: AT and free protein S levels [19]. There
are reports that linked mortality and decreased AT levels in COVID-19 patients [20,21].
However, decreased levels of AT are typical in severe infections, sepsis, and DIC [22]. The
predictive value of AT for mortality in a population of critically ill patients was demon-
strated earlier [23]. AT levels are more frequently aberrated in critically ill patients and
were suggested as an indicator to advanced stages of COVID-19 [20,21].

Less prominent effects of AT concern its role in infection and immunity: AT influences
the bidirectional crosstalk of inflammation and coagulation by inhibiting activated coagula-
tion factors [24]. For example, thrombin is an enzyme that can interact with a number of
receptors and proteins (recently reviewed in [25]). One of them is the family of endothelial
protease-activated receptors (PARs). The activation of PARs by thrombin initiates a set of
pro-inflammatory reactions but also starts regenerative processes. AT covalently binds and
inactivates thrombin and prevents further downstream actions of thrombin. AT circulates
in two isoforms that differ in their number of carbohydrate side-chains. Alpha AT (AT-
α) has four side-chains and is the more common form, while beta AT (AT- β) has one
carbohydrate group less, which makes it more affine to binding heparin [26]. In compari-
son to the concentration in plasma, the concentration of the β isoform of AT is higher in
the extravascular compartment [27]. In addition, AT-β, together with heparin, possesses
an approximately two-fold faster thrombin inhibition than does the α isoform [28]. Sep-
tic patients not only present significantly reduced AT activity but specifically a reduced
concentration primarily of the β isoform [29]. As AT-β exhibits a higher binding affinity
to heparin-like structures, it predominantly conveys anti-inflammatory actions [30]. The
concentration of AT-β is much lower than the concentration of the α isoform (90–95%).
Notably, the concentrations in commercially available AT concentrates are comparable [29].

2. The Role of AT in Host Response to Infection

A bacterial virulence factor is the ability of surface proteins to bind to endogenous
heparin-binding molecules, such as fibronectin, to more efficiently disseminate within the
host. From an evolutionary perspective, this is a most elegant strategy for the invading
pathogen as there is a large array of heparin binding consensus sites throughout mam-
malian organisms [31]. Neisseria gonorrhoeae, for example, was shown to gain access to
epithelial cells by coating with vitronectin without having a specific receptor repertoire
to interact with the target cells, therefore, bypassing a certain tropism [32,33]. In fact,
various Gram-positive and Gram-negative bacteria [34], M. pneumoniae [35], as well as.
fungal [34] and viral pathogens [36], can recruit vitronectin with a heparin-binding motif.
Hypothetically, AT could counteract this instrumentalization of heparin-binding proteins
by bacterial structures by competitively binding to the same heparin-binding sites [31,37].
However, we speculate this would require supraphysiologic concentrations. Furthermore,
it is an unexplored question whether the occupation of the target heparin-binding site
by AT would attenuate the bacterial dissemination in vivo and, thus, act as a direct host
response mechanism.

A direct host defense mechanism of AT is the ability to bind to LPS: recently, a com-
pelling study by Pappareddy et al. showed direct antimicrobial effects of AT. While both
AT glycosylation isoforms bind with comparable affinity to LPS on bacterial surfaces as
measured by surface plasmon resonance technology, the β isoform undergoes a subsequent
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conformational change, which presents as AT aggregates in electron microscopy analy-
sis [38]. This activated form of AT-β is able to perforate the bacterial cell wall and exhibits
bactericidal effects against P. aeruginosa and E. coli. These bactericidal effects are based on
permeabilization of cell walls, as evidenced by intracellular material found extracellularly.
Both isoforms opsonized the microbes, but AT-β induced a higher phagocytic uptake by
macrophages. The authors also observed that, in contrast to AT-α, the β isoform with its
antimicrobial effect is depleted in patients with severe inflammation [38].

The distinct effects of AT isoforms, revealed by Pappareddy et al., are not the only
antimicrobial potential of this versatile molecule. AT consumption is primarily due to
formation of the protease inhibitor complex but includes a small amount of proteolytic
breakdown of AT into fragments [39]. Especially during inflammatory processes, proteases,
such as neutrophil elastases or bacterial proteases, are released and may also fragment
AT [40].

Proteolytic AT preparations revealed that different fragments show varying degrees
of bactericidal effects against different species of bacteria. One of these fragments is FFF21,
whose D helix-derived peptide sequence exerts antimicrobial properties [40]. Interest-
ingly, different fragments showed specific antimicrobial patterns: while KTS43, another
AT-derived antimicrobial peptide (AMP), showed predominantly antibacterial effects, par-
ticularly against E. coli and P. aeruginosa, FFF21 and AKL22 exhibited antimicrobial effects
not only against the Gram-negative bacteria E. coli and P. aeruginosa but also against the
Gram-positive bacteria S. aureus, B. subtilis, and the fungi C. albicans and C. parapsilosis [40].

These findings were translated to in vivo animal models. Injecting the FFF21 peptide
into mice with P. aeruginosa infection resulted in a significantly reduced bacterial load in
various organs, such as the spleen, liver, and kidney, and also in prolonged survival [40].

A further animal experiment showed that the treatment with nebulized plasma-
derived AT reduced outgrowth of S. pneumoniae and histopathologic damage in lungs of
rats [41]. In this study, the outgrowth was reduced in the bronchoalveolar lavage fluid
(BALF) of animals that were treated with nebulized AT compared to placebo.

Therefore, treatment of infections, especially with Gram-negative bacteria, with AT-
derived AMPs might be a promising novel therapeutic approach since resistance to antibi-
otics is increasing.

The manifestation of cerebral malaria, caused by an infection with Plasmodium falci-
parium, was recently linked to a protein secreted by the parasite (histidine-rich protein
II, HRPII) that competes with AT to bind to anticoagulant GAGs. Interestingly, binding
of HRPII to endothelial GAGs induces a pro-inflammatory response, such as disruption
of the endothelial barrier by dissociation of cell–cell junctions. Polyphosphates derived
from P. falciparium and activated platelets bound to HRPII with high affinity and dramat-
ically increased the pro-inflammatory response. The effect of HRPII was competitively
counteracted by adding increasing concentrations of AT in vitro [42].

AT is not only active against bacteria, fungi, and parasitic infections with P. falciparium,
but it also seems to possess anti-viral properties, such as inhibiting cell entry and/or the
replication of other viruses such as HSV-1 [43], HIV-1 [44], or various influenza virus
isolates, especially against influenza A H1N1 [45]. High-dose AT was even more effective
than ribavirin, an antiviral agent, in an in vitro experiment against H1N1. This finding,
though, could not be translated to an in vivo mouse model with high-dose intra-nasal
application [45]. The authors suggested that the route of AT administration via inhalation
would be more effective. However, these experiments were not conducted or have not
yet been published [45]. During Hepatitis C virus (HCV) infection, AT, when binding to
hepatocytes, inhibits HCV replication via down-regulation of certain genes, which are
regulating different signal transduction pathways in the host cells, e.g., of BMP2, CEBPB,
and JUN [46].

The antiviral properties of AT are not entirely understood. In HSV-1 infection the
heparin-bound AT only inhibited the virus at an entry step [43], but a study with HIV-
1 showed that AT induces anti-viral signaling in infected cells, which does not occur
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in unaffected cells [47]. Elmaleh et al. demonstrated that CD4+ T-cells, CD8+ T-cells,
and natural killer cells react to AT by cell migration and inhibit TNF-α-induced NF-κB
activation in CD4+ T-cells [48].

Several host cell signal transduction pathways, altered by HIV infection, such as a
heat-shock protein pathway, NF-κB pathway, and further pathways, are modulated via
treatment with AT, thus, resulting in less virus replication [47]. One central mechanism
could be that the prostaglandin-endoperoxide synthase 2 (PTGS2) is activated by AT only
in virus-infected cells and that PTGS2 over-expression could significantly reduce HIV virus
replication, at least in an in vitro model [47]. This anti-viral effect of heparin-bound AT
was independent of prior drug exposure, clade, or co-receptor usage [49].

