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Abstract Acute sepsis can be induced by cytokines such

as TNF-a and biological products such as LPS. All of these

agents cause systemic inflammation, which is characterized

by hemodynamic shock and liver toxicity. However, the

outcomes of different septic shock models were totally

opposite in transglutaminase 2 knockout (TGase 2-/-)

mice. The aim of our study was to clarify the role of TGase

2 in liver injury. Therefore, we explored the role of TGase

2 in liver damage using two different stress models: LPS-

induced endotoxic shock and TNF-a/actinomycin D

(ActD)-induced sepsis. TNF-a-dependent septic shock

resulted in increased liver damage in TGase 2-/- mice

compared with wild-type (WT) mice, and was accompa-

nied by increased levels of caspase 3 and cathepsin D

(CTSD) in the damaged liver. Conversely, LPS-induced

septic shock resulted in ablation of inflammatory endotoxic

shock in TGase 2-/- mice and decreased liver injury. We

found that TGase 2 protected liver tissue from TNF-a-

dependent septic shock by reducing the expression of

caspase 3 and CTSD. However, TGase 2 differently par-

ticipated in increased the hemodynamic shock in LPS-

induced septic shock through macrophage activation rather

than protecting direct liver damage. Therefore, these find-

ings demonstrate that septic shock caused by different

agents may induce different results in TGase 2-/- mice

depending on the primary target organs affected.

Keywords Transglutaminase � Acute liver failure �
TNF-a � Cathepsin D � Caspase 3

Introduction

Transglutaminase 2 (TGase 2, E.C. 2.3.2.13, protein-glu-

tamine c-glutamyltransferase) is an enzyme that catalyses

e-(c-glutamyl)-lysine isopeptide cross-linking (Beninati

and Piacentini 2004; Folk 1983). TGase 2 is associated

with liver tissue remodeling, wound healing, cell adhesion,

and apoptosis (Kim 2004; Mirza et al. 1997). Previously,

we showed that TGase 2 induces NF-jB activation via

I-jBa depletion in the absence of kinase activation (Lee

et al. 2004; Park et al. 2006). In addition, TGase 2 over-

expressing cells constantly maintained NF-jB activation

upon TNF-a treatment compared with cells without TGase

2 expression (Park et al. 2011). From these findings, it

appears that TGase 2 expression facilitates cell survival by

enhancing NF-jB activity (Kim 2011).

The apoptotic role of TGase 2 has been debated, primarily

because no spontaneous cell death was observed in TGase

2-/- mice (De Laurenzi and Melino 2001, Nanda et al. 2001).

TGase 2 was reported to promote cell survival against

thapsigargin- or hypoxia-induced cell death (Jang et al. 2010;

Yamaguchi and Wang 2006). The anti-apoptotic function of

TGase 2 in vivo has been reported by Sarang et al., which
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showed that in TGase 2-/- mice were sensitive to Fas-med-

iated cell death (Sarang et al. 2005). We also showed in two

different liver injury models that injection of TNF-a with

ActD or Concanavalin A results in increased hepatocyte

apoptosis in TGase 2-/- mice (Delhase et al. 2012). These

data support a role for TGase 2 in inhibition of cell death

mediated by members of the TNF/TNFR1 superfamily

(Delhase et al. 2012). In the study, TGase 2 was identified as a

downstream mediator of the anti-apoptotic response trig-

gered upon NF-jB activation. Because these observations

concurred with results from other acute liver injury models,

such as lead nitrate (Falasca et al. 2005) and carbon tetra-

chloride treatment (Nardacci et al. 2003), we proposed a role

for TGase 2 as a regulator of apoptotic proteases (Delhase

et al. 2012). However, when LPS/galactosamine (Gal)-

induced septic shock was elicited in TGase 2-/- mice

(Falasca et al. 2008), survival was dramatically increased

compared with that in wild-type (WT) mice, an effect that

was highlighted by a marked reduction in organ injury and

limited infiltration by neutrophils. The increased survival of

TGase 2-/- mice in the LPS sepsis model indicates that

TGase 2 plays an important role in endotoxemia, which is

directly involved with NF-jB activation. This phenomenon

was in agreement with other reports, including one showing

induction of hepatic apoptosis upon treatment with anti-Fas

antibody or alcohol (Tatsukawa et al. 2009).

