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Abstract

Background: Patients with acetaminophen (APAP)-induced acute liver failure (ALF)

display both hyper- and hypocoagulable changes not necessarily recapitulated by

standard hepatotoxic doses of APAP used in mice (eg, 300 mg/kg).

Objectives: We sought to examine coagulation activation in vivo and plasma coagula-

tion potential ex vivo in experimental settings of APAP-induced hepatotoxicity and

repair (300-450 mg/kg) and APAP-induced ALF (600 mg/kg) in mice.

Results: APAP-induced ALF was associated with increased plasma thrombin–

antithrombin complexes, decreased plasma prothrombin, and a dramatic reduction in

plasma fibrinogen compared with lower APAP doses. Hepatic fibrin(ogen) deposits

increased independent of APAP dose, whereas plasma fibrin(ogen) degradation prod-

ucts markedly increased in mice with experimental ALF. Early pharmacologic anti-

coagulation (+2 hours after 600 mg/kg APAP) limited coagulation activation and

reduced hepatic necrosis. The marked coagulation activation evident in mice with

APAP-induced ALF was associated with a coagulopathy detectable ex vivo in plasma.

Specifically, prolongation of the prothrombin time and inhibition of tissue factor–

initiated clot formation were evident even after restoration of physiological fibrin-

ogen concentrations. Plasma endogenous thrombin potential was similarly reduced at

all APAP doses. Interestingly, in the presence of ample fibrinogen, �10 times more

thrombin was required to clot plasma from mice with APAP-induced ALF compared

with plasma from mice with simple hepatotoxicity.

Conclusion: The results indicate that robust pathologic coagulation cascade activation

in vivo and suppressed coagulation ex vivo are evident in mice with APAP-induced ALF.

This unique experimental setting may fill an unmet need as a model to uncover

mechanistic aspects of the complex coagulopathy of ALF.
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Essentials

• Acute liver injury in experimental settings induces acti-

vation of the coagulation cascade.

• Acetaminophen (APAP) induces dose-dependent liver

injury and acute liver failure in mice.

• High-dose APAP (600 mg/kg) causes severe coagulop-

athy compared with standard hepatotoxic doses.

• Mice with APAP-induced acute liver failure display

reduced ex vivo thrombin-mediated plasma clotting.
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1 | INTRODUCTION

Acetaminophen (paracetamol, APAP) overdose is a leading cause of

drug-induced acute liver injury (ALI) and acute liver failure (ALF) in

the United States and other developed countries [1]. Both APAP-

induced ALI and ALF are associated with coagulopathy, character-

ized by an increased prothrombin time (PT) and international

normalized ratio (INR) [2]. Reduced concentrations of procoagulant

factors such as prothrombin, factor V, factor VII, and fibrinogen,

which contribute to the increased INR, are observed in ALI and ALF

patients [3,4]. Reduction in plasma concentrations of the natural

anticoagulants protein C, protein S, and antithrombin also occurs in

ALI/ALF patients [3,4]. The net effect of these changes is devel-

opment of a complex “rebalanced” hemostatic system [4]. Abnor-

malities in blood clot formation detected by rotational

thromboelastometry (ROTEM) suggest hypocoagulability in patients

with ALF [5]. In contrast, hypercoagulable thromboelastography

(TEG) features have also been observed in patients with ALF [6].

Likewise, increased severity of hepatic encephalopathy, a hallmark

of ALF, was associated with an increase in endogenous thrombin

potential [7]. These studies illustrate the challenge in defining the

precise changes in coagulation evident in patients with ALI or ALF.

Notably, the mechanism(s) driving the complex changes in coagu-

lation in ALI and ALF is not fully understood.