Regarding the anti-viral effect of AT, the specific type of AT used for the experiments
was found to be an important factor. In a primate in vivo model, native AT was adminis-
tered at supra-physiologic doses, but anti-viral activity, measured by changes in plasma
viral RNA levels, could not be found [49]. In contrast, administration of heparin-bound AT,
also in a four-fold higher dose of the physiologic concentration, led to an 80% reduction in
the plasma viral load [49]. Unfortunately, in connection with this in vivo animal model, no
information about side effects of AT, such as bleeding, is reported [49]. In the same study,
an in vitro approach was conducted where AT was pre-incubated with heparin. The exper-
iment compared the effect of pre-incubated AT versus heparin alone on human peripheral
blood mononuclear cells (hPBMC) that were infected with a human immunodeficiency
(HIV) enveloped pseudovirus. In this approach, heparin alone had a comparable inhibitory
effect on viral replication as AT-heparin complexes, while AT alone had no effect [49].
Furthermore, other studies found limited antiviral activity of the native form of AT, even
if supra-physiologic doses were administered [44,48,49]. If AT is bound to heparin, the
required dose is significantly decreased, not only in HIV but also in other viral infections
with HCV or HSV [47–49]. This might indicate that heparin also has anti-viral properties
since it is known that heparin binds to certain viral molecules, such as HIV-1 envelope
protein glycoprotein 120 or Herpes simplex virus and dengue virus envelope proteins [50].
However, no information about side effects of the required high doses of AT needed for
the anti-viral efficacy, such as bleeding, is reported [49]. As the combination of high doses
of AT and the concomitant use of heparin is required for the anti-viral effect of AT, this
might be the limiting factor for clinical application as an anti-viral drug in humans. A quite
simple, thus, elegant idea is to administer AT in a form that limits interaction with the
coagulation system: packaging of AT in immunoliposomes allowed improved targeting of
lymphoid organs and, indeed, showed the highest anti-viral results [49].

In addition to direct bacterial killing efficacy, LPS neutralizing, and virus replication
inhibition ability of AT, this serpin also has many anti-inflammatory characteristics. Le-
gitimately, high-dose AT administration was, therefore, proposed to attenuate infectious
disease syndromes and also proved to be effective in a lethal primate endotoxemia model.
In this model, baboons received a lethal dose of E. coli. One hour before the bacterial chal-
lenge, one group received high-dose AT and the other group received saline solution only.
Unfortunately, in this study the bacterial load was not quantified and compared between
the treatment groups and so the bactericidal effect of AT could not be directly evaluated.
At any rate, all animals in the control group died of multiple organ failure and disseminated
intravascular coagulation (DIC), while the animals who received high-dose AT developed
less DIC and inflammatory response [37]. Although the decrease in mortality effected by
high-dose AT could not be translated to humans, an improvement in organ function and
inflammation was detected when administered adjusted to body weight [51]. Therefore,
keeping AT on a certain level might contribute positively to the treatment of sepsis by
attenuating the pro-inflammatory response due to the anti-inflammatory properties of AT.

3. AT and Inflammation

The anti-inflammatory properties of AT can be observed when AT is administered
to septic patients; treatment with AT during sepsis led to a decrease in cytokines, such as
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IL-6, and a decline in CRP concentrations followed by a subsequent drop in body tempera-
ture [52]. When heparinized whole blood is treated with AT, the intracellular expression of
IL-6 and IL-8 is significantly downregulated in monocytes [53]. While this study did find
a slight, not significant, decrease in intracellular TNF-α expression, the TNF-α secretion
induced by LPS in human monocytes was significantly reduced by AT in vitro. The au-
thors also found a synergistic effect of AT and Beraprost, a derivative of prostaglandin I2,
on the suppression of LPS-induced cytokine production by monocytes [54]. When AT is
incubated with neutrophils and monocytes, the expression of pro-inflammatory integrins
for migration and adhesion is downregulated on activation [55]. The anti-inflammatory
activity of AT is conveyed by the D-helix domain of AT, which is also the heparin-binding
site [56]. Downstream effects of the anti-inflammatory activity of AT include an inverse
correlation between AT and H3 histone levels, and higher levels of AT were associated with
reduced immune-mediated tissue damage [57]. H3 histones are cytotoxic and released,
for example, by NETosis [58], which can be induced by activated platelets [59]. However,
a direct effect of thrombin or antithrombin on neutrophil activation or NETosis, to our
knowledge, was never investigated.

Since the initial observation of coagulation-independent anti-inflammatory effects of
AT more than 30 years ago [60], two mechanisms explaining the observed anti-inflammatory
effects have been confirmed in experiments:

• Binding of AT to heparan-sulfate proteoglycans transmits anti-inflammatory effects. Binding
to endothelial heparin-like GAGs induced the release of endothelial prostaglandin
I2 [61], which inhibits platelet activation and suppresses adhesion and rolling of leuko-
cytes on endothelial cells [62]. AT interacts with the glycosaminoglycan syndecan-4 via
its heparin-binding domain [63] and interacts with receptors of the integrin family [64]
on the cell surface [65].

• AT directly binds to specific cellular receptors that inhibit a pro-inflammatory response.
AT was shown to interact with LRP-1, CD13, and CD300f, which reduces the pro-
inflammatory response by suppressing the expression of IL-6, TNF-α, and tissue factor,
e.g., by inhibiting formation of the nuclear factor кB (NF-кB) complex [29,30,38,66].

AT levels decrease in inflammatory conditions. The prime reason for the decline in AT
plasma concentrations is consumption, which can either be proteolytic cleavage of AT or
the less probable spontaneous conformational transformation of an active to a latent form.
The molecular characteristics allow AT to enter an energetically more stable conformation
upon binding to the target proteases [67,68]. This conversion to a latent form renders the
molecule inert. Although latent AT loses its anti-coagulant and anti-inflammatory functions,
it was found to act pro-apoptotic and antiangiogenic [69,70]. A likely explanation for this
function is that latent AT interferes with the interaction between GAGs and proteins of the
extracellular matrix and hampers signal transduction [64]. In an in vitro experiment, the
viability of a human kidney cell line (HEK-EBNA cells) was improved by transfection of
wildtype and mutant AT but not by supplementation of AT to culture medium, suggesting
an intracellular role of AT [71]. A graphical summary of AT and isoform functions is
depicted in Figure 1.
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4. Role of Antithrombin in Tissue Damage

These effects were mostly researched on endothelial and leukocyte cells. As proposed
earlier [72], heparan-sulfate proteoglycans are expressed by virtually all cells. Thus, effects
of AT on extravascular tissues are theoretically possible. Complete knock-out of AT leads to
embryonic lethality with massive subcutaneous hemorrhage and extensive fibrin deposition
in the myocardium and the liver [73]. Deletion of one allele of the Serpinc1 gene, which
encodes for antithrombin, led to a higher degree of tissue damage in a liver injury mouse
model than did knock-out of anti-apoptotic genes. The effect could have been partially
reversed by AT administration [71]. The assumption of extravascular effects is supported
by observations in studies that report the effect of AT on ischemia/reperfusion injuries,
which is beneficial. An ischemia/reperfusion mouse model testing a mutant form of AT
that lacks the thrombin recognition site showed cardioprotective effects with reduced
infarct size and plasma levels of troponin I [74]. Another study showed increased hepatic
levels of prostaglandin I2 after ischemic reperfusion injury in rats [75]. Binding of AT to
vascular GAGs preserves the glycocalyx from degradation after reperfusion injury and so
maintains the endothelial barrier function, resulting in reduced edema formation [76]. The
mechanism by which AT protects the glycocalyx is not fully elucidated. However, there
is the theory that binding of AT to heparan-sulfate proteoglycans with its D-helix acts as
a shield against proteolytic breakdown [77]. In a rat model challenged with intravenous
endotoxin administration, concomitant treatment with a newly developed recombinant AT
preparation reduced circulating levels of syndecan-1 and hyaluronan, both components
of the glycocalyx. Intravital microscopy revealed a thicker glycocalyx in treated animals,
which also had better microvascular perfusion and lower systemic lactate levels [78].
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Administration of nebulized AT after chemically induced lung injury in rats showed a
reduction of edema, downregulation of tissue factor expression, and consequently, lower
fibrin deposition in the pulmonary tissue, an effect that was not observed in the group
receiving concomitant heparin [79]. Still, more data are needed to assess the effect of AT on
extravascular cells and tissues.

5. Antithrombin as a Key Target for Sepsis Treatment

The anticoagulatory and anti-inflammatory properties of AT would seem to make it
a promising drug for the treatment of sepsis. There is a non-linear association between
AT activity and mortality: the lower the AT concentration, the higher the risk of adverse
patient outcome [80]. Notably, AT synthesis is decreased due to liver impairment in septic
conditions [81]; in pediatric patients, AT could be a useful prognostic marker for predicting
organ dysfunction and mortality in sepsis [13]. Recent trials state that treatment with AT
had a positive effect on inflammatory processes, among which are reduced NETosis [82].
Treatment with AT was associated with improved recovery from disseminated intravascular
coagulopathy (DIC) [82–84], even when concomitant anticoagulants were given [83,85,86].