The contradictory results obtained from these different

experimental sets prompted investigation into how TGase 2

contributes to the septic process. Understanding the role of

TGase 2 in sepsis is crucial due to the development of

TGase 2 inhibitors for use in treating chronic inflammatory

diseases or cancer.

To clarify the role of TGase 2 in liver injury, we explored

the mechanism by which TNF-a treatment induces apoptosis.

Acute liver failure commonly occurs due to increased pro-

duction of chemokines and TNF-a by macrophages (Muto

et al. 1988). TNF-a, a pro-inflammatory cytokine, induces

systemic inflammation, which is characterized by hemody-

namic shock and liver toxicity (Muto et al. 1988). In liver

cells, TNF-a also induces expression of TGase 2, a cross-

linking enzyme, through NF-jB activation; a role that is

thought to be involved in liver fibrogenesis (Kuncio et al.

1998). Therefore, we explored the role of TGase 2 in liver

damage using two different stress models: LPS-induced

endotoxic shock and TNF-a/ActD-induced sepsis.

Materials and methods

Reagents

Caspase-3, PARP, and cathepsin D (CTSD) antibodies were

purchased from Cell Signaling Technologies (Beverly, MA).

The TGase 2 antibody was purchased from NeoMarkers

(clone CUB 7402; Fremont, CA). Actinomycin D (ActD)

and lipopolysaccharide (LPS) were purchased from Sigma-

Aldrich (St Louis, MO). Mouse recombinant TNF-a was

obtained from R&D Systems (Minneapolis, MN).

Animals and experimental design

The 8- to 10-week-old male TGase 2-/- mice used in this

study were established previously and back-crossed with

C57BL/6 mice over 20 generations (Kim et al. 2010). All

experimental protocols were conducted in accordance with

the Korean law on animal protection and approved by the

Institutional Animal Care and Use Committee at the National

Cancer Center. The animals were randomly divided into three

groups: Group I, control animals that were injected intraper-

itoneally with PBS (pH 7.4); Group II, animals were injected

intraperitoneally with 400 lg/head LPS; and Group III, ani-

mals were injected intraperitoneally with 10 lg/head ActD

5 min prior to intraperitoneal administration of 100 ng/head

TNF-a. The mice were killed 16 h after the last treatment.

Preparation of immortalized MEFs

Mouse embryonic fibroblasts (MEFs) were prepared from

individual embryos at embryonic day 13.5 following a

standard protocol (Kim et al. 2010). After removal of the legs

and liver, the remaining tissue was washed twice in Dul-

becco’s phosphate-buffered saline and then incubated with

100 ll trypsin/EDTA for 30 min. The tissue was dissociated

to near-homogeneity in complete medium and transferred to

a 150-mm dish. MEFs were maintained in Dulbecco’s

modified Eagle’s medium supplemented with 10 % FBS and

split every 2–3 days. To obtain natively immortalized MEFs,

primary MEFs were maintained over 10 passages. All

experiments were performed using immortalized MEF cells

after 10 passages (Kim et al. 2010). The genotypes of the

MEFs were identified and confirmed by PCR using genomic

DNA from the yolk sac and from the MEFs.

Crystal violet staining

Cells were incubated with TNF-a/ActD in a CO2 incubator

for 4 h, washed twice with cold PBS, and fixed with cold

methanol on ice for 10 min. Following fixation, crystal

violet solution was added to each well and incubated for

15 min at RT. Residual crystal violet solution was removed

by three washes in distilled water.

IN Cell analyzer 1000

Wild-type and TGase 2-/- cells were seeded on 96 well

plates and treated with TNF-a/ActD. After 24 h, the cells
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were fixed in 3.7 % paraformaldehyde and stained with

Hoechst and Annexin V Alexa-fluor 647 (Invitrogen,

Carlsbad, CA). Cell number and Annexin V intensity were

determined using the IN Cell analyzer 1000 (GE Health-

care, Cardiff) analysis software. Each experiment was

repeated at least three times.