Many fundamental mechanisms of APAP hepatotoxicity have

been elucidated using a reproducible mouse model in which mice are

challenged with a single dose of APAP (eg, 300 mg/kg). Mice chal-

lenged with 300 mg/kg APAP developed substantial liver injury (peak

�18-24 hours), followed by resolution of injury and tissue repair

within approximately 72 hours after APAP challenge [8]. Using this

approach, we previously showed that the coagulation system is rapidly

activated and causes deposition of hemostatic components such as

fibrin(ogen), platelets, and von Willebrand factor in the injured liver

[9–11]. Components of the hemostatic system play a complex role in

the progression of liver injury and repair after standard APAP over-

dose in mice [10,12–14]. However, whereas liver repair prevents se-

vere hepatic dysfunction in mice challenged with 300 mg/kg APAP,

larger doses of APAP (500-600 mg/kg) produce extensive liver injury

with substantial inhibition of liver repair and regeneration, delaying

recovery and reducing survival [15]. Indeed, indices of hepatic en-

cephalopathy emerge in mice challenged with these larger doses of

APAP [16,17].

Although the contribution of the hemostatic system to liver injury

and repair after standard APAP overdose has been extensively stud-

ied [9–11,13,14,18–22], the precise changes and role of coagulation in

experimental APAP overdose more closely resembling ALF have not

been examined. We posited that the exploration of changes in coag-

ulation observed across the APAP dose–response could help reveal

the basis for the complex changes in coagulation evident in patients

with acute liver injury. We therefore sought to define the hemostatic

abnormalities in the established experimental settings of APAP hep-

atotoxicity and ALF-like conditions produced by larger doses of APAP

(ie, 600 mg/kg).
2 | METHODS

2.1 | Mice

MaleC57Bl/6Jwild-typemice (Jackson Laboratories) between the ages

of 8 and 10weekswere used for these studies.Micewere housed under

a 12-hour light/dark cycle, and standard diet and drinking water were

provided ad libitum. The Institutional Animal Care and Use Committee

of Michigan State University approved all animal procedures.
2.2 | APAP-induced ALI and ALF and determination

of liver injury

Micewere fasted overnight before administration of 300, 450, or 600mg/

kg APAP (60 μL/g body weight) or vehicle (sterile saline, 0.9% sodium

chloride) via intraperitoneal (i.p.) injection. Two independent studies were

performed, and where possible, biomarkers from each study were

measured simultaneously. These doses were selected based on prior

studies using male mice in which doses causing acute hepatotoxicity and

failed liver repair were identified [15]. To inhibit thrombin, mice were

treated 2 and 12 hours after APAP challenge with dabigatran etexilate

(DE; 10 mg/kg, i.p.; Cayman Chemical) or vehicle (2% dimethyl sulfoxide,

30% glycerinformal-cremophor). Liver, kidney, and plasma samples were

collected 24 hours after APAP challenge. Liver necrosis was assessed in

hematoxylin and eosin (H&E)-stained liver sections, as described previ-

ously [23]. Kidneys were examined by a board-certified veterinary

pathologist (VW) for lesions of acute kidney injury, such as tubular

degeneration, hyaline and cellular casts, and necrosis. Plasma alanine

aminotransferase (ALT) activity, direct bilirubin, and albumin were deter-

mined using commercial reagents (ThermoFisher Scientific and Pointe

Scientific). For full details of these methods, see Supplementary Methods.
2.3 | Measurement of hemostatic parameters in

plasma

Blood was collected under isoflurane anesthesia by exsanguination

from the inferior vena cava immediately after injection of 3.8% sodium
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citrate diluted in saline in the spleen as previously described [24].