In a retrospective trial conducted in 926 patients with sepsis-induced DIC, Iba et al.
calculated a cutoff value for death, namely, for AT activity at baseline at about 41% and for
an AT activity level after AT administration at about 71% and, thus, showed that activity-
monitored AT supplementation has a beneficial impact on the survival rate [87]. The most
well-known clinical study investigating the effects of AT in septic patients is the KyberSept
trial [88]. Although the study included a large number of patients (2314 individuals), the
trial failed to prove a significant difference in the survival rate in the AT group versus the
placebo group but demonstrated significantly more bleeding events in the AT group. The
study undermined the critical role of heparin treatment: subgroup analysis revealed that
patients who did not receive concomitant heparin had a survival benefit and lower rates
of bleeding events, while survival of patients who suffered major bleeding did not differ
between the groups [88]. A subgroup analysis revealed a reduction in mortality in patients
with DIC not receiving concomitant heparin [89]. A subsequent meta-analysis found no
difference in the mortality of septic patients with and without DIC but, again, detected an
increased bleeding incidence following the administration of AT [90]. A notable limitation
of the meta-analysis is the fact that KyberSept contributed the large majority of meta-
analyzed patients, thus, biasing the results towards the outcome of the KyberSept trial,
which did not primarily stratify included patients according to the presence of DIC [91].

The non-systemic administration of AT might provide a reasonable form of applica-
tion. Nebulized AT was associated with limited bacterial growth and reduced pulmonary
coagulopathy in rats challenged intratracheally with S. pneumonia [41]. Another poten-
tial therapeutic use of anticoagulants was discussed for patients suffering from smoke-
inhalation-associated acute lung injury, a serious injury seen in fire victims. Although only
data from animal studies are available, application of nebulized AT resulted in promising
improvements in clinical endpoints, such as days on mechanical ventilation or PaO2/FiO2
after weaning, without altering systemic coagulation parameters [92].

Nevertheless, a potential beneficial effect of AT supplementation, particularly regard-
ing the evaluation of further clinical outcomes of sepsis in different patient groups, is
discussed. Subgroup analyses and retrospective trials provided evaluations of effects
beyond the hard outcome of “mortality”. This included, i.e., a reduced time to recovery
from DIC [93] by improvement of platelet counts [84]. AT levels inversely correlate with
the risk of sepsis-induced AKI [14]. Another trial, investigating the efficacy of high-dose
AT supplementation in septic patients with DIC, showed improved survival for the patient
group that received high-dose supplementation of AT. Unfortunately, the study lacked a
control group receiving placebo [94]. Kim et al. specifically investigated adult septic shock
patients suffering from DIC and AT levels of <70% and were able to show a reduced 28-day
mortality when AT was supplemented [95]. AT supplementation in sepsis-induced DIC
is common clinical practice in Japan and recommended specifically in patients whose AT



Int. J. Mol. Sci. 2021, 22, 4283 8 of 13

levels dropped below 70% [96]. Recently, rAT-gamma, which lacks a core fucose complex,
thus, rendering it less affine to procoagulant enzymes, was approved by Japanese author-
ities for therapeutic use in patients with congenital AT deficiency and in sepsis-induced
DIC [97]. In summary, the current data suggest a potentially beneficial effect in patients
with sepsis-induced DIC and no effect, or even a harmful effect, in unselected critically ill
patients. In order to break the scientific stalemate, AT supplementation should be tested
as targeted therapy in study cohorts, where recent data suggest that a specific patient
population could benefit from the therapeutic supplementation [98].

6. Immunologic Implications of Therapeutic Antithrombin Supplementation

Despite the potential positive effects, AT supplementation is controversially discussed.
A major concern is bleeding risk after administration, especially with the concomitant
administration of heparin, a frequent preventive therapeutic measure in septic patients;
the heparin-binding site of AT and the binding site of AT for its anti-inflammatory in-
teractions are identical. A potentially competitive reduction of the anti-inflammatory
capacity of AT was shown in a hamster window model with LPS-induced sepsis, in which
microvascular leukocyte–endothelial (LE) cell interactions and alterations in functional
capillary density (FCD) were neutralized to levels measured in untreated hamsters as
soon as AT was given together with UFH or LMWH [65,99]. This abrogating effect was
also detected in a subgroup analysis in the KyperSept trial, where only patients not re-
ceiving concomitant heparin showed a survival benefit [88]. To prevent the inhibition
of beneficial immune-modulatory and antimicrobial effects of AT by heparin, alternative
anticoagulatory substances, such as argatroban, can be used. Argatroban is a well-known
treatment alternative for patients suffering from heparin-induced thrombocytopenia (HIT)
and exhibits its anticoagulatory effects via the direct inhibition of thrombin [100]. It is a
small molecule and binds reversibly to the catalytic site of thrombin. Argatroban exerts
its anticoagulatory effects on soluble and clot-bound thrombin and has an almost linear
dose–response relationship. The short half-life of about 40 min makes it a well-controllable
substance [101,102]. In addition to its direct anticoagulatory effect, thrombolytic properties
have been proven in patients suffering from thrombotic ischemic events, such as myocar-
dial infarction [103]. Direct thrombin inhibition could have further beneficial effects since
a main characteristic of DIC is upregulated thrombin formation [102]. While the data on
patients suffering from DIC using argatroban are insufficient, small case series suggest a
beneficial effect of argatroban on recovery from DIC [104,105]. Animal models support
these promising effects of direct thrombin inhibitors in the prevention of DIC [106]. Criti-
cally ill patients who suffer from heparin resistance might also benefit from anticoagulation
with argatroban. Target activated partial thromboplastin times (aPTT) can be achieved
faster and more easily with argatroban than with heparin (Bachler et al.) [107]. Critically ill
patients who suffer from sepsis and DIC are a very vulnerable patient group and target-
specific treatments are critically needed. Low levels of AT are common in sepsis or other
conditions with a severely inflammatory phenotype, such as COVID-19, where thrombin
generation markers are high and standard treatment with LMWH is ineffective [108]. Based
on these observations, it is suggestive that medications, such as direct thrombin inhibitors,
should be preferred over treatment regimens that are known to interfere with immunologic
pathways, e.g., heparin. However, clinical studies proving this speculation are lacking.

7. Conclusions

Although the available data are currently still insufficient to facilitate solid clinical
decision-making, the potential of AT in sepsis-induced DIC should be further investigated.
Treatment options for sepsis and, especially, DIC are sparse and have not improved signifi-
cantly over recent years; the research of AT as an anti-inflammatory, immune-modulating
and antimicrobial drug still holds potential. Discovery of the distinguished roles of the α

and β isoforms of AT might provide the advance needed to exploit the beneficial effects
of AT without increasing the risk for major bleedings or might help identify patients who
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would benefit most from AT supplementation. Theoretically effective treatment options of
the anti-inflammatory mechanisms conveyed by AT remain to be evaluated in experiments.
Also, a comparison of sepsis severity groups, with or without DIC, in the scale of the Ky-
berSept trial would be of great interest. Until then, AT supplementation in septic patients
with confirmed DIC and reduced AT levels might exert beneficial effects on inflammatory
processes and survival, but it remains an off-label use.

Author Contributions: Writing—original draft preparation, C.S.; writing—original draft preparation,
review and editing, A.B.; conceptualization, writing—original draft preparation, review and editing,
M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. De Agostini, A.I.; Watkins, S.C.; Slayter, H.S.; Youssoufian, H.; Rosenberg, R.D. Localization of anticoagulantly active heparan

sulfate proteoglycans in vascular endothelium: Antithrombin binding on cultured endothelial cells and perfused rat aorta. J. Cell
Biol. 1990, 111, 1293–1304. [CrossRef]

2. Guo, C.; Fan, X.; Qiu, H.; Xiao, W.; Wang, L.; Xu, B. High-resolution probing heparan sulfate-antithrombin interaction on a single
endothelial cell surface: Single-molecule AFM studies. Phys. Chem. Chem. Phys. 2015, 17, 13301–13306. [CrossRef] [PubMed]

3. Bohdan, N.; Espin, S.; Aguila, S.; Teruel-Montoya, R.; Vicente, V.; Corral, J.; Martinez-Martinez, I. Heparanase activates
antithrombin through the binding to its heparin binding site. PLoS ONE 2016, 11, e0157834. [CrossRef] [PubMed]

4. Marcum, J.A.; McKenney, J.B.; Rosenberg, R.D. Acceleration of thrombin-antithrombin complex formation in rat hindquarters via
heparinlike molecules bound to the endothelium. J. Clin. Investig. 1984, 74, 341–350. [CrossRef] [PubMed]

5. Westmark, P.R.; Tanratana, P.; Sheehan, J.P. Selective disruption of heparin and antithrombin-mediated regulation of human
factor IX. J. Thromb. Haemost. 2015, 13, 1053–1063. [CrossRef] [PubMed]

6. Joist, J.H.; Cowan, J.F.; Khan, M. Rapid loss of factor XII and XI activity in ellagic acid-activated normal plasma: Role of plasma
inhibitors and implications for automated activated partial thromboplastin time recording. J. Lab. Clin. Med. 1977, 90, 1054–1065.