Apoptosis assay

Determination of apoptotic activity by Annexin V staining

was performed using an Annexin V-FITC Apoptosis Detec-

tion Kit (BD Biosciences, San Diego, CA) according to the

manufacturer’s instructions. TUNEL staining was performed

on fixed tissues using the In Situ Cell Death Detection Kit

(Roche, GER) following the manufacturer’s instructions.

Cytokine secretion analyses

Mouse serum was evaluated using the Cytometric Bead

Assays Mouse Inflammation Kit (CBA; BD Biosciences,

San Diego, CA) following the standard procedure. Briefly,

serum samples were incubated with antibody conjugated

beads and a fluorochrome, and immediately analyzed on a

FACSCalibur flow cytometer (BD Biosciences, San Diego,

CA). Results were plotted to determine the concentrations

of cytokine proteins (IL-12, IL-6, MCP-1, TNF-a, and IFN-

c) using a standard curve.

Bone marrow derived macrophages (BMDM)

Bone marrow was flushed from WT and TGase 2-/- mice

and cultured for 1 week in complete macrophage medium

[DMEM supplemented with 10 % FBS, 20 ng/ml macro-

phage-colony stimulating factor (R&D systems, Minneap-

olis, MN)] at 37 �C. After 7–10 days in culture,

approximately 95 % of the adherent cells were macro-

phages (Vereyken et al. 2011) and were used for sub-

sequent experiments.

Statistical analysis

All the data are representative of at least three independent

experiments. Values are expressed as mean SD. Statistical

analysis was performed using an unpaired Student’s t test.

Results

Opposite effects in TGase 2-/- mice using LPS/Gal

and TNF-a/ActD septic models

To examine the response of TGase 2-/- mice to septic

shock, we employed two different septic shock models:

LPS/Gal and TNF-a/ActD (Fig. 1). LPS/Gal treatment was

strongly lethal in WT mice but had almost no lethal effect

in TGase 2-/- mice (Fig. 1a). Interestingly TNF-a/ActD

treatment was lethal to TGase 2-/- mice but caused almost

no lethality in WT mice (Fig. 1b). These findings demon-

strate that TGase 2-/- mice are resistant to LPS/Gal-induced

septic stress but vulnerable to TNF-a/ActD-induced septic

stress.

TNF-a/ActD, but not LPS/Gal, induces significant

amounts of apoptosis in the livers of TGase 2-/- mice

The acute sepsis model induced by TNF-a/ActD causes

systemic inflammation, which is associated with liver tox-

icity. To examine liver toxicity induced by LPS/Gal and

TNF-a/ActD, liver tissue was evaluated by TUNEL staining

and immunoblotting (Fig. 2). The TUNEL assay showed a
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Fig. 1 Mortality rates differed between WT and TGase 2-/- mice

depending on the sepsis models used. a Age-matched WT and TGase

2-/- mice sensitized with D-galactosamine (0.5 mg/g) to enhance the

toxicity of LPS were injected with LPS (0.4 mg/head). b ActD

(10 lg/head) was injected intraperitoneally before the intraperitoneal

administration of TNF-a (0.1 lg/head). Each mouse was monitored

for 24 h. n = 5 mice/group. Experiments were repeated twice, and

the averages are presented with the SD. *, ** P \ 0.05 was

considered statistically significant. WT wild type, KO TGase 2

knock-out
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significant increase in the number of apoptotic cells in the

livers of TGase 2-/- mice exposed to TNF-a/ActD com-

pared with those of WT mice (Fig. 2a, b). However, there

was no difference in apoptotic induction between WT and

TGase 2-/- mice subjected to LPS/Gal treatment (Fig. 2a,

b). Interestingly, liver tissue in TGase 2-/- mice showed

about 160 % increase in TNF-a/Act-induced apoptosis to

compare to LPS-induced apoptosis (Fig. 2a, b). Immunoblot

analysis of cleaved caspase 3 and PARP showed increased

cleavage only in TGase2-/- mice exposed to TNF-a/ActD,

while TGase2-/- mice exposed to LPS did not show any

cleavage of caspase 3 or PARP (Fig. 2c). These data agree

with the results of the TUNEL assay.

