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Essentials

• Glucocorticoids are associated with an increased risk of

thrombosis.

• Healthy volunteers received dexamethasone or placebo

in an endotoxin lung instillation model.

• Dexamethasone suppressed thrombin generation in

bronchoalveolar lavage.

• Glucocorticoids inhibit endotoxin induced pulmonary

coagulopathy.

Summary. Background: Activation of local and systemic

coagulation is a common finding in patients with pneu-

monia. There is evidence that glucocorticoids have proco-

agulant activity in the circulation, particularly in the

context of inflammation. The effects of glucocorticoids on

local pulmonary coagulation have not yet been investi-

gated. Objective: To use a human model of lung inflam-

mation based on the local instillation of endotoxin in

order to investigate whether glucocorticoids alter pul-

monary coagulation. Methods: Twenty-four healthy vol-

unteers were randomized to receive either dexamethasone

or placebo in a double-blind trial. Endotoxin was instilled

via bronchoscope into right or left lung segments, fol-

lowed by saline into the contralateral site. Six hours later,

a bilateral bronchoalveolar lavage (BAL) was performed

and coagulation parameters were measured. Results:

Endotoxin induced activation of coagulation in the bron-

choalveolar compartment: the level of prothrombin frag-

ment 1 + 2 (F1 + 2) was increased three-fold

(248 pmol L�1, 95% confidence interval [CI] 43–454 ver-

sus 743 pmol L�1, 95% CI 437–1050) and the level of

thrombin–antithrombin complex (TATc) was increased

by ~ 50% (31 lg L�1, 95% CI 18–45 versus 49 lg L�1,

95% CI 36–61) as compared with saline-challenged seg-

ments. Dexamethasone reduced F1 + 2 (284 pmol L�1,

95% CI 34–534) and TATc (9 lg L�1, 95% CI 0.7–17)
levels almost to those measured in BAL fluid from the

saline-instilled segments in the placebo group. Dexam-

ethasone even profoundly reduced F1 + 2 levels (80%) in

saline-instilled lung segments (50 pmol L�1, 95% CI 12–
87). In contrast, dexamethasone had no effect on systemic

F1 + 2 levels. Conclusions: Dexamethasone inhibits endo-

toxin-induced coagulopathy in lungs. This trial is the first

to provide insights into the effects of glucocorticoids on

pulmonary coagulation in response to endotoxin.
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Introduction

Activation of local and systemic coagulation is a common

finding in patients with severe pneumonia [1,2]. In the

lung, activation of coagulation is initiated through forma-

tion of a tissue factor (TF)–coagulation factor VII com-

plex, which leads to thrombin generation and

subsequently to fibrin formation [2,3]. Intra-alveolar fibrin

deposition keeps the pathogen from spreading into the

circulation, and serves as a matrix for tissue repair [4,5].

However, severe inflammation results in excessive fibrin

formation, which can progress to severe respiratory fail-

ure, as seen in patients with acute respiratory distress syn-

drome (ARDS) [6]. Patients with lower inflammatory

cytokine levels have a better outcome [7], so reduction of

inflammation has become a major drug target. The thera-

peutic potential of glucocorticoids as adjunctive therapy

in pneumonia or ARDS has been investigated, but the

results remain controversial [8–11]. Glucocorticoids are
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linked to an increased risk of thrombosis [12], and there

is evidence that glucocorticoids have procoagulant activity

in the circulation [13], particularly in the context of

inflammation [14,15]. The effects of glucocorticoids on

local pulmonary coagulation have not yet been investi-

gated. We therefore used a human lung inflammation

model based on the local instillation of endotoxin to

study the effects of glucocorticoids on coagulation mark-

ers in bronchoalveolar lavage (BAL) fluid (BALF).

Materials and methods

Trial design

The trial was performed concurrently with an investiga-

tion on the anti-inflammatory effects of dexamethasone

published recently [16]. This randomized, double-blind

and placebo-controlled trial was conducted at the

Department of Clinical Pharmacology, Medical Univer-

sity of Vienna, Austria between July 2011 and June 2012.