7. Derkx, F.H.; Bouma, B.N.; Schalekamp, M.A. Prorenin-renin conversion by the contact activation system in human plasma: Role
of plasma protease inhibitors. J. Lab. Clin. Med. 1984, 103, 560–573. [PubMed]

8. Vatsyayan, R.; Kothari, H.; Mackman, N.; Pendurthi, U.R.; Rao, L.V. Inactivation of factor VIIa by antithrombin in vitro, ex vivo
and in vivo: Role of tissue factor and endothelial cell protein C receptor. PLoS ONE 2014, 9, e103505. [CrossRef]

9. Rezaie, A.R.; Giri, H. Anticoagulant and signaling functions of antithrombin. J. Thromb. Haemost. 2020, 18, 3142–3153. [CrossRef]
10. Reda, S.; Müller, J.; Pavlova, A.; Pezeshkpoor, B.; Oldenburg, J.; Pötzsch, B.; Rühl, H. Functional Characterization of Antithrombin

Mutations by Monitoring of Thrombin Inhibition Kinetics. Int. J. Mol. Sci. 2021, 22, 2119. [CrossRef]
11. Gindele, R.; Selmeczi, A.; Oláh, Z.; Ilonczai, P.; Pfliegler, G.; Marján, E.; Nemes, L.; Nagy, Á.; Losonczy, H.; Mitic, G.; et al. Clinical

and laboratory characteristics of antithrombin deficiencies: A large cohort study from a single diagnostic center. Thromb. Res.
2017, 160, 119–128. [CrossRef] [PubMed]

12. Bereczky, Z.; Gindele, R.; Fiatal, S.; Speker, M.; Miklós, T.; Balogh, L.; Mezei, Z.; Szabó, Z.; Ádány, R. Age and origin of the
founder antithrombin Budapest 3 (p.Leu131Phe) mutation; its high prevalence in the Roma population and its association with
cardiovascular diseases. Front. Cardiovasc. Med. 2021, 7, 617711. [CrossRef] [PubMed]

13. Niederwanger, C.; Hell, T.; Hofer, S.; Salvador, C.; Michel, M.; Schenk, B.; Treml, B.; Bachler, M. Antithrombin deficiency is
associated with mortality and impaired organ function in septic pediatric patients: A retrospective study. PeerJ 2018, 6, e5538.
[CrossRef] [PubMed]

14. Xie, Y.; Zhang, Y.; Tian, R.; Jin, W.; Du, J.; Zhou, Z.; Wang, R. A prediction model of sepsis-associated acute kidney injury based
on antithrombin III. Clin. Exp. Med. 2020, 21. [CrossRef]

15. Klok, F.A.; Kruip, M.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.; Stals, M.A.M.;
Huisman, M.V.; et al. Confirmation of the high cumulative incidence of thrombotic complications in critically ill ICU patients
with COVID-19: An updated analysis. Thromb. Res. 2020, 191, 148–150. [CrossRef] [PubMed]

16. Klok, F.A.; Kruip, M.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.; Stals, M.A.M.;
Huisman, M.V.; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb. Res. 2020, 191,
145–147. [CrossRef]

http://doi.org/10.1083/jcb.111.3.1293
http://doi.org/10.1039/C5CP01305D
http://www.ncbi.nlm.nih.gov/pubmed/25921251
http://doi.org/10.1371/journal.pone.0157834
http://www.ncbi.nlm.nih.gov/pubmed/27322195
http://doi.org/10.1172/JCI111429
http://www.ncbi.nlm.nih.gov/pubmed/6746897
http://doi.org/10.1111/jth.12960
http://www.ncbi.nlm.nih.gov/pubmed/25851619
http://www.ncbi.nlm.nih.gov/pubmed/6366096
http://doi.org/10.1371/journal.pone.0103505
http://doi.org/10.1111/jth.15052
http://doi.org/10.3390/ijms22042119
http://doi.org/10.1016/j.thromres.2017.10.023
http://www.ncbi.nlm.nih.gov/pubmed/29153735
http://doi.org/10.3389/fcvm.2020.617711
http://www.ncbi.nlm.nih.gov/pubmed/33614741
http://doi.org/10.7717/peerj.5538
http://www.ncbi.nlm.nih.gov/pubmed/30202654
http://doi.org/10.2139/ssrn.3539629
http://doi.org/10.1016/j.thromres.2020.04.041
http://www.ncbi.nlm.nih.gov/pubmed/32381264
http://doi.org/10.1016/j.thromres.2020.04.013


Int. J. Mol. Sci. 2021, 22, 4283 10 of 13

17. Lodigiani, C.; Iapichino, G.; Carenzo, L.; Cecconi, M.; Ferrazzi, P.; Sebastian, T.; Kucher, N.; Studt, J.D.; Sacco, C.; Bertuzzi,
A.; et al. Venous and arterial thromboembolic complications in COVID-19 patients admitted to an academic hospital in Milan,
Italy. Thromb. Res. 2020, 191, 9–14. [CrossRef]

18. Carsana, L.; Sonzogni, A.; Nasr, A.; Rossi, R.S.; Pellegrinelli, A.; Zerbi, P.; Rech, R.; Colombo, R.; Antinori, S.; Corbellino, M.; et al.
Pulmonary post-mortem findings in a series of COVID-19 cases from northern Italy: A two-centre descriptive study. Lancet Infect.
Dis. 2020, 20, 1135–1140. [CrossRef]

19. Panigada, M.; Bottino, N.; Tagliabue, P.; Grasselli, G.; Novembrino, C.; Chantarangkul, V.; Pesenti, A.; Peyvandi, F.; Tripodi, A.
Hypercoagulability of COVID-19 patients in intensive care unit: A report of thromboelastography findings and other parameters
of hemostasis. J. Thromb. Haemost. 2020, 18, 1738–1742. [CrossRef]

20. Gazzaruso, C.; Paolozzi, E.; Valenti, C.; Brocchetta, M.; Naldani, D.; Grignani, C.; Salvucci, F.; Marino, F.; Coppola, A.; Gallotti, P.
Association between antithrombin and mortality in patients with COVID-19. A possible link with obesity. Nutr. Metab. Cardiovasc.
Dis. 2020, 30, 1914–1919. [CrossRef]

21. Briguglio, M.; Crespi, T.; Pino, F.; Mazzocchi, M.; Porta, M.; De Vecchi, E.; Banfi, G.; Perazzo, P. Clinical characteristics of severe
COVID-19 patients admitted to an Intensive Care Unit in Lombardy during the Italian pandemic. Front. Med. 2021. [CrossRef]

22. Levy, J.H.; Sniecinski, R.M.; Welsby, I.J.; Levi, M. Antithrombin: Anti-inflammatory properties and clinical applications. Throm.
Haemost. 2016, 115, 712–728. [CrossRef]

23. Hjorleifsson, E.; Sigurdsson, M.I.; Gudmundsdottir, B.R.; Sigurdsson, G.H.; Onundarson, P.T. Prediction of survival in patients
suspected of disseminated intravascular coagulation. Acta Anaesthesiol. Scand. 2015, 59, 870–880. [CrossRef]

24. Levi, M.; van der Poll, T.; Büller, H.R. Bidirectional relation between inflammation and coagulation. Circulation 2004, 109,
2698–2704. [CrossRef]

25. Rezaie, A.R.; Giri, H. Antithrombin: An anticoagulant, anti-inflammatory and antibacterial serpin. J. Thromb. Haemost. 2020, 18,
528–533. [CrossRef] [PubMed]

