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Abstract

Ranitidine (RAN) is one of the drugs associated with idiosyncratic adverse drug reactions
(IADRs) in human patients. In rats, cotreatment with nontoxic doses of lipopolysaccharide (LPS)
and RAN causes liver injury. This is a potential animal model for RAN-induced IADRs in
humans. Previous studies showed that RAN augmented serum tumor necrosis factor (TNF)-a
production and hepatic neutrophil activation after LPS treatment and that both TNF-a and
neutrophils are crucial for the liver pathogenesis. We tested the hypothesis that p38 mitogen-
activated protein kinase activation is necessary for TNF-« production, neutrophil activation, and
subsequent liver injury. LPS/RAN cotreatment caused more p38 activation compared with LPS
alone. The p38 inhibitor SB 239063 [frans-1-(4-hydroxycyclohexyl)-4-(4-fluorophenyl)-5-(2-
methoxypyridimidin-4-yl) imidazole] reduced liver injury in rats cotreated with LPS/RAN. This
inhibitor also reduced neutrophil activation and attenuated hemostatic system activation. SB
239063 decreased serum TNF-a concentration after LPS/RAN treatment to the same level as LPS
treatment. However, the inhibitor did not reduce TNF-a mRNA in liver, suggesting a post-
transcriptional mode of action. This might occur through TNF-a-converting enzyme (TACE),
which cleaves pro-TNF-q into its active form. Indeed, a TACE inhibitor administered just before
RAN treatment reduced serum TNF-a protein. The TACE inhibitor also reduced liver injury and
serum plasminogen activator inhibitor (PAI)-1. Furthermore, a PAI-1 inhibitor reduced neutrophil
activation and liver injury after LPS/RAN treatment. In summary, RAN enhanced TNF-a
production after LPS treatment through augmented p38 activation, and this seems to occur through
TACE. The prolonged TNF-a production enhanced PAI-1 production after RAN cotreatment, and
this is important for the hepatotoxicity.
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Idiosyncratic adverse drug reactions (IADRSs) occur during treatment with numerous drugs,
typically in a small fraction of patients. These responses are seemingly unrelated to dose,
and the time of onset relative to beginning of drug therapy is often variable (Uetrecht, 2007).
A widely used drug associated with rare idiosyncratic hepatotoxicity is the histamine 2 (H2)-
receptor antagonist ranitidine (RAN) (Bourdet et al., 2005). RAN is available over the
counter for oral administration or by prescription for parenteral administration for treatment
of duodenal ulcers, gastric hypersecretory diseases, and gastroesophageal reflux disease.
Idiosyncratic RAN hepatotoxicity occurs in less than 0.1% of people taking the drug (Vial et
al., 1991; Fisher and Le Couteur, 2001). Most liver reactions are mild and reversible;
however, extensive liver damage and death have occurred in individuals undergoing RAN
therapy (Cherqui et al., 1989; Ribeiro et al., 2000). Rechallenge with RAN does not
necessarily result in a reoccurrence of toxicity (Halparin, 1984; Hiesse et al., 1985).

In rats, cotreatment with nontoxic doses of lipopolysaccharide (LPS) and RAN causes liver
injury. This was not the case with another histamine-2 receptor antagonist, famotidine
(FAM), which is not associated with IADRs in human patients (Fisher and Le Couteur,
2001). Thus, this LPS-drug interaction model in rodents could differentiate a drug that
causes IADRs from a drug that does not. Previous mechanistic studies showed that RAN
augmented serum tumor necrosis factor (TNF)-a production and hepatic neutrophil
activation after LPS treatment, and both TNF-a and neutrophils are crucial for the liver
pathogenesis (Deng et al., 2007; Tukov et al., 2007). Moreover, TNF-a is likely to be a
proximal signal in the pathogenic cascade (Tukov et al., 2007). The mechanism behind RAN
augmentation of TNF-a production and neutrophil activation is unknown.