Blood samples were centrifuged at 4000 × g for 10 minutes to obtain

plasma and were stored at −80◦C. Plasma thrombin–antithrombin

(TAT) complexes, plasma D-dimer concentrations, and PT were

determined using commercially available kits (Siemens Health Care

Diagnostics; Diagnostica Stago; Pacific Hemostasis/ThermoFisher

Scientific; and Molecular Innovations). Thrombin generation was

measured by calibrated automated thrombography, as described

[25,26]. Plasma prothrombin concentrations were measured using a

commercial ELISA according to the manufacturer’s instructions

(Molecular Innovations). Plasma fibrinogen concentrations were

determined using an in-house ELISA. For full details of these methods,

see Supplementary Methods.
2.4 | Detection of hepatic fibrin(ogen) by capillary

western blotting

Fibrin(ogen) concentrations were measured in enriched urea-insoluble

(ie, cross-linked) tissue extracts using automated capillary western

blotting (Wes; ProteinSimple), as described previously [14]. For full

details, see Supplementary Methods.
2.5 | Assessment of plasma clot formation by

turbidity

Fibrin polymerization was studied by monitoring the changes in

turbidity during clot formation initiated with tissue factor (TF,

Thromboplastin DS, Pacific Hemostasis) or bovine thrombin (Enzyme

Research Laboratories). To initiate with TF, 140 μL of 4× diluted

plasma (in 0.1 M Tris–HCl (pH 7.4)) and 35 μL of Thromboplastin DS

solution (reconstituted using the manufacturer’s instruction, then

2000× diluted in 0.1 M Tris–HCl (pH 7.4), final concentration 12

000×) was added to each well of a 96-well plate. Clotting was initiated

by adding 35 μL of 30 mM CaCl2 (in 0.1M Tris–HCl, final concentra-

tion 5 mM). To initiate with thrombin, 160 μL of 4× diluted plasma (in

0.1 M Tris–HCl [pH 7.4]) was added to each well of a 96-well plate.

Clotting was initiated by adding a 40 μL solution containing 25 mM

CaCl2 (final concentration 5 mM) and 1.25, 12.5, or 50 U/mL bovine

thrombin (final concentration 0.25, 2.5, or 10 U/mL thrombin,

respectively). In some experiments, plasma was supplemented with

human fibrinogen (plasminogen depleted, Enzyme Research Labs),

final concentration 150 or 200 mg/dL, as indicated. Turbidity curves

were generated by monitoring changes in absorbance at 405 nm every

25 seconds for 35 minutes at 37 ◦C in a microplate reader (Infinite

M200 Tecan).
2.6 | Statistics

Statistical analyses were performed using GraphPad Prism v.9

software. Continuous variables are presented as values for individual
mice and as mean ± SEM. Comparison of 2 groups was performed