26. McCoy, A.J.; Pei, X.Y.; Skinner, R.; Abrahams, J.P.; Carrell, R.W. Structure of beta-antithrombin and the effect of glycosylation on
antithrombin’s heparin affinity and activity. J. Mol. Biol. 2003, 326, 823–833. [CrossRef]

27. Kamp, P.; Strathmann, A.; Ragg, H. Heparin cofactor II, antithrombin-beta and their complexes with thrombin in human tissues.
Thromb. Res. 2001, 101, 483–491. [CrossRef]

28. Chan, A.K.; Berry, L.R.; Paredes, N.; Parmar, N. Isoform composition of antithrombin in a covalent antithrombin-heparin complex.
Biochem. Biophys. Res. Commun. 2003, 309, 986–991. [CrossRef] [PubMed]

29. Romisch, J.; Donges, R.; Stauss, H.; Inthorn, D.; Muhlbayer, D.; Jochum, M.; Hoffmann, J. Quantification of antithrombin isoform
proportions in plasma samples of healthy subjects, sepsis patients, and in antithrombin concentrates. Pathophysiol. Haemost.
Thromb. 2002, 32, 143–150. [CrossRef]

30. Oelschlager, C.; Romisch, J.; Staubitz, A.; Stauss, H.; Leithauser, B.; Tillmanns, H.; Holschermann, H. Antithrombin III inhibits
nuclear factor kappaB activation in human monocytes and vascular endothelial cells. Blood 2002, 99, 4015–4020. [CrossRef]

31. Duensing, T.D.; Wing, J.S.; van Putten, J.P. Sulfated polysaccharide-directed recruitment of mammalian host proteins: A novel
strategy in microbial pathogenesis. Infect. Immun. 1999, 67, 4463–4468. [CrossRef] [PubMed]

32. Dehio, M.; Gomez-Duarte, O.G.; Dehio, C.; Meyer, T.F. Vitronectin-dependent invasion of epithelial cells by Neisseria gonorrhoeae
involves alpha(v) integrin receptors. FEBS Lett. 1998, 424, 84–88. [CrossRef]

33. Duensing, T.D.; Putten, J.P. Vitronectin binds to the gonococcal adhesin OpaA through a glycosaminoglycan molecular bridge.
Biochem. J. 1998, 334, 133–139. [CrossRef] [PubMed]

34. Hallstrom, T.; Singh, B.; Kraiczy, P.; Hammerschmidt, S.; Skerka, C.; Zipfel, P.F.; Riesbeck, K. Conserved Patterns of Microbial
Immune Escape: Pathogenic Microbes of Diverse Origin Target the Human Terminal Complement Inhibitor Vitronectin via a
Single Common Motif. PLoS ONE 2016, 11, e0147709. [CrossRef] [PubMed]

35. Widjaja, M.; Berry, I.J.; Jarocki, V.M.; Padula, M.P.; Dumke, R.; Djordjevic, S.P. Cell surface processing of the P1 adhesin of
Mycoplasma pneumoniae identifies novel domains that bind host molecules. Sci. Rep. 2020, 10, 6384. [CrossRef]

36. Lerch, T.F.; Chapman, M.S. Identification of the heparin binding site on adeno-associated virus serotype 3B (AAV-3B). Virology
2012, 423, 6–13. [CrossRef]

37. Minnema, M.C.; Chang, A.C.; Jansen, P.M.; Lubbers, Y.T.; Pratt, B.M.; Whittaker, B.G.; Taylor, F.B.; Hack, C.E.; Friedman, B.
Recombinant human antithrombin III improves survival and attenuates inflammatory responses in baboons lethally challenged
with Escherichia coli. Blood 2000, 95, 1117–1123.043A. [CrossRef]

38. Papareddy, P.; Rossnagel, M.; Doreen Hollwedel, F.; Kilic, G.; Veerla, S.; Naudin, C.; Smeds, E.; Westman, J.; Martinez-Martinez, I.;
Egesten, A.; et al. A human antithrombin isoform dampens inflammatory responses and protects from organ damage during
bacterial infection. Nat. Microbiol. 2019, 4, 2442–2455. [CrossRef]

39. Lawrence, D.A.; Olson, S.T.; Muhammad, S.; Day, D.E.; Kvassman, J.O.; Ginsburg, D.; Shore, J.D. Partitioning of serpin-proteinase
reactions between stable inhibition and substrate cleavage is regulated by the rate of serpin reactive center loop insertion into
beta-sheet A. J. Biol. Chem. 2000, 275, 5839–5844. [CrossRef]

40. Papareddy, P.; Kalle, M.; Bhongir, R.K.; Mörgelin, M.; Malmsten, M.; Schmidtchen, A. Antimicrobial effects of helix D-derived
peptides of human antithrombin III. J. Biol. Chem. 2014, 289, 29790–29800. [CrossRef]

41. Hofstra, J.J.; Cornet, A.D.; de Rooy, B.F.; Vlaar, A.P.; van der Poll, T.; Levi, M.; Zaat, S.A.; Schultz, M.J. Nebulized antithrombin
limits bacterial outgrowth and lung injury in Streptococcus pneumoniae pneumonia in rats. Crit. Care 2009, 13, R145. [CrossRef]

http://doi.org/10.1016/j.thromres.2020.04.024
http://doi.org/10.1016/S1473-3099(20)30434-5
http://doi.org/10.1111/jth.14850
http://doi.org/10.1016/j.numecd.2020.07.040
http://doi.org/10.3389/fmed.2021.582896
http://doi.org/10.1160/TH15-08-0687
http://doi.org/10.1111/aas.12537
http://doi.org/10.1161/01.CIR.0000131660.51520.9A
http://doi.org/10.1111/jth.14724
http://www.ncbi.nlm.nih.gov/pubmed/32112532
http://doi.org/10.1016/S0022-2836(02)01382-7
http://doi.org/10.1016/S0049-3848(00)00422-9
http://doi.org/10.1016/j.bbrc.2003.08.109
http://www.ncbi.nlm.nih.gov/pubmed/13679071
http://doi.org/10.1159/000065218
http://doi.org/10.1182/blood.V99.11.4015
http://doi.org/10.1128/IAI.67.9.4463-4468.1999
http://www.ncbi.nlm.nih.gov/pubmed/10456887
http://doi.org/10.1016/S0014-5793(98)00144-6
http://doi.org/10.1042/bj3340133
http://www.ncbi.nlm.nih.gov/pubmed/9693112
http://doi.org/10.1371/journal.pone.0147709
http://www.ncbi.nlm.nih.gov/pubmed/26808444
http://doi.org/10.1038/s41598-020-63136-y
http://doi.org/10.1016/j.virol.2011.10.007
http://doi.org/10.1182/blood.V95.4.1117.002k12_1117_1123
http://doi.org/10.1038/s41564-019-0559-6
http://doi.org/10.1074/jbc.275.8.5839
http://doi.org/10.1074/jbc.M114.570465
http://doi.org/10.1186/cc8040


Int. J. Mol. Sci. 2021, 22, 4283 11 of 13

42. Dinarvand, P.; Yang, L.; Biswas, I.; Giri, H.; Rezaie, A.R. Plasmodium falciparum histidine rich protein HRPII inhibits the
anti-inflammatory function of antithrombin. J. Thromb. Haemost. 2020, 18, 1473–1483. [CrossRef] [PubMed]

43. Quenelle, D.C.; Hartman, T.L.; Buckheit, R.W.; Prichard, M.N.; Lynn, R.G. Anti-HSV activity of serpin antithrombin III. Int. Trends
Immun. 2014, 2, 87–92.

44. Geiben-Lynn, R.; Brown, N.; Walker, B.D.; Luster, A.D. Purification of a modified form of bovine antithrombin III as an HIV-1
CD8+ T-cell antiviral factor. J. Biol. Chem. 2002, 277, 42352–42357. [CrossRef]

45. Smee, D.F.; Hurst, B.L.; Day, C.W.; Geiben-Lynn, R. Influenza Virus H1N1 inhibition by serine protease inhibitor (serpin)
antithrombin III. Int. Trends Immun. 2014, 2, 83–86.