The trial was approved by the institutional review ethics

board (Ethics Committee of the Medical University of

Vienna), and was registered at the clinical trial registry

http://www.ClinicalTrials.gov (identifier: NCT01714427).

Randomization was performed with an open-access ran-

domization generator (http://www.randomization.com).

Two sets of sealed codes/labels with the randomization

number containing information about the treatment allo-

cation for the particular subject were prepared for each

subject. Randomization was performed by the use of

sealed opaque envelopes, which were produced before the

start of the study by a staff member not otherwise

involved in the study. The trial was conducted in accor-

dance with the Declaration of Helsinki, and informed

consent was given by all study participants before trial

entry. The major eligibility criteria for inclusion of partic-

ipants were that they should be healthy male or female

volunteers aged 19–40 years and be non-smokers. Nine

women and 15 men were randomly assigned to receive

either two infusions of 40 mg of dexamethasone (Merck,

Vienna, Austria) separated by 12 h (total dose: 80 mg) or

equivalent placebo (physiologic saline) in a double-blind

design (Fig. 1). After the second infusion, subjects were

premedicated with 12.5 mg of dihydrocodein (Teofarma,

Valle Salimbene, Italy) and underwent the first bron-

choscopy. Subjects received midazolam (median dose:

10.5 mg; Roche, Vienna, Austria) and 100 mL of propo-

fol (1%; AstraZeneca, Vienna, Austria) intravenously for

sedation. Lidocaine (AstraZeneca) was used topically for

airway anesthesia. A balloon-tipped monitoring catheter

(Swan-Ganz monitoring catheter; Edwards Lifesciences,

Irvine, CA, USA) was inserted through a flexible fiberop-

tic video bronchoscope (model EB-1970K or EB-1570K;

Pentax Medical Europe, Hamburg, Germany) into a lung

subsegment (middle lobe or lingula). After inflation of

the balloon, 10 mL of prewarmed sterile isotonic saline

was instilled, followed by 10 mL of air, and the catheter

was kept in place for 2 min. Subsequently 4 ng kg�1

body weight of National Reference Endotoxin (Escheri-

chia coli O:113, CC-RE-Lot 3, NIH, dissolved in 2 mL

of saline), followed by 10 mL of saline and 10 mL of air,

was instilled into the contralateral lung in the same way.

Instillation of endotoxin through a bronchoscope induces

an interleukin-6-driven inflammatory and procoagulant

response in the bronchoalveolar compartment [17–21].
Bronchoscopy was followed by 30° head of the bed ele-

vation. Throughout the first 5 h after endotoxin instilla-

tion, all subjects were confined to bed rest, and vital

parameters were monitored continuously with an auto-

mated monitoring system (Care View System; Hewlett

Packard, B€oblingen, Germany). Concurrently, physiologic

saline (200 mL h�1) was administered to all subjects to

maintain adequate hydration. After 6 h, BAL was per-

formed at each lung site. Aliquots of 20–40 mL of pre-

warmed saline (total volume: 140 mL) were instilled. The

fluid was retrieved by syringe and suction, with avoid-

ance of excessive negative suction pressures. Plasma sam-

ples were collected at – 13 h, – 1 h, 6 h and 24 h relative

to endotoxin challenge.

Assays

After collection, BALFs were immediately put on ice and

then centrifuged for 10 min at 900 9g at 4 °C. The super-

natant was aliquoted and stored at � 80 °C until assays

were performed. The levels of prothrombin fragment

Short-term
infusion of 40 mg
dexamethasone

or placebo

Short-term
infusion of 40 mg
dexamethasone

or placebo

Endotoxin and
saline

instillation
Bronchoalveolar lavage End of study

Overnight

7:00 p.m. 7:00 a.m. 8:00 a.m. 8:00 a.m.2:00 p.m.