using Student’s t-test. Comparison of 3 or more groups was performed

using 1- or 2-way analysis of variance (ANOVA), as appropriate, with the

Tukey post hoc test. Differences were considered significant if the p-

value was < .05.
3 RESULTS

3.1 | APAP overdose induces dose-dependent

effects on liver function and injury

Plasma ALT (Figure 1A) and direct bilirubin (Figure 1B) increased in a

dose-dependent manner. The plasma albumin concentration was

significantly decreased only in mice challenged with 600 mg/kg APAP

(Figure 1C). Liver injury in APAP-challenged mice was characterized

by centrilobular necrosis (Figure 1D, E, black asterisk). Mice chal-

lenged with 600 mg/kg APAP had a significantly increased area of

hepatocellular necrosis compared with 300 mg/kg APAP-challenged

mice (Figure 1D). Moreover, overt hemorrhage/congestion was

evident in the livers of mice challenged with 600 mg/kg APAP but not

at lower APAP doses (Figure 1E, arrowheads). Swelling of hepatocytes

with vacuolation of the cytoplasm was frequently observed in hepa-

tocytes outside distinct areas of necrosis at both the 450 and 600 mg/

kg doses (Figure 1F, white triangle). Furthermore, hepatocellular

ballooning (Figure 1F, white arrow), as well as sinusoidal perturbation

(Figure 1F, black arrow) distinguished mice challenged with 600 mg/kg

APAP from lower APAP doses (Figure 1F).
3.2 | APAP-induced ALF produces severe

coagulopathy

Consistent with previous studies [10,11,13], we observed a significant

increase in plasma TAT complexes, indicative of coagulation activation,

in APAP-challenged mice across all doses, and this was particularly

notable at the highest dose tested (600 mg/kg) (Figure 2A). Similar

findings were observed in a second independent study using a different

TAT ELISA (Supplemental Figure S1). Plasma fibrinogen concentrations

were unchanged in mice challenged with 300 or 450 mg/kg APAP

(Figure2B), butdramatically reduced inmice challengedwith600mg/kg

APAP (Figure 2B). Finally, plasma prothrombin concentrations were

slightly but nonsignificantly reduced inmice challengedwith 300mg/kg

APAP compared with saline-challenged mice, and significantly reduced

in mice challenged with 600 mg/kg APAP compared with either saline-

or 300 mg/kg APAP-treated mice (Figure 2C).
3.3 | Hepatic fibrin(ogen) deposition after the APAP

challenge does not display an obvious dose–response

The deposition of cross-linked fibrin(ogen) is a hallmark of APAP-

induced liver injury [20]. We anticipated that hepatic fibrin(ogen)



F I GUR E 1 Assessment of APAP dose-dependent effects on liver injury and function. Fasted male wild-type mice were challenged with saline

or APAP (300, 450, or 600 mg/kg i.p.), and samples were collected 24 hours later. Plasma (A) ALT, (B) direct bilirubin, and (C) albumin

concentrations were measured. (D) Area of hepatocellular necrosis expressed as percentage of tissue area. (E) H&E staining of mouse livers.

Necrotic area is indicated by black asterisk, sinusoidal congestion/hemorrhage by black triangle. (F) High magnification of liver H&E staining.

Dashed line indicates outer area of necrotic area. Hepatocyte cytoplasmic vacuolation is indicated by white triangle, sinusoidal perturbation by

black arrow, and hepatocyte ballooning by white arrow. Individual mice are plotted, bars represent mean ± standard error of mean. ALT,

alanine aminotransferase; APAP, acetaminophen; HandE, hematoxylin and eosin; i.p. intraperitoneal. *p < .05, **p < .01, ***p < .001, ****p <

.0001.
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deposits would increase in a dose-dependent manner in mice chal-

lenged with APAP. As anticipated, hepatic deposits of insoluble cross-

linked fibrin(ogen), demarked by cross-linked Fib(A)α and Fibγ, as well

as Fib(B)β, were increased in the livers of APAP-challenged mice

(Figure 3A–F) but displayed no obvious dose–response relationship.
To determine if fibrin(ogen) also accumulated in other tissues, we used

capillary western blotting to assess the concentrations of Fibβ in heart

and kidney tissue after APAP overdose. Contrasting our expectations,

we observed a dose-dependent decrease in insoluble fibrin(ogen)

deposition in these tissues after the APAP challenge (Supplemental



F I GUR E 2 Assessment of APAP dose-dependent effects on plasma coagulation factors. Fasted male wild-type mice were challenged with

saline or APAP (300, 450, or 600 mg/kg). Blood was collected 24 hours after challenge. (A) Plasma thrombin–anti-thrombin (TAT) complexes as

a marker for coagulation activation. (B) Plasma fibrinogen antigen concentrations were measured by ELISA. (C) Plasma prothrombin

concentrations were measured by ELISA. Values for individual mice are plotted, bars represent mean + SEM. APAP, acetaminophen. *p < .05,