TNF-a production involves gene expression of pro-TNF-a mRNA, translation of pro-TNF-a
protein, and its cleavage and release of active TNF-a. LPS-induced TNF-a transcriptional
activation has been well studied (Kawai and Akira, 2007). However, TNF-a production can
also be regulated at a post-transcriptional level. For example, TNF-a mRNA stabilization
and translation are regulated by activation of p38 mitogen-activated protein kinase (MAPK)
(Neininger et al., 2002; Hitti et al., 2006). Furthermore, TNF-a-converting enzyme (TACE)
cleaves the 26-kDa membrane-bound pro-TNF-a protein to generate secreted 17-kDa
mature TNF-a (Aggarwal et al., 1985; Miillberg et al., 2000). This cleavage occurs at the
Ala76-Val77 bond. The release of TNF-a from cells in vitro and in vivo can be selectively
blocked by hydroxamate-based metalloprotease inhibitors that inhibit TACE activity
(Gearing et al., 1994; Mohler et al., 1994). These TACE inhibitors protect against endotoxin-
mediated lethality, in which TNF-a plays a critical role (Mohler et al., 1994).

p38 and its downstream MAPK-activated protein kinase 2 (MK-2) have been shown to be
involved in the production of several cytokines and chemokines [i.e., TNF-a, macrophage
inflammatory protein (MIP)-2, and interleukin 6] (Neininger et al., 2002; Numahata et al.,
2003; Hitti et al., 2006) and in neutrophil activation (Nick et al., 1997). Thus, p38 activation
is a potential upstream signal that leads to production of cytokines/chemokines and
subsequently to downstream cascades that contribute to LPS/RAN-induced liver injury
(Luyendyk et al., 2006). Here, we tested the hypothesis that p38 is necessary for TNF-a
production, neutrophil activation, and subsequent liver injury caused by LPS/RAN
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cotreatment. These studies elucidated signaling events that are crucial to the initiation of
LPS/RAN induced-liver injury.

Materials and Methods

Materials

Animals

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
LPS derived from Escherichia coli serotype 055:B5 with activity of 13 x 108 EU/mg (lot no.
43K4112) was used for these studies. This activity was determined using a QCL
Chromogenic Limulus amoebocyte lysate endpoint assay purchased from Lonza, Inc.
(Baltimore, MD).

Male, Sprague-Dawley rats [Crl:CD (SD)IGS BR; Charles River Breeding Laboratories,
Portage, MI], weighing 250 to 350 g, were fed standard chow (rodent chow/Tek 8640;
Harlan Teklad, Madison, WI), and they were allowed access to water ad libitum. Rats were
allowed to acclimate for 1 week in a 12-h light/dark cycle before use.

Experimental Protocol

Rats fasted for 24 h were given 2.5 x 108 EU/kg LPS or its saline vehicle (Veh) i.v. at 5
ml/kg, and food was then returned. Two hours later, 30 mg/kg RAN, 6 mg/kg FAM, or their
vehicle [sterile phosphate-buffered saline (PBS)] was administered (i.v.). RAN solution was
administered at 2 ml/kg at a rate of approximately 0.15 ml/min. The FAM dose was selected
as a pharmacologically equi-efficacious dose based on relative potencies of RAN and FAM
in antagonizing H2-receptors (Luyendyk et al., 2006). At the time of sacrifice, rats were
anesthetized with sodium pentobarbital (75 mg/kg i.p.). Plasma was collected by drawing 2
ml of blood from the vena cava into a syringe containing sodium citrate (final concentration,
0.38%). Another portion of blood was collected and allowed to clot at room temperature;
serum was prepared from this fraction and stored at —20°C until use. Representative slices
(3-4 mm in thickness) of the ventral portion of the left lateral liver lobe were collected and
fixed in 10% (v/v) neutral-buffered formalin. For immunohistochemical analysis, a portion
of the left medial lobe of the liver was flash-frozen in isopentane cooled by liquid nitrogen.