TGase2-/- MEFs are susceptible to TNF-a/ActD-

induced apoptosis

To determine whether the susceptibility of liver tissue to

TNF-a/ActD-induced apoptosis is a general phenomenon

that also occurs in other tissues, MEF cells were examined

after TNF-a/ActD treatment (Fig. 3). After treatment with

LPS or TNF-a/ActD for 4 h, colonies were visualized by

crystal violet staining, and fluorescence image acquisition

was performed with an IN Cell Analyzer 1000 automated

confocal laser scanning microscope (Fig. 3a). LPS-induced

apoptosis was less than 2.5-fold lower both in MEFs from

WT and TGase 2-/- mice. MEFs from TGase 2-/- mice
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Fig. 2 TGase 2 gene ablation

led to increased apoptosis.

a, b Liver samples from WT or

TGase 2-/- mice treated with

TNF-a/ActD or LPS/Gal for

16 h were subjected to TUNEL

assay to detect apoptotic

hepatocytes. Y axis represents

% of control as a number of

dead cells in wild type treated

with TNF-a ? Act D set

100 %. c Liver tissues from WT

and TGase 2-/- mice were

homogenized, and TGase 2,

caspase-3, and PARP were

analyzed by immunoblotting.

HE high expose, LE low expose,

con control)
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showed over 11-fold increased susceptibility to TNF-a/

ActD-induced apoptosis, whereas MEFs from WT mice

were 6-fold increased (Fig. 3a, b). Therefore, TGase 2-/-

MEFs are over 3-fold susceptible to TNF-a/ActD-induced

apoptosis to compare to LPS-induced apoptosis. Immuno-

blot analysis of caspase 3 and PARP activation revealed

increased activation of caspase 3 and PARP only in whole

cell extracts of TNF-a/ActD-treated MEFs from TGase

2-/- mice, while almost no change has been detected in

whole extracts of LPS-treated MEFs both from WT and

TGase 2-/- mice (Fig. 3c).

Increased TNF-a/ActD-mediated apoptosis in TGase

2-/- mice is associated with restoration of cathepsin D

(CTSD)

Binding of TGase 2 to CTSD results in the depletion of

CTSD both in vitro and in MEFs, leading to decreased

levels of apoptosis (Kim et al. 2011). To determine whether

CTSD contributes to apoptosis induced by TNF-a/ActD

treatment, immunohistochemical analysis was performed

on livers from WT and TGase2-/- mice (Fig. 4a). A sig-

nificant increase in CTSD expression was revealed by
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Fig. 3 MEFs from TGase 2-/-

mice were more susceptible to

TNF-a/ActD-induced cell death

than wild-type mice. MEF cells

were stimulated with LPS or

TNF-a/ActD for 4 h. a After

treatment, colonies were

visualized by crystal violet

staining. Fluorescence image
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IN Cell Analyzer 1000

automated confocal laser
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b Expression of Annexin V was

analyzed by flow cytometry.

c Whole-cell lysates were
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analysis of the indicated

proteins. ActD actinomycin D,
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immunohistochemical staining of livers from TGase2-/-

mice (Fig. 4a) and by immunoblotting of whole cell

extracts from TGase2-/- mice (Fig. 4b). The mature form

of CTSD was markedly increased in TGase2-/- mice,

which is indicative of an increase in apoptosis (Fig. 4c).

The endotoxic effect of LPS/Gal-induced septic shock

is dramatically reduced in TGase2-/- mice

Because LPS/Gal-induced apoptosis was not significant in

the liver tissues of WT and TGase2-/- mice (Fig. 2), the

susceptibility of TGase2-/- macrophages to LPS/Gal

septic shock was examined in BMDMs. LPS/Gal treatment

for 6 h did not increase apoptosis in BMDMs, as shown by

FACS analysis of Annexin V staining in BMDMs from WT

and TGase 2-/- mice (Fig. 5a). Immunoblotting also

showed no change in the expression of caspase 3 or PARP

following LPS/Gal or TNF-a/ActD treatment. However,

COX-2 expression was increased in BMDMs from WT

mice exposed to LPS/Gal treatment (Fig. 5b). When the

levels of inflammatory cytokines in the serum from mice,

including IFN-c, MCP-1, IL-6, and TNF-a, were measured

following treatment with LPS/Gal or TNF-a/ActD, the

results showed that LPS/Gal treatment induced increased

levels of all cytokines in sera from WT mice (Fig. 5c),

which may be associated with hemodynamic shock. Sera

from TGase 2-/- mice treated with LPS/Gal showed

clearly reduced levels of IFN-c and IL-6 (Fig. 5c). How-

ever, TNF-a/ActD treatment from TGase 2-/- mice

resulted in markedly reduced levels of IL-6 and TNF-a
compared with WT mice (Fig. 5c).