Overnight

Fig. 1. Experimental design.
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1 + 2 (F1 + 2), thrombin–antithrombin complex (TATc),

soluble TF (sTF) antigen, plasminogen activator

inhibitor 1 (PAI-1) and tissue-type plasminogen activator

(t-PA) were measured with specific enzyme immunoassays,

according to the manufacturers’ instructions (F1 + 2,

Enzygnost F1 + 2 [Siemens, Marburg, Germany]; TATc,

Enzygnost TAT micro [Siemens]; sTF, Imubind Tissue

Factor ELISA [Sekisui Diagnostics, Stamford, CT, USA];

PAI-1 activity, Technozym PAI-1 Actibind ELISA [Techn-

oclone, Vienna, Austria]; PAI-1 antigen, Quantikine

Human Total Serpin E1/PAI-1 Immunoassay [R&D Sys-

tems, Minneapolis, MN, USA]; and t-PA antigen and

activity, Technozym t-PA Combi Actibind ELISA [Techn-

oclone]). The F1 + 2, TATc and sTF assays are sensitive to

detect even low values in plasma and BALF of healthy

volunteers as previously described [22–24]. The lower lim-

its of quantification were 20 pmol L�1 for F1 + 2,

2 lg L�1 for TATc, 0.05 ng mL�1 for sTF, 0.49 IU mL�1

for PAI-1 activity, 0.313 ng mL�1 for PAI-1 antigen,

0.05 IU mL�1 for t-PA activity and 0.1 ng mL�1 for t-PA

antigen). Fibrinogen was measured with the Clauss

method in an accredited routine laboratory.

Statistical analysis

The original sample size calculation was based on inter-

leukin-6 levels in BALF [17]. For this part of the analysis,

an additional sample size calculation for the coagulation

marker F1 + 2 was performed. On the basis of a previous

publication, we estimated that the standard deviation of

F1 + 2 would be similar to the mean F1 + 2 levels in

BALF (0.6 nmol L�1 in patients suffering from pneumo-

nia and 0.15 nmol L�1 in controls) [18]. We calculated

that we could detect a 125% difference between treat-

ments and baseline. This was deemed to be adequate, in

view of a four-fold higher F1 + 2 level in patients with

pneumonia than in healthy controls [18]. Values are

expressed as mean and standard error of the mean unless

otherwise noted. A repeated measures ANOVA was fol-

lowed by non-parametric tests because of a non-normal

distribution of data. Statistical comparisons between

groups were performed with the Mann–Whitney U-test,

and comparisons between lung sites of subjects were per-

formed with the Wilcoxon test. The median obtained

lavage volumes were comparable between lung sites:

endotoxin 45 mL (interquartile range [IQR] 35–50 mL)

and saline 54 mL (IQR 39–59 mL) in the placebo group;

endotoxin 49 mL (IQR 43–64 mL) and saline 53 mL

(IQR 45–61 mL) in the dexamethasone group [16]. We

performed a sensitivity analysis adjusting for differences

in the BALF recovered, although the value of this is

debatable, because the dilution is probably always the

same after instillation of 140 mL of saline. The results

did not differ markedly when the P-values of the sensitiv-

ity analyses or the unadjusted P-values were used

(Table S1). Statistical calculations were performed with

commercially available statistical software (STATISTICA

Version 6.1; Stat Soft, Tulsa, OK, USA).

Results

Endotoxin instillation into the lung induced a mild sys-

temic inflammatory response in placebo-treated individu-

als, and was generally well tolerated, without the

occurrence of any severe adverse events; this has been

reported previously, because the trial was performed con-

currently with an investigation on the anti-inflammatory

effects of dexamethasone [16]. The most pronounced

effect of dexamethasone was complete prevention of the

endotoxin-induced protein extravasation into the alveolar

space.

Effects of endotoxin challenge on bronchoalveolar

coagulation

Instillation of 4 ng kg�1 lipopolysaccharide (LPS)

increased BALF F1 + 2 levels three-fold (P = 0.007;

Fig. 2A) as compared with BALF from saline-instilled

(contralateral) lung sites. Similarly, TATc levels increased

by 50% (P = 0.005; Fig. 2B) in BALF samples from

LPS-challenged lungs in comparison with BALF samples

from the control segments.