***p < .001, ****p < .0001.
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Figure S2). Notably, plasma fibrin(ogen) degradation products (FDPs,

eg, D-dimer) increased dramatically in the plasma of mice challenged

with 600 mg/kg APAP compared with mice treated with saline or

lower doses of APAP (Figure 3G).
3.4 | Thrombin inhibition dramatically reduces

consumption of coagulation factors in mice challenged

with 600 mg/kg APAP

Our findings suggest that challengewith 600mg/kg APAP elicits robust

coagulation activation that promotes liver pathology. To test this hy-

pothesis, we challenged mice with 600 mg/kg APAP and then treated

mice with the direct thrombin inhibitor, DE, beginning 2 hours after the

APAP challenge. Diluted thrombin time was used to estimate active DE

concentration in plasma of saline-treated mice (Figure 4A, B). In APAP-

challenged mice, treatment with DE significantly reduced plasma TAT

concentrations (Figure 4C), preserved plasma fibrinogen concentra-

tions (Figure 4D), and decreased plasma concentrations of FDPs

(Figure 4E) compared with vehicle-treated mice. Previous studies have

shown that treatment with anticoagulants, such as heparin and DE,

before the 300 mg/kg APAP challenge reduces early APAP toxicity

[10,13,14,27]. Consistent with these prior reports, we found that anti-

coagulation with DE also reduced hepatic necrosis (Figure 4G, black

asterisks) and hemorrhage/congestion (black arrowheads) 24 hours

after the 600 mg/kg APAP challenge (Figure 4F, G).
3.5 | Plasma from mice with APAP-induced ALF

does not support thrombin-mediated clot formation

ex vivo

Consistent with the observed reduction in plasma fibrinogen and

prothrombin (Figure 2B, C), the PT was dramatically prolonged in
plasma from mice challenged with 600 mg/kg APAP, whereas minimal

change was evident in mice given 300 or 450 mg/kg APAP (Figure 5A).

Restoring plasma fibrinogen to physiological concentrations (ie, 150

mg/dL) did not fully correct the PT in mice challenged with 600 mg/kg

APAP (Figure 5B). Upon addition of TF, plasma from mice challenged

with saline or 300 mg/kg APAP supported fibrin clot formation,

monitored by increased turbidity in a microplate (Figure 5C, black and

blue solid line, respectively). TF-induced coagulation did not increase

turbidity in plasma from mice challenged with 600 mg/kg APAP

(Figure 5C, orange solid line). Notably, plasma from mice challenged

with 600 mg/kg APAP had a higher starting OD at 405 nm, potentially

due to the buildup of products such as bilirubin (Supplemental

Figure S3). To determine whether the loss of fibrin formation was

caused by reduced fibrinogen (Figure 2B), we spiked fibrinogen into

the plasma samples to normalize the starting concentration. However,

ex vivo correction of fibrinogen to 200 mg/dL in plasma from mice

challenged with 600 mg/kg did not enable fibrin formation (ie,

turbidity) increase (Figure 5C, orange dotted line, Supplemental

Figure S3). Although prothrombin concentrations were significantly

reduced only in mice challenged with 600 mg/kg APAP, the APAP

challenge suppressed plasma thrombin generation regardless of APAP

dose (Table, Supplemental Figure S4, Supplemental Tables S1–S5).

Surprisingly, even with normalization of plasma fibrinogen, addition of

thrombin directly to plasma did not drive a fibrin clot formation in

mice challenged with 600 mg/kg APAP (Figure 5D, Supplemental

Figure S3). Notably, this defect could be overcome by increasing the

concentration of thrombin added to plasma, suggesting the presence

of an endogenous thrombin inhibitor (Figure 5E).
4 | DISCUSSION

Several studies have shown that standard APAP overdose in mice is

associated with activation of coagulation [10,28]. However,



F I GUR E 3 Assessment of dose-dependent effects of APAP on hepatic deposition of cross-linked fibrin(ogen). Fasted male mice were

challenged with saline or APAP (300-600 mg/kg). Livers and blood samples were collected 24 hours later to assess hepatic fibrin(ogen)

deposition and fibrin(ogen) degradation products, respectively. Fibrin(ogen) concentrations were measured in enriched insoluble liver extracts

using automated capillary Western blotting (Wes by ProteinSimple). Representative digital capillary images show fibrin(ogen) detected by

rabbit polyclonal antibodies selective for fibrin(ogen) Aα chain (A), γ chain (B), and Bβ chain (C). Quantification of peaks is shown in panels D–F.