Discussion

In this study, we found that TGase 2-/- mice respond

differently to different types of septic shock. LPS/Gal-

induced sepsis is more damaging to immune surveillance

cells than to tissue cells, while TNF-a/ActD-induced sepsis

affects liver tissue cells rather than immune cells. LPS/Gal-

induced sepsis stimulates the production of multiple

endotoxic cytokines through macrophage activation, lead-

ing to tissue damage, while TNF-a/ActD-induced sepsis

triggers severe liver damage through activation of apop-

tosis. Both LPS/Gal and TNF-a/ActD treatment appear to

induce TGase 2 expression through NF-jB activation

(Kuncio et al. 1998). To mount an effective defence against

agents such as LPS, TGase 2 must be induced in macro-

phages. To protect against chemically induced tissue

damage, TGase 2 must be induced in the damaged tissue.

Thus, TGase 2-/- mice are affected in different ways

depending on the source of septic shock.

Opposite effects in TGase 2-/- mice were observed

from septic models using LPS/Gal and TNF-a/ActD

(Fig. 1). LPS/Gal treatment was strongly lethal in WT mice

but had almost no lethal effect in TGase 2-/- mice

(Fig. 1a). Interestingly, TNF-a/ActD treatment was lethal

to TGase 2-/- mice but caused almost no lethality in WT

mice (Fig. 1b). These findings demonstrate that TGase

2-/- mice are resistant to LPS/Gal-induced septic stress

but vulnerable to TNF-a/ActD-induced septic stress. TNF-

a/ActD, but not LPS/Gal, induces significant amounts of

apoptosis in the livers of TGase 2-/- mice (Fig. 2).

Immunoblot analysis of cleaved caspase 3 and PARP
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Fig. 4 TNF-a/ActD-mediated apoptosis in TGase 2-/- mice was

associated with CTSD repletion. a Immunohistochemical analysis of

CTSD expression showed an inverse relationship between TGase 2

expression and CTSD levels in the livers of WT and TGase 2-/- mice

treated with TNF-a/ActD. b Whole liver lysates were subjected to

immunoblot analysis to detect CTSD. c MEFs from WT and TGase

2-/- cells were treated with TNF-a/ActD for 4 h, and the lysates were

subjected to immunoblot analysis to detect CTSD. CTSD cathepsin D
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showed increased cleavage only in TGase2-/- mice

exposed to TNF-a/ActD, while TGase2-/- mice exposed

to LPS did not show any cleavage of caspase 3 or PARP

(Fig. 2c). With regard to liver injury, there are conflicting

results regarding the role of TGase 2 in different injury

models. Carbon tetrachloride (CCl4) treatment of TGase

2-/- mice increases the incidence of post-injury death

relative to that in WT mice (Nardacci et al. 2003). The

authors postulated that this is because TGase 2 plays a

protective role by supporting tissue stability and repair. In

addition, lead nitrite (PbNO3) treatment for 5 days in

TGase 2-/- mice results in increased inflammation and

apoptosis in the liver (Falasca et al. 2005), which is

believed to be due to decreased apoptosis-dependent
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Fig. 5 Inflammatory protein

and cytokine expression were

decreased in TGase 2-/- mice.