46. Asmal, M.; Seaman, M.; Lin, W.; Chung, R.T.; Letvin, N.L.; Geiben-Lynn, R. Inhibition of HCV by the serpin antithrombin III.
Virol. J. 2012, 9, 226. [CrossRef]

47. Whitney, J.B.; Asmal, M.; Geiben-Lynn, R. Serpin induced antiviral activity of prostaglandin synthetase-2 against HIV-1 replication.
PLoS ONE 2011, 6, e18589. [CrossRef] [PubMed]

48. Elmaleh, D.R.; Brown, N.V.; Geiben-Lynn, R. Anti-viral activity of human antithrombin III. Int. J. Mol. Med. 2005, 16, 191–200.
[CrossRef] [PubMed]

49. Asmal, M.; Whitney, J.B.; Luedemann, C.; Carville, A.; Steen, R.; Letvin, N.L.; Geiben-Lynn, R. In vivo anti-HIV activity of the
heparin-activated serine protease inhibitor antithrombin III encapsulated in lymph-targeting immunoliposomes. PLoS ONE 2012,
7, e48234. [CrossRef]

50. Muñoz, E.M.; Linhardt, R.J. Heparin-binding domains in vascular biology. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1549–1557.
[CrossRef]

51. Kuroda, H.; Masuda, Y. Comparison of Protective Effects of Recombinant Antithrombin Gamma and Plasma-Derived Antithrom-
bin on Sepsis-Induced Disseminated Intravascular Coagulation and Multiple Organ Failure. Clin. Appl. Thromb. 2020, 26.
[CrossRef]

52. Inthorn, D.; Hoffmann, J.N.; Hartl, W.H.; Muhlbayer, D.; Jochum, M. Effect of antithrombin III supplementation on inflammatory
response in patients with severe sepsis. Shock 1998, 10, 90–96. [CrossRef] [PubMed]

53. Kellner, P.; Nestler, F.; Leimert, A.; Bucher, M.; Czeslick, E.; Sablotzki, A.; Raspe, C. Antithrombin III, but not C1 esterase inhibitor
reduces inflammatory response in lipopolysaccharide-stimulated human monocytes in an ex-vivo whole blood setting. Cytokine
2014, 70, 173–178. [CrossRef] [PubMed]

54. Komura, H.; Uchiba, M.; Mizuochi, Y.; Arai, M.; Harada, N.; Katsuya, H.; Okajima, K. Antithrombin inhibits lipopolysaccharide-
induced tumor necrosis factor-alpha production by monocytes in vitro through inhibition of Egr-1 expression. J. Thromb. Haemost.
2008, 6, 499–507. [CrossRef] [PubMed]

55. Gritti, D.; Malinverno, A.; Gasparetto, C.; Wiedermann, C.J.; Ricevuti, R. Attenuation of leukocyte beta 2-integrin expression by
antithrombin-III. Int. J. Immunopathol. Pharmacol. 2004, 17, 27–32. [CrossRef] [PubMed]

56. Yang, L.; Dinarvand, P.; Qureshi, S.H.; Rezaie, A.R. Engineering D-helix of antithrombin in alpha-1-proteinase inhibitor confers
antiinflammatory properties on the chimeric serpin. Thromb. Haemost. 2014, 112, 164–175. [CrossRef]

57. Wildhagen, K.C.; Wiewel, M.A.; Schultz, M.J.; Horn, J.; Schrijver, R.; Reutelingsperger, C.P.; van der Poll, T.; Nicolaes, G.A.
Extracellular histone H3 levels are inversely correlated with antithrombin levels and platelet counts and are associated with
mortality in sepsis patients. Thromb. Res. 2015, 136, 542–547. [CrossRef]

58. Wang, Y.; Li, M.; Stadler, S.; Correll, S.; Li, P.; Wang, D.; Hayama, R.; Leonelli, L.; Han, H.; Grigoryev, S.A.; et al. Histone
hypercitrullination mediates chromatin decondensation and neutrophil extracellular trap formation. J. Cell Biol. 2009, 184,
205–213. [CrossRef]

59. Caudrillier, A.; Kessenbrock, K.; Gilliss, B.M.; Nguyen, J.X.; Marques, M.B.; Monestier, M.; Toy, P.; Werb, Z.; Looney, M.R. Platelets
induce neutrophil extracellular traps in transfusion-related acute lung injury. J. Clin. Investig. 2012, 122, 2661–2671. [CrossRef]

60. Taylor, F.B., Jr.; Emerson, T.E., Jr.; Jordan, R.; Chang, A.K.; Blick, K.E. Antithrombin-III prevents the lethal effects of Escherichia
coli infusion in baboons. Circ. Shock 1988, 26, 227–235.

61. Horie, S.; Ishii, H.; Kazama, M. Heparin-like glycosaminoglycan is a receptor for antithrombin III-dependent but not for
thrombin-dependent prostacyclin production in human endothelial cells. Thromb. Res. 1990, 59, 895–904. [CrossRef]

62. Hoffmann, J.N.; Vollmar, B.; Inthorn, D.; Schildberg, F.W.; Menger, M.D. Antithrombin reduces leukocyte adhesion during chronic
endotoxemia by modulation of the cyclooxygenase pathway. Am. J. Physiol. Physiol. 2000, 279. [CrossRef]

63. Kaneider, N.C.; Egger, P.; Dunzendorfer, S.; Wiedermann, C.J. Syndecan-4 as antithrombin receptor of human neutrophils.
Biochem. Biophys. Res. Commun. 2001, 287, 42–46. [CrossRef]

64. Morgan, M.R.; Humphries, M.J.; Bass, M.D. Synergistic control of cell adhesion by integrins and syndecans. Nat. Rev. Mol. Cell
Biol. 2007, 8, 957–969. [CrossRef] [PubMed]

65. Dunzendorfer, S.; Kaneider, N.; Rabensteiner, A.; Meierhofer, C.; Reinisch, C.; Römisch, J.; Wiedermann, C.J. Cell-surface heparan
sulfate proteoglycan-mediated regulation of human neutrophil migration by the serpin antithrombin III. Blood 2001, 97, 1079–1085.
[CrossRef]

66. Kaneider, N.C.; Reinisch, C.M.; Dunzendorfer, S.; Romisch, J.; Wiedermann, C.J. Syndecan-4 mediates antithrombin-induced
chemotaxis of human peripheral blood lymphocytes and monocytes. J. Cell Sci. 2002, 115, 227–236. [PubMed]

67. Schreuder, H.A.; de Boer, B.; Dijkema, R.; Mulders, J.; Theunissen, H.J.; Grootenhuis, P.D.; Hol, W.G. The intact and cleaved
human antithrombin III complex as a model for serpin-proteinase interactions. Nat. Struct. Biol. 1994, 1, 48–54. [CrossRef]

http://doi.org/10.1111/jth.14713
http://www.ncbi.nlm.nih.gov/pubmed/31858717
http://doi.org/10.1074/jbc.M207079200
http://doi.org/10.1186/1743-422X-9-226
http://doi.org/10.1371/journal.pone.0018589
http://www.ncbi.nlm.nih.gov/pubmed/21533265
http://doi.org/10.3892/ijmm.16.2.191
http://www.ncbi.nlm.nih.gov/pubmed/16012749
http://doi.org/10.1371/journal.pone.0048234
http://doi.org/10.1161/01.ATV.0000137189.22999.3f
http://doi.org/10.1177/1076029620981630
http://doi.org/10.1097/00024382-199808000-00002
http://www.ncbi.nlm.nih.gov/pubmed/9721974
http://doi.org/10.1016/j.cyto.2014.07.253
http://www.ncbi.nlm.nih.gov/pubmed/25148723
http://doi.org/10.1111/j.1538-7836.2007.02869.x
http://www.ncbi.nlm.nih.gov/pubmed/18088351
http://doi.org/10.1177/039463200401700104
http://www.ncbi.nlm.nih.gov/pubmed/15000863
http://doi.org/10.1160/TH13-12-1029
http://doi.org/10.1016/j.thromres.2015.06.035
http://doi.org/10.1083/jcb.200806072
http://doi.org/10.1172/JCI61303
http://doi.org/10.1016/0049-3848(90)90113-Q
http://doi.org/10.1152/ajpcell.2000.279.1.C98
http://doi.org/10.1006/bbrc.2001.5534
http://doi.org/10.1038/nrm2289
http://www.ncbi.nlm.nih.gov/pubmed/17971838
http://doi.org/10.1182/blood.V97.4.1079
http://www.ncbi.nlm.nih.gov/pubmed/11801740
http://doi.org/10.1038/nsb0194-48


Int. J. Mol. Sci. 2021, 22, 4283 12 of 13

68. Olson, S.T.; Richard, B.; Izaguirre, G.; Schedin-Weiss, S.; Gettins, P.G. Molecular mechanisms of antithrombin-heparin regulation
of blood clotting proteinases. A paradigm for understanding proteinase regulation by serpin family protein proteinase inhibitors.
Biochimie 2010, 92, 1587–1596. [CrossRef]