(G) Plasma concentrations of fibrin(ogen) degradation products (FDPs) measured using D-dimer ELISA. Individual mice are plotted, bars

represent mean + SEM, n = 4-10 mice per group. APAP, acetaminophen. *p < .05, **p < .01, ***p < .001, ****p < .0001.
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F I GUR E 4 Impact of DE posttreatment on ALF-induced coagulopathy and liver injury. Fasted male wild-type mice were challenged with

saline or 600 mg/kg APAP. To inhibit thrombin, mice were treated 2 and 12 hours after challenge with DE (10 mg/kg) or vehicle (2% dimethyl

sulfoxide, 30% glycerinformal-cremophor). Samples were collected 24 hours after challenge to assess coagulation parameters and liver

necrosis. To assure that this treatment paradigm resulted in meaningful DE plasma concentrations, diluted thrombin time was used to assess

DE plasma concentrations in a separate group of mice 6 hours after vehicle (saline) treatment (A, B). Plasma thrombin–anti-thrombin (TAT)

complexes (C), plasma fibrinogen (D), and plasma fibrin(ogen) degradation products (E) were measured 24 hours after challenge. Livers were

collected 24 hours after APAP challenge to assess hepatocellular injury. (F) Area of hepatocellular necrosis, expressed as percentage. (G)

Representative HandE staining of mouse livers of vehicle-treated (left) and DE-treated (right) mice. Necrotic area is indicated by black asterisk,

sinusoidal congestion/hemorrhage by black triangle. Individual mice are plotted, bars represent mean+SEM. ALF, acute liver failure; APAP,

acetaminophen; DE, dabigatran etexilate; HandE, hematoxylin and eosin. *p < .05, **p < .01.
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experimental settings of APAP hepatotoxicity (ie, 300-450 mg/kg

APAP) do not produce ALF-like pathology, and therefore, may not

fully recapitulate the mechanisms driving changes in the hemostatic

system in ALF patients. We identified apparent thresholds in the

APAP dose–response wherein large doses of APAP that produce ALF-

like pathology in mice [15] cause substantial changes in the hemostatic

system. Changes observed in mice challenged with 600 mg/kg APAP
included evidence of consumptive coagulopathy as evidenced by a

substantially prolonged PT, near undetectable concentrations of

plasma fibrinogen, and dramatic elevation in markers of coagulation

activation (TAT) and fibrinolysis (fibrin degradation products).

Notably, DE treatment attenuated changes in TAT and fibrin degra-

dation products and produced hepatoprotective effects in a model

otherwise associated with failed repair. These results highlight how



F I GUR E 5 Assessment of dose-dependent effects of APAP on ex vivo plasma clot formation: Fasted male wild-type mice were challenged

with saline or APAP (300, 450, or 600 mg/kg). Blood was collected 24 hours after challenge. (A) PT in plasma collected from saline or APAP-

challenged mice. (B) Mouse fibrinogen or vehicle (Owren’s Veronal buffer) was spiked into all plasma samples to achieve a final plasma

fibrinogen concentration of 150 mg/dL and PT was subsequently measured. Note that plasma from 2 mice treated with 600 mg/kg APAP still

failed to form a clot after addition of mouse fibrinogen (symbols overlap). Change in turbidity at 405 nm was monitored in plasma after clot

formation was initiated with tissue factor (C), 0.25 U/mL thrombin (D), or various concentrations of thrombin (0.25-10 U/mL, E). Values for

individual mice are plotted for A, B, and bars represent mean+SEM. Panels C,D show average turbidity curves obtained from 5 mice per group.

Individual turbidity curves can be found in Supplemental Figure S3. APAP, acetaminophen; PT, prothrombin time. ****p < .0001.
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APAP dose–response studies can be used to uncover the mechanisms

of hemostatic changes associated with APAP hepatotoxicity and

APAP-induced ALF.