Treatment with Inhibitors of p38, TACE, or Plasminogen Activator Inhibitor-1

A p38 inhibitor, SB 230963, or its vehicle (acidified PBS, pH 6.0) was administered (2.5
mg/Kkg i.v.) at the same time as RAN and again 2 h after RAN. Two administrations of SB
230963 were given because of its short half-life (Barone et al., 2001). A TACE inhibitor,
BMS-561392 (60 mg/kg; also named DPC-333; provided by Bristol-Myers Squibb Co.,
Princeton, NJ) (Grootveld and McDermott, 2003; Qian et al., 2007), or its vehicle (1%
Tween 80 + 0.5% methylcellulose in PBS), was administered 15 min before RAN orally.
This dose was shown in a preliminary study to reduce LPS (2.5 x 106 EU/kg i.v.)-induced
serum TNF-a increase in rats when given 30 min before LPS. A PAI-1 inhibitor
WAY-140312 (10 mg/kg; provided by Wyeth Research, Philadelphia, PA) (Crandall et al.,
2004) or its vehicle (2.0% Tween 80 + 0.5% methylcellulose in PBS) was administered
orally 1 h before RAN and again 1 and 3 h after RAN.
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Hepatotoxicity Assessment

Hepatic parenchymal cell injury was estimated as an increase in serum alanine
aminotransferase (ALT) activity. ALT activity was determined spectrophotometrically using
Infinity-ALT reagent from Thermo Electron Corporation (Louisville, CO). Previous studies
in this LPS/RAN model have shown that serum ALT activity reflects histopathologic
evidence of hepatocellular necrosis (Luyendyk et al., 2003).

Evaluation of Hepatic Phospho-p38 and Phospho-MK-2

A liver section of 5-mm length from the right lateral lobe was homogenized in 1 ml of lysis
buffer (1L mM EDTA, 0.5% Triton X-100, 5 mM NaF, 6 M urea, 10 ug/ml leupeptin, 10
ug/ml pepstatin, 100 uM phenylmethylsulfonyl fluoride, 3 ug/ml aprotinin, 2.5 mM sodium
pyrophosphate, and 1 mM activated sodium orthovanadate). After sitting on ice for 15 min,
the tissue homogenates were sonicated for 10 s. After centrifugation at 14,000 rpm for 10
min, the supernatants were collected. Phospho-p38 and total p38 in the tissue homogenates
were evaluated using a commercial enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN), and p38 activation was expressed as a ratio of phosphorylated
p38 to total p38.

For MK-2 evaluation, the protein concentration of homogenates was determined by a
Bradford assay (Bio-Rad, Hercules, CA). Ten micrograms of protein was loaded and
separated by SDS-polyacrylamide gel electrophoresis. Phospho-MK-2 and total-MK-2 were
detected by Western analysis using rabbit polyclonal anti phospho-MK-2 (Thr222) and anti
total-MK-2 antibody (Cell Signaling Technology Inc., Danvers, MA) (both at 1:1000
dilution, overnight at 4°C). MK-2 activation was expressed as the density ratio of phospho-
MK-2 to total MK-2.

Evaluation of Coagulation System Activation and Plasma PAI-1

Plasma thrombin-antithrombin (TAT) concentration was used as a marker for coagulation
activation. Plasma TAT concentration was determined by an ELISA using a kit from Dade
Behring Inc. (Deerfield, IL). The concentration of functionally active PAI-1 in plasma was
assessed using a commercially available ELISA kit purchased from Molecular Innovations
(Southfield, MI).

Serum TNF-a and MIP-2 Evaluation

Serum TNF-a concentration was evaluated using a commercial ELISA kit (BD Biosciences,
San Diego, CA). Serum MIP-2 concentration was also evaluated by commercial ELISA kit
(BioSource International, Camarillo, CA).