69. Yi, M.; Sakai, T.; Fassler, R.; Ruoslahti, E. Antiangiogenic proteins require plasma fibronectin or vitronectin for in vivo activity.
Proc. Natl. Acad. Sci. USA 2003, 100, 11435–11438. [CrossRef] [PubMed]

70. O’Reilly, M.S.; Pirie-Shepherd, S.; Lane, W.S.; Folkman, J. Antiangiogenic activity of the cleaved conformation of the serpin
antithrombin. Science 1999, 285, 1926–1928. [CrossRef]

71. Guerrero, J.A.; Teruel, R.; Martinez, C.; Arcas, I.; Martinez-Martinez, I.; de la Morena-Barrio, M.E.; Vicente, V.; Corral, J. Protective
role of antithrombin in mouse models of liver injury. J. Hepatol. 2012, 57, 980–986. [CrossRef] [PubMed]

72. Wiedermann, C.J. Clinical review: Molecular mechanisms underlying the role of antithrombin in sepsis. Crit. Care 2006, 10, 209.
[CrossRef] [PubMed]

73. Ishiguro, K.; Kojima, T.; Kadomatsu, K.; Nakayama, Y.; Takagi, A.; Suzuki, M.; Takeda, N.; Ito, M.; Yamamoto, K.; Matsushita,
T.; et al. Complete antithrombin deficiency in mice results in embryonic lethality. J. Clin. Investig. 2000, 106, 873–878. [CrossRef]
[PubMed]

74. Wang, J.; Wang, Y.; Wang, J.; Gao, J.; Tong, C.; Manithody, C.; Li, J.; Rezaie, A.R. Antithrombin is protective against myocardial
ischemia and reperfusion injury. J. Thromb. Haemost. 2013, 11, 1020–1028. [CrossRef] [PubMed]

75. Harada, N.; Okajima, K.; Kushimoto, S.; Isobe, H.; Tanaka, K. Antithrombin reduces ischemia/reperfusion injury of rat liver by
increasing the hepatic level of prostacyclin. Blood 1999, 93, 157–164. [CrossRef] [PubMed]

76. Chappell, D.; Jacob, M.; Hofmann-Kiefer, K.; Rehm, M.; Welsch, U.; Conzen, P.; Becker, B.F. Antithrombin reduces shedding of the
endothelial glycocalyx following ischaemia/reperfusion. Cardiovasc. Res. 2009, 83, 388–396. [CrossRef]

77. Becker, B.F.; Jacob, M.; Leipert, S.; Salmon, A.H.; Chappell, D. Degradation of the endothelial glycocalyx in clinical settings:
Searching for the sheddases. Br. J. Clin. Pharmacol. 2015, 80, 389–402. [CrossRef]

78. Iba, T.; Levy, J.H.; Aihara, K.; Kadota, K.; Tanaka, H.; Sato, K.; Nagaoka, I. Newly Developed Recombinant Antithrombin Protects
the Endothelial Glycocalyx in an Endotoxin-Induced Rat Model of Sepsis. Int. J. Mol. Sci. 2020, 176. [CrossRef]

79. Camprubi-Rimblas, M.; Tantinya, N.; Guillamat-Prats, R.; Bringue, J.; Puig, F.; Gomez, M.N.; Blanch, L.; Artigas, A. Effects of
nebulized antithrombin and heparin on inflammatory and coagulation alterations in an acute lung injury model in rats. J. Thromb.
Haemost. 2020, 18, 571–583. [CrossRef]

80. Matsubara, T.; Yamakawa, K.; Umemura, Y.; Gando, S.; Ogura, H.; Shiraishi, A.; Kushimoto, S.; Abe, T.; Tarui, T.; Hagiwara,
A.; et al. Significance of plasma fibrinogen level and antithrombin activity in sepsis: A multicenter cohort study using a cubic
spline model. Thromb. Res. 2019, 181, 17–23. [CrossRef]

81. Lisman, T.; Arefaine, B.; Adelmeijer, J.; Zamalloa, A.; Corcoran, E.; Smith, J.G.; Bernal, W.; Patel, V.C. Global hemostatic status in
patients with acute-on-chronic liver failure and septics without underlying liver disease. J. Thromb. Haemost. 2021, 19, 85–95.
[CrossRef] [PubMed]

82. Ishikawa, M.; Yamashita, H.; Oka, N.; Ueda, T.; Kohama, K.; Nakao, A.; Kotani, J. Antithrombin III improved neutrophil
extracellular traps in lung after the onset of endotoxemia. J. Surg. Res. 2017, 208, 140–150. [CrossRef] [PubMed]

83. Yasuda, N.; Goto, K.; Ohchi, Y.; Abe, T.; Koga, H.; Kitano, T. The efficacy and safety of antithrombin and recombinant human
thrombomodulin combination therapy in patients with severe sepsis and disseminated intravascular coagulation. J. Crit. Care
2016, 36, 29–34. [CrossRef]

84. Gando, S.; Saitoh, D.; Ishikura, H.; Ueyama, M.; Otomo, Y.; Oda, S.; Kushimoto, S.; Tanjoh, K.; Mayumi, T.; Ikeda, T.; et al.
A randomized, controlled, multicenter trial of the effects of antithrombin on disseminated intravascular coagulation in patients
with sepsis. Crit. Care 2013, 17, R297. [CrossRef] [PubMed]

85. Iba, T.; Gando, S.; Saitoh, D.; Wada, H.; Di Nisio, M.; Thachil, J. Antithrombin supplementation and risk of bleeding in patients
with sepsis-associated disseminated intravascular coagulation. Thromb. Res. 2016, 145, 46–50. [CrossRef]

86. Tagami, T.; Matsui, H.; Fushimi, K.; Yasunaga, H. Supplemental dose of antithrombin use in disseminated intravascular
coagulation patients after abdominal sepsis. Thromb. Haemost. 2015, 114, 537–545. [CrossRef]

87. Iba, T.; Saitoh, D.; Gando, S.; Thachil, J. The usefulness of antithrombin activity monitoring during antithrombin supplementation
in patients with sepsis-associated disseminated intravascular coagulation. Thromb. Res. 2015, 135, 897–901. [CrossRef]

88. Warren, B.L.; Eid, A.; Singer, P.; Pillay, S.S.; Carl, P.; Novak, I.; Chalupa, P.; Atherstone, A.; Penzes, I.; Kubler, A.; et al. Caring for
the critically ill patient. High-dose antithrombin III in severe sepsis: A randomized controlled trial. JAMA 2001, 286, 1869–1878.
[CrossRef]

89. Kienast, J.; Juers, M.; Wiedermann, C.J.; Hoffmann, J.N.; Ostermann, H.; Strauss, R.; Keinecke, H.O.; Warren, B.L.; Opal,
S.M. Treatment effects of high-dose antithrombin without concomitant heparin in patients with severe sepsis with or without
disseminated intravascular coagulation. J. Thromb. Haemost. 2006, 4, 90–97. [CrossRef]

90. Allingstrup, M.; Wetterslev, J.; Ravn, F.B.; Moller, A.M.; Afshari, A. Antithrombin III for critically ill patients: A systematic review
with meta-analysis and trial sequential analysis. Intensive Care Med. 2016, 42, 505–520. [CrossRef]

91. Wiedermann, C.J. Antithrombin concentrate use in disseminated intravascular coagulation of sepsis: Meta-analyses revisited.
J. Thromb. Haemost. 2018, 16, 455–457. [CrossRef]