BMDM cells were treated for

6 h with LPS (200 ng/ml)

or TNF-a (50 ng/ml)/ActD

(20 ng/ml). a Cells were labeled

with Annexin V and analyzed

using a FACScan flow

cytometer to quantify

fluorescence. Annexin

V-positive cells were defined as

apoptosis. b BMDM cells were

treated for 6 h with LPS or

TNF-a/ActD, and whole-cell

lysates were subjected to

immunoblot analysis to detect

the indicated proteins.

c Cytokine production in serum

from WT and TGase 2-/- mice

treated intraperitoneally with

TNF-a/ActD or LPS/Gal. IFN-c,

IL-6, MCP-1, and TNF-a
expression were quantitatively

measured with the BDTM CBA

Mouse Inflammation Kit. Con
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phagocytosis by macrophages (Falasca et al. 2005) or

impaired maturation of autophagosomes, which induces

autophagy in MEFs (D’Eletto et al. 2009). Conversely,

TGase 2-/- mice showed decreased hepatic apoptosis

following treatment with anti-Fas antibody or alcohol

(Tatsukawa et al. 2009). Mallory body (MB) formation

assays (3,5-diethoxycarbonyl-1,4-dihydrocollidine, DDC-fed)

in TGase 2-/- mice revealed decreased MB formation and

liver hypertrophy compared with WT mice (Tatsukawa et al.

2009). This was reported to be because TGase 2 induces

hepatocyte apoptosis via Sp1 cross-linking and inactiva-

tion, with resultant inhibition of c-Met expression required

for hepatic cell viability (Tatsukawa et al. 2009). Sp1

depletion by TGase 2 might be one explanation for the

increased survival of TGase 2-/- mice treated with DDC-

fed. However, activation of immune cells such as Kupffer

cells may be more responsible for MB formation and liver

hypertrophy induced in DDC-fed or alcoholic liver

hypertrophy, because both of these stressors significantly

induce activation of immune cells. TGase 2 may contribute

to activation of Kupffer cells, which may in turn lead to

increased IL-6-mediated recruitment of immune cells to the

damaged liver tissue (Tacke et al. 2009). Recently, Oh

et al. reported that TGase 2 is responsible for IL-17 pro-

duction by T-cells following to the induction of IL-6 in

lung epithelia cells in a lung fibrosis model (Oh et al.

2011). Therefore, the effect of TGase 2 activation in

Kupffer cells might be of interest for future investigation.

In this study, we found that TGase2-/- MEFs are over

3-fold susceptible to TNF-a/ActD-induced apoptosis to

compare to LPS-induced apoptosis (Fig. 3). Immunoblot

analysis of caspase 3 and PARP activation revealed

increased activation of caspase 3 and PARP only in whole

cell extracts of TNF-a/ActD-treated MEFs from TGase

2-/- mice (Fig. 3c). It is quite interesting because cell

growth and normal survival without stress are almost same

between MEFs from WT and TGase 2-/- mice (Fig. 3a).

There is a non-specific band which was increased by LPS-

or TNF-a treatment, however, the size of the molecule is

relatively smaller than WT TGase 2. By analysis of TGase

activity using extracts from TGase2-/- MEFs, we could

not detect TGase activity at all in vitro (unpublished).

However, there is a possibility that certain environmental

stress may induce other type(s) of TGase. It may be an

intriguing question to be answered in future. Conversely,

we also found that the endotoxic effect of LPS/Gal-induced

septic shock is dramatically reduced in TGase2-/- mice

(Fig. 5). Although LPS/Gal-induced apoptosis was not

significant in the liver tissues of WT and TGase2-/- mice

(Fig. 2), inflammatory marker such as COX-2 was

increased in BMDMs from WT mice exposed to LPS/Gal

treatment (Fig. 5b). LPS/Gal treatment induced increased

levels of all cytokines including IFN-c, MCP-1, IL-6, and

TNF-a in sera from WT mice (Fig. 5c), which may be

associated with hemodynamic shock. Because LPS/Gal

treatment was strongly lethal in WT mice but had almost

no lethal effect in TGase 2-/- mice (Fig. 1a). This dem-

onstrated that TGase 2-/- mice are resistant to LPS/Gal-

induced septic stress.

In summary, the effects of septic shock observed in TGase

2-/- mice are dependent on the source of the septic shock

and the cells and tissues are affected, such as liver cells or

macrophages. Therefore, great care must be taken when

selecting therapeutic agents that inhibit TGase 2, particularly

with regard to their potential to cause liver damage.
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