Fibrin Immunohistochemistry and Quantification

Fibrin immunohistochemistry and quantification were performed as described previously
(Copple et al., 2002). This protocol solubilizes all fibrinogen and fibrin except for cross-
linked fibrin (Schnitt et al., 1993). Therefore, only cross-linked fibrin stains in sections of
liver. The positive area fraction refers to the fraction of area with positive staining in the total
microscopic field.
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Evaluation of Liver Polymorphonuclear Neutrophils and Polymorphonuclear Neutrophil

Activation

PMNs accumulated in liver were visualized by immunohistochemical staining and
quantified as described previously (Yee et al., 2003). PMN activation was measured by
staining of hypochlorous acid (HOCI)-protein adducts in liver. The monoclonal antibody
(clone 2D10G9; subtype IgG2bk) is specific for HOCI-modified epitopes generated in vivo
(Malle et al., 1997) and in vitro (Malle et al., 1995). Clone 2D10G9 does not cross-react
with other oxidative protein modifications. Frozen liver sections were fixed in 4% (v/v)
formalin for 10 min at room temperature with gentle rocking. The slides were washed three
times, 5 min each, with PBS, and then they were blocked for 1 h at room temperature with
3% (v/v) goat serum (Invitrogen, Carlsbad, CA) in PBS. Antibody (diluted 1:1 in 3% goat
serum) was added and incubated for 2 h at room temperature with gentle rocking. The slides
were washed three times, 5 min each, with PBS. Alexa Fluor 488-labeled goat anti-mouse
secondary antibody (diluted 1:500 in 3% goat serum; Invitrogen) was applied, and the slides
were incubated for 3 h at room temperature. After washing three times, 5 min each with
PBS, they were examined microscopically. Staining was quantified as for fibrin staining
described above and presented as positive area fraction.

Evaluation of Hepatic TNF-a mRNA and TACE Activity

Total RNA was extracted from frozen liver tissues using the MELT Total Nucleic Acid
isolation system (Ambion, Austin, TX) according to the manufacturer’s instructions. First-
strand cDNA was synthesized from isolated RNA using oligo(dT)12-18 primer and
Superscript 11 reverse transcriptase (Invitrogen). In the real-time PCR step, cDNA was
amplified using the TagMan universal PCR master mix and TagMan predeveloped gene
expression assay reagents for rat TNF-a (Applied Biosystems, Foster City, CA). B-Actin was
measured as an endogenous control, using TagMan endogenous control assay Rat ACTB
(VIC/MGB Probe; Primer Limited, Pismo Beach, CA). Quantification was conducted on the
Applied Biosystems StepOne real-time PCR system, according to the manufacturer’s
protocols. A standard curve for each gene was made of 4-fold serial dilutions of total RNA
from one sample. The curve was then used to calculate the relative amounts of target mRNA
in the samples. The ratio between TNF-a mRNA and B-actin was used as an indicator for
TNF-a mRNA abundance. The TNF-a mRNA level in each liver sample was expressed as
ratio versus one Veh/Veh-treated liver for Fig. 6 and versus one LPS/Veh/Veh-treated liver
for Fig. 7B.

Protein extraction for TACE activity measurement was conducted as follows: Protein was
extracted from liver tissue by homogenization in radioimmunoprecipitation assay buffer (50
mM Tris-HCI, pH 7.2, 150 mM NaCl, 1% deoxycholic acid, 1% Triton X-100, and 0.1%
SDS) containing 10 mM 4-nitrophenyl phosphate, 20 mM B-glycerophosphate, 500 uM
Pefabloc, 2 ug/ml aprotinin, 50 uM sodium orthovanadate, and 0.5 pg/ml leupeptin.
Homogenization was followed by a 30-min tumbling period and a 10-min centrifugation at
14,000¢ (both at 4°C). Supernatant was collected, and protein concentration was determined
by Bradford assay. The TACE activity was measured using a commercial TACE activity kit
(Calbiochem, San Diego, CA).
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Statistical Analysis

Results

A two-way analysis of variance with Tukey’s post hoc test was used for all data analyzed,
except where only two groups were present, in which case Student’s #test was applied. For
all studies, results are expressed as mean = S.E.M., and the criterion for statistical
significance was p < 0.05.