Dexamethasone effects on bronchoalveolar coagulation

F1 + 2 levels in BALF from LPS-challenged lungs were

approximately three-fold higher with placebo than with

dexamethasone (P = 0.02; Fig. 2A). Analogously, TATc

levels were 40% lower in the dexamethasone group

(P = 0.04; Fig. 2B). Dexamethasone reduced thrombin

formation even in saline-instilled segments (F1 + 2 levels

[P = 0.01; Fig. 2A] by 80%, and TATc levels by 70%

[P = 0.005; Fig. 2B] as compared with placebo). Endo-

toxin increased sTF levels in BALF minimally; the differ-

ence was not significant (P = 0.1 for dexamethasone, and

P = 0.5 for placebo; Fig. 2C). sTF levels did not differ

significantly between the groups (P = 0.16 for saline and

P = 0.37 for LPS; Fig. 2C). BALF levels of PAI-1 activ-

ity and antigen and of t-PA activity and antigen were

below the lower limits of quantification (data not shown).

Systemic response to endotoxin and effects of

dexamethasone

Plasma levels of F1 + 2 increased slightly in both groups

6 h after LPS instillation as compared with baseline

(P = 0.009 for placebo and P = 0.005 for dexamethasone;

Fig. 3A). Plasma fibrinogen levels increased by 27%

(P = 0.003 as compared with baseline values 13 h before

LPS challenge; Fig. 3B) in the placebo group 24 h after

LPS instillation. Dexamethasone decreased plasma fib-

rinogen levels by 10% (P = 0.004 as compared with
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baseline; Fig. 3B) 24 h after LPS instillation. Dexametha-

sone reduced fibrinogen levels by 30% (P < 0.001;

Fig. 3B) as compared with placebo 24 h after LPS instil-

lation. Plasma sTF levels ranged from 96 pg mL�1 to

884 pg mL�1; however, no significant difference was

detectable (Fig. 3C).

Discussion

Glucocorticoids are associated with an increased risk of

thrombosis [12], but their effects on local pulmonary

coagulation have not yet been studied. We therefore con-

ducted a randomized, double-blind, placebo-controlled

trial to characterize the effects of dexamethasone on pul-

monary coagulation induced by endotoxin in healthy vol-

unteers.

In the present study, instillation of 4 ng kg�1 LPS

increased BALF levels of F1 + 2 three-fold, a direct indi-

cator of thrombin generation [25]. This is in accordance

with an observational study in which 29 patients with

ventilator-associated pneumonia had significantly higher

F1 + 2 BALF levels than patients without pneumonia

[26]. Furthermore, we found significantly higher levels of
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thrombin–antithrombin complex (TATc) (B) in LPS-challenged and
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TATc in LPS-challenged lung sites, consistent with previ-

ous experimental studies [27,28].

Dexamethasone suppressed the LPS-enhanced throm-

bin generation to levels measured in BALF from the sal-

ine-instilled segments in the placebo group. Interestingly,

dexamethasone even lowered F1 + 2 and TATc levels in

saline-instilled segments as compared with placebo.

Inhibition of thrombin generation in the lung by dex-

amethasone is in contrast to the observed systemic

increase in thrombin generation when prednisolone was

given before intravenous LPS infusion [15]. Ten days of

prednisolone treatment also increased thrombin genera-

tion in healthy volunteers [13], and dexamethasone

increased von Willebrand factor and soluble P-selectin

levels [29]. In vitro studies have suggested that glucocorti-

coids increase LPS-induced TF expression in human

monocytes, which constitute the main source of TF in the

circulation [30,31]. Despite a trend of higher sTF levels in

LPS-challenged lungs, this was not statistically significant

as in previous investigations [28]. Considering that consti-

tutive TF expression is high in bronchi and in the lung

[32,33], it is possible that the high physiologic background

noise may have interfered with the detection of a putative

increase in the BALF TF content of LPS-challenged seg-

ments. Although TF is certainly fundamental for the initi-

ation of the extrinsic pathway, it is important to

recognize that, in the lungs, TF, given its abundance, is

not the rate-limiting factor in the cascade [34].