92. Miller, A.C.; Elamin, E.M.; Suffredini, A.F. Inhaled anticoagulation regimens for the treatment of smoke inhalation-associated
acute lung injury: A systematic review. Crit. Care Med. 2014, 42, 413–419. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biochi.2010.05.011
http://doi.org/10.1073/pnas.1635112100
http://www.ncbi.nlm.nih.gov/pubmed/13679585
http://doi.org/10.1126/science.285.5435.1926
http://doi.org/10.1016/j.jhep.2012.06.023
http://www.ncbi.nlm.nih.gov/pubmed/22749941
http://doi.org/10.1186/cc4822
http://www.ncbi.nlm.nih.gov/pubmed/16542481
http://doi.org/10.1172/JCI10489
http://www.ncbi.nlm.nih.gov/pubmed/11018075
http://doi.org/10.1111/jth.12243
http://www.ncbi.nlm.nih.gov/pubmed/23582062
http://doi.org/10.1182/blood.V93.1.157
http://www.ncbi.nlm.nih.gov/pubmed/9864157
http://doi.org/10.1093/cvr/cvp097
http://doi.org/10.1111/bcp.12629
http://doi.org/10.3390/ijms22010176
http://doi.org/10.1111/jth.14685
http://doi.org/10.1016/j.thromres.2019.07.002
http://doi.org/10.1111/jth.15112
http://www.ncbi.nlm.nih.gov/pubmed/33006808
http://doi.org/10.1016/j.jss.2016.09.041
http://www.ncbi.nlm.nih.gov/pubmed/27993201
http://doi.org/10.1016/j.jcrc.2016.06.008
http://doi.org/10.1186/cc13163
http://www.ncbi.nlm.nih.gov/pubmed/24342495
http://doi.org/10.1016/j.thromres.2016.07.016
http://doi.org/10.1160/th15-01-0053
http://doi.org/10.1016/j.thromres.2015.03.007
http://doi.org/10.1001/jama.286.15.1869
http://doi.org/10.1111/j.1538-7836.2005.01697.x
http://doi.org/10.1007/s00134-016-4225-7
http://doi.org/10.1111/jth.13950
http://doi.org/10.1097/CCM.0b013e3182a645e5
http://www.ncbi.nlm.nih.gov/pubmed/24158173


Int. J. Mol. Sci. 2021, 22, 4283 13 of 13

93. Fourrier, F.; Chopin, C.; Huart, J.J.; Runge, I.; Caron, C.; Goudemand, J. Double-blind, placebo-controlled trial of antithrombin III
concentrates in septic shock with disseminated intravascular coagulation. Chest 1993, 104, 882–888. [CrossRef] [PubMed]

94. Iba, T.; Saito, D.; Wada, H.; Asakura, H. Efficacy and bleeding risk of antithrombin supplementation in septic disseminated
intravascular coagulation: A prospective multicenter survey. Thromb. Res. 2012, 130, e129133. [CrossRef] [PubMed]

95. Kim, Y.J.; Ko, B.S.; Park, S.Y.; Oh, D.K.; Hong, S.B.; Jang, S.; Kim, W.Y. Effect of High-dose Antithrombin Supplementation in
Patients with Septic Shock and Disseminated Intravascular Coagulation. Sci. Rep. 2019, 9, 16626. [CrossRef]

96. Nishida, O.; Ogura, H.; Egi, M.; Fujishima, S.; Hayashi, Y.; Iba, T.; Imaizumi, H.; Inoue, S.; Kakihana, Y.; Kotani, J.; et al. The
Japanese Clinical Practice Guidelines for Management of Sepsis and Septic Shock 2016 (J-SSCG 2016). J. Intensive Care 2018, 6, 7.
[CrossRef]

97. Furuie, H.; Kanda, H. Randomized Comparison Study of Novel Recombinant Human Antithrombin Gamma and Plasma-Derived
Antithrombin in Healthy Volunteers. Clin. Drug Investig. 2019, 39, 1185–1194. [CrossRef]

98. Tagami, T. Antithrombin concentrate use in sepsis-associated disseminated intravascular coagulation: Re-evaluation of a
’pendulum effect’ drug using a nationwide database. J. Thromb. Haemost. 2018, 16, 458–461. [CrossRef]

99. Hoffmann, J.N.; Vollmar, B.; Laschke, M.W.; Inthorn, D.; Kaneider, N.C.; Dunzendorfer, S.; Wiedermann, C.J.; Romisch, J.;
Schildberg, F.W.; Menger, M.D. Adverse effect of heparin on antithrombin action during endotoxemia: Microhemodynamic and
cellular mechanisms. Thromb. Haemost. 2002, 88, 242–252.

100. Lewis, B.E.; Wallis, D.E.; Berkowitz, S.D.; Matthai, W.H.; Fareed, J.; Walenga, J.M.; Bartholomew, J.; Sham, R.; Lerner, R.G.;
Zeigler, Z.R.; et al. Argatroban anticoagulant therapy in patients with heparin-induced thrombocytopenia. Circulation 2001, 103,
1838–1843. [CrossRef]

101. Hursting, M.J.; Alford, K.L.; Becker, J.C.; Brooks, R.L.; Joffrion, J.L.; Knappenberger, G.D.; Kogan, P.W.; Kogan, T.P.; McKinney,
A.A.; Schwarz, R.P., Jr. Novastan (brand of argatroban): A small-molecule, direct thrombin inhibitor. Semin. Thromb. Hemost.
1997, 23, 503–516. [CrossRef]

102. Beyer, J.; Halbritter, K.; Weise, M.; Schellong, S. Influence of antithrombin and argatroban on disseminated intravascular
coagulation parameters in a patient with septic shock. Thromb. Res. 2009, 124, 383–386. [CrossRef]

103. Jang, I.K.; Brown, D.F.; Giugliano, R.P.; Anderson, H.V.; Losordo, D.; Nicolau, J.C.; Dutra, O.P.; Bazzino, O.; Viamonte, V.M.;
Norbady, R.; et al. A multicenter, randomized study of argatroban versus heparin as adjunct to tissue plasminogen activator
(TPA) in acute myocardial infarction: Myocardial infarction with novastan and TPA (MINT) study. J. Am. Coll. Cardiol. 1999, 33,
1879–1885. [CrossRef]

104. Kumon, K.; Tanaka, K.; Nakajima, N.; Naito, Y.; Fujita, T. Anticoagulation with a synthetic thrombin inhibitor after cardiovascular
surgery and for treatment of disseminated intravascular coagulation. Crit. Care Med. 1984, 12, 1039–1043. [CrossRef]

105. Mukundan, S.; Zeigler, Z.R. Direct antithrombin agents ameliorate disseminated intravascular coagulation in suspected heparin-
induced thrombocytopenia thrombosis syndrome. Clinical. Appl. Thromb. 2002, 8, 287–289. [CrossRef] [PubMed]

106. Elg, M.; Gustafsson, D. A combination of a thrombin inhibitor and dexamethasone prevents the development of experimental
disseminated intravascular coagulation in rats. Thromb. Res. 2006, 117, 429–437. [CrossRef]

107. Bachler, M.; Hell, T.; Bosch, J.; Treml, B.; Schenk, B.; Treichl, B.; Friesenecker, B.; Lorenz, I.; Stengg, D.; Hruby, S.; et al. A Prospective
Pilot Trial to Assess the Efficacy of Argatroban (Argatra((R))) in Critically Ill Patients with Heparin Resistance. J. Clin. Med. 2020,
963. [CrossRef] [PubMed]

108. Nougier, C.; Benoit, R.; Simon, M.; Desmurs-Clavel, H.; Marcotte, G.; Argaud, L.; David, J.S.; Bonnet, A.; Negrier, C.; Dargaud, Y.
Hypofibrinolytic state and high thrombin generation may play a major role in SARS-COV2 associated thrombosis. J. Thromb.
Haemost. 2020, 18, 2215–2219. [CrossRef] [PubMed]

http://doi.org/10.1378/chest.104.3.882
http://www.ncbi.nlm.nih.gov/pubmed/8365305
http://doi.org/10.1016/j.thromres.2012.03.021
http://www.ncbi.nlm.nih.gov/pubmed/22542365
http://doi.org/10.1038/s41598-019-52968-y
http://doi.org/10.1186/s40560-017-0270-8
http://doi.org/10.1007/s40261-019-00847-9
http://doi.org/10.1111/jth.13948
http://doi.org/10.1161/01.CIR.103.14.1838
http://doi.org/10.1055/s-2007-996128
http://doi.org/10.1016/j.thromres.2008.10.010
http://doi.org/10.1016/S0735-1097(99)00107-2
http://doi.org/10.1097/00003246-198412000-00008
http://doi.org/10.1177/107602960200800314
http://www.ncbi.nlm.nih.gov/pubmed/12361208
http://doi.org/10.1016/j.thromres.2005.03.014
http://doi.org/10.3390/jcm9040963
http://www.ncbi.nlm.nih.gov/pubmed/32244368
http://doi.org/10.1111/jth.15016
http://www.ncbi.nlm.nih.gov/pubmed/32668058

	Overview 
	The Role of AT in Host Response to Infection 
	AT and Inflammation 
	Role of Antithrombin in Tissue Damage 
	Antithrombin as a Key Target for Sepsis Treatment 
	Immunologic Implications of Therapeutic Antithrombin Supplementation 
	Conclusions 
	References