Plasma TAT concentration was increased substantially, and

plasma fibrinogen concentration reduced in mice challenged with 600

mg/kg APAP compared with lower APAP doses, suggesting marked

coagulation activation. We were surprised that this dramatic decrease

in plasma fibrinogen was not paired with a further increase in hepatic
deposition of fibrin(ogen) in mice given 600 mg/kg APAP. One

explanation for these observations is increased fibrin degradation,

suggested by dramatic elevation of plasma FDPs in mice challenged

with 600 mg/kg APAP. Additional studies monitoring biomarkers of

plasmin production (eg, plasmin-antiplasmin complexes) will be

required to solidify this conclusion. Alternatively, decreased hepatic

function in mice challenged with 600 mg/kg APAP may suppress he-

patic synthesis of fibrinogen, which could also lead to the observed



T AB L E Plasma thrombin generation parameters in mice challenged with saline or 300, 450, or 600 mg/kg APAP.

Treatment Lag time (min) Time to peak (min) Velocity (nM/min) Peak (nM)

Endogenous thrombin

potential (nM/min)

Saline 3.4 ± 0.4 5.6 ± 0.6 35.8 ± 9.1 76.0 ± 8.6 635.6 ± 32.1

300 mg/kg Acetaminophen 6.9 ± 3.4 10.6 ± 4.2 6.9 ± 7.8a 22.4 ± 20.2a 253.6 ± 188.6a

450 mg/kg

Acetaminophen

22.6 ± 25.4 25.4 ± 24.0 2.0 ± 2.7a 8.5 ± 8.6a 107.3 ± 87.1a

600 mg/kg

Acetaminophen

31.8 ± 28.2 33.9 ± 26.1 1.4 ± 1.4a 7.41 ± 7.4a 91.5 ± 92.3a

Coagulation was initiated in the presence of 1 pM tissue factor. The assay was performed in duplicate (N = 5 mice per group). Replicate values are shown

for each parameter in Supplemental Tables S1–S5).

ETP, endogenous thrombin potential.
a p < .05 compared to saline-challenged mice.
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reduction in plasma fibrinogen. Collectively, the results suggest that

the reduction in plasma fibrinogen concentrations in mice with APAP-

induced ALF reflects consumption and degradation of fibrin(ogen), as

well as a possible decrease in fibrinogen synthesis by the injured liver.

Impaired TF- or thrombin-initiated clot formation in plasma from

mice challenged with 600 mg/kg APAP was not fully corrected by

addition of normal human fibrinogen. Notably, this defect could be

overcome by increasing the concentration of thrombin added to the

plasma in the presence of exogenous human fibrinogen. These studies

suggest that an endogenous thrombin inhibitor impacts ex vivo coag-

ulation of plasma from APAP-challenged mice. Although the precise

mechanisms are not known, this observation aligns with prior studies

describing a “heparin-like effect” in a porcine model of ALF, as well as

in patients with ALF and advanced chronic liver disease [29–32].

Consequences of hepatic dysfunction, such as increased bilirubin

concentration, may impact thrombin generation or fibrin polymeriza-

tion. Moreover, marked endothelial damage in these disease settings

is proposed to promote the release of endogenous heparin-like mol-

ecules, and syndecan-1 concentrations are increased in plasma of both

mice and humans with acute APAP-induced liver injury [33]. Inter-

estingly, endothelial injury and intrahepatic congestion/hemorrhage

are among the key features distinguishing histopathology in mice

challenged with 600 mg/kg APAP from lower APAP doses [17]. The

apparent presence of an endogenous thrombin inhibitor adds to the

complex list of changes affecting ex vivo coagulation in plasma from

APAP-challenged mice, including marked reductions in plasma fibrin-

ogen, which appears to exceed that observed in patients. It may also

be useful in future studies to examine if changes in anticoagulant

proteins, such as antithrombin or thrombomodulin, impact thrombin-

generation parameters in APAP-challenged mice, as is the case in

patients.