Although dexamethasone inhibited procoagulant activ-

ity by 50% in cultured bovine alveolar macrophages [35],

the mechanisms by which dexamethasone decreases

thrombin generation in vivo are probably different.

Thrombin generation in the bronchoalveolar compart-

ment is dependent on clotting factors [34], which are

thought to be mainly restricted to the plasma compart-

ment. In our model, dexamethasone prevented the LPS-

induced protein extravasation into the lung compartment,

and even reduced protein extravasation in saline-treated

lung segments [16]. This suggests that reduced amounts of

coagulation factors, including FII, are translocated from

pulmonary capillaries into the bronchoalveolar compart-

ment, thereby limiting the availability of substrate and

therefore thrombin generation.

PAI-1 activity and antigen levels were below the lower

limit of quantification in 95% of BALF samples. Conse-

quently, we could not reliably determine whether instilla-

tion of LPS or dexamethasone treatment influenced

fibrinolysis in the lung.

Regarding the systemic effects of dexamethasone in our

trial, dexamethasone suppressed plasma fibrinogen levels

by 25%, which is a well-known effect of glucocorticoids

on acute-phase reactants [14].

Plasma levels of F1 + 2 increased slightly after LPS

instillation, without a difference between groups. Plasma

levels of F1 + 2 are increased in patients with pneumonia

[36] and in healthy volunteers after LPS infusion [37,38].

Particular strengths of our study include the random-

ized, double-blind and placebo-controlled design, and the

instillation of saline and LPS in the same subject, thereby

reducing interindividual variability.

There are some limitations regarding the nature of the

experimental design. A study population such as healthy

volunteers is younger and is not necessarily representative

of patients with a pulmonary infection admitted to the

hospital. Such patients have more severe lung inflamma-

tion and multiple comorbidities that may influence the

effects of glucocorticoids or, more likely, the disease

course. The LPS-induced procoagulant shift in the lung is

lower than in patients suffering from, for example, pneu-

monia and has a self-limiting course. Dexamethasone was

given before LPS challenge, because it generates only a

transient and self-limiting lung inflammation. A sustained

LPS stimulus is not feasible in healthy volunteers, because

of ethical concerns. Thus, the applied design primarily

allows for the investigation of prevention strategies.

One clear limitation is that we have only tested the pro-

phylactic effects of dexamethasone, because glucocorti-

coids mainly work by inducing or inhibiting the mRNA

transcription of various genes. A reasonable speculation

is that the later one uses glucocorticoids in our model,

the less effective they will be. This will possibly be differ-

ent in a clinical situation such as pneumonia, where there

is sustained inflammation that may lead to ARDS, so

that glucocorticoids given later during the course of pneu-

monia may still prevent ARDS.

Our results indicate that systemic glucocorticoid ther-

apy inhibits thrombin generation in the lung and may

therefore limit pulmonary coagulopathy in patients. In a

recent systematic review and meta-analysis, glucocorticoid

treatment was associated with a decreased risk of ARDS

in patients with community-acquired pneumonia (CAP)

[39]. Our findings provide a mechanistic explanation for

how glucocorticoid therapy may prevent CAP patients

from developing ARDS, in view of pulmonary fibrin

deposition being characteristic for ARDS.

Glucocorticoid therapy given within 72 h after ARDS

onset was associated with a reduction in the duration of

mechanical ventilation, intensive care unit (ICU) stay and

ICU mortality in a small, double-blind trial [40]. Whether

glucocorticoid therapy is beneficial in early ARDS

remains to be confirmed in larger trials [41], but our data

allow for speculation that the observed reduction in vas-

cular permeability may be followed by less bronchoalveo-

lar coagulopathy in such patients. Overall, the present

study provides insights into glucocorticoid action in the

lung, and highlights the fact that glucocorticoids reduce

coagulation in the pulmonary compartment.
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