Changes in plasma-based coagulation assays evident in APAP-

challenged mice are influenced by coagulation factor consumption.

Prior studies have shown that coagulation activation after challenge

with standard hepatotoxic doses of APAP is TF dependent [10,11],

although the mechanisms driving exaggerated coagulation in mice

challenged with 600 mg/kg are not known. Although TF in the liver

(eg, hepatocellular TF) is a primary initiator of coagulation after APAP
overdose, larger doses of APAP may drive excess coagulation by

nonparenchymal cell TF activation. This may be another consequence

of exaggerated endothelial cell damage evident in mice given the

higher dose of APAP, perhaps connected to loss of function of anti-

coagulant pathways. Alternatively, an exaggerated inflammatory

response could amplify coagulation. For example, a recent study

described exaggerated production of interleukin-6 (IL-6) as a driver of

pathologies observed in ALF in mice challenged with APAP, including

disruption of cerebral blood flow [17]. It is also possible that amplifi-

cation of coagulation by inflammatory cytokines like IL-6 occurs after

APAP challenge. The precise mechanisms driving prothrombin con-

sumption and increase in TAT require further investigation.

DE treatment after the 600 mg/kg APAP challenge significantly

attenuated coagulation activity. Although there was no obvious

reduction in serum ALT activity (not shown), DE treatment reduced

the extent of liver necrosis. The results suggest that the coagulopathy

observed in experimental APAP-induced ALF is pathologic and should

fuel discussion on whether anticoagulation would benefit ALF pa-

tients, either by preventing liver damage or perhaps even the pro-

gression of extrahepatic pathologies. Histopathologic analysis

revealed rare tubular casts (<1% tubules affected) and rare tubules

lined by degenerate-to-necrotic epithelial cells in mice challenged with

600 mg/kg APAP and vehicle (1 mouse) or DE (1 mouse)

(Supplemental Figure S5). These changes were deemed minor and

likely without the consequences on renal function, but we cannot

exclude progression of injury at time points not yet examined. Addi-

tional studies are required to weigh risks/benefits of pharmacologic

anticoagulation, selection of an anticoagulant drug, and to identify the

ideal timing of anticoagulation after APAP challenge. We selected to

administer DE 2 hours after the APAP challenge. This avoids potential

effects on APAP metabolism but does not directly address the ques-

tion of ideal timing in a patient population. Additional studies uncov-

ering the precise time course of coagulopathy after APAP challenge

and defining the precise mechanisms linking coagulation activity to

liver injury and repair will provide information on these key questions.

Prior studies suggest that thrombin can exacerbate APAP hepato-

toxicity by promoting hepatic platelet accumulation [13]. Substantial

sinusoidal congestion was evident in the livers of mice treated with
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600 mg/kg APAP, which appeared to be reduced in mice treated with

DE. Due to either intrahepatic coagulation or excess plasmin pro-

duction, severe sinusoidal congestion could impair hepatic blood flow,

resulting in hypoxia and impaired liver repair after 600 mg/kg APAP

[15]. Restoration of hepatic blood flow by anticoagulation may enable

the clearance of debris by leukocytes and perhaps drive hepatocyte

proliferation. Regardless of the exact mechanisms, this reduction in

hepatic necrosis after DE treatment is an important finding as the 600

mg/kg APAP model is characteristically associated with a failure of the

liver to repair [15].

In summary, we found that APAP-induced ALF in mice is associated

with profound changes in the hemostatic system not evident in stan-

dard APAP hepatotoxicity, including a consumptive coagulopathy that

appears to exacerbate hepatotoxicity and a heparin-like effect detect-

able using ex vivo clotting assays. These results suggest that experi-

mental APAP dose–response studies could be used to uncover the

mechanistic basis of hemostatic changes observed in ALF patients and

could reveal novel pro-regenerative targets to stimulate liver repair.
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