p38 Activation after LPS/RAN Treatment

Because activation of MAPK is a potential upstream signal that leads to production of
cytokines and subsequent cascades, we first tested whether activation of p38 occurred during
LPS/RAN-induced liver injury. Rats were given either LPS or its vehicle and cotreated 2 h
later with RAN, FAM (at a dose equiefficacious to RAN), or vehicle. Hepatic p38 activation
was evaluated 1 h after drug treatment. Neither RAN nor FAM alone caused p38 activation
as reflected by the ratio of phospho-p38 to total p38 (Fig. 1). LPS alone increased p38
activation. Treatment of LPS-exposed rats with RAN augmented p38 activation compared
with LPS alone, whereas FAM cotreatment had no additional effect (Fig. 1).

Effects of p38 Inhibitor on Hepatotoxicity

Because activation of MK-2 is a downstream consequence of p38 activation, we tested
whether inhibition of p38 impaired phosphorylation of MK-2. For these studies, rats were
given LPS and RAN as described above, and SB 239063, a p38 kinase inhibitor (Barone et
al., 2001), was administered at the same time as RAN and again 2 h after RAN.
Phosphorylation of hepatic MK-2 protein was measured 2 h after RAN treatment as an
indicator of p38 activation, and serum ALT activity was evaluated at 6 h as a marker of
hepatotoxicity. The p38 inhibitor reduced phospho-MK-2 protein (Fig. 2), indicating
attenuation of p38 activation. The inhibitor also significantly reduced the increase in serum
ALT activity (Fig. 3).

Effects of p38 Inhibitor on Biomarkers of Hemostasis and Liver PMNs

Since previous findings showed that the hemostatic system and PMN activation are crucial
for liver injury caused by LPS/RAN (Luyendyk et al., 2004; Deng et al., 2007), the effect of
p38 inhibition on these events was evaluated. Two hours and 6 h after RAN or its vehicle,
TAT and active PAI-1 were measured as biomarkers of coagulation and fibrinolysis,
respectively (Levi et al., 2003). LPS/RAN treatment caused a more pronounced increase in
plasma TAT and active PAI-1 compared with LPS/Veh treatment 2 h after RAN (Fig. 4), data
in line with previous results (Luyendyk et al., 2004). SB 239063 reduced both plasma TAT
and active PAI-1 to the same levels as LPS/Veh treatment. At 6 h, active PAI-1 remained
elevated after LPS/RAN treatment, and SB 239063 eliminated this increase. SB 239063 had
no effect on plasma TAT or active PAI-1 after LPS/Veh treatment at either 2 or 6 h (Fig. 4).

In inflammatory liver injury, PMNs accumulate in sinusoids, and then they transmigrate into
parenchyma in response to stimuli and become activated to injure hepatocytes (Springer,
1994). LPS/RAN treatment did not change hepatic PMN accumulation compared with
LPS/Veh treatment at either 2 or 6 h, and SB 239063 had no effect on hepatic PMN
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accumulation (Fig. 5A). Serum MIP-2, a PMN chemokine, was elevated at 2 h by RAN in
LPS-treated rats, and this increase was prevented by SB 239063 (Fig. 5B). Upon activation
of PMNs, hydrogen peroxide is converted to the potent oxidant HOCI by myoperoxidase in
the presence of physiological chloride concentrations. Therefore, the occurrence of HOCI-
modified epitopes/proteins can be considered a footprint for activated PMNs. HOCI adduct
staining was measured 6 h after RAN (Fig. 5C), since PMNSs are not activated until 3 h after
RAN (Deng et al., 2007). SB 239063 significantly reduced HOCI adduct staining,
suggesting attenuation of PMN activation.

Hepatic TNF-amRNA after LPS/RAN Treatment

For the next set of experiments, rats were treated with LPS or Veh and cotreated with RAN
or Veh as in Fig. 1. Hepatic TNF-a mRNA was evaluated 1, 2, and 3 h after drug treatment.
RAN alone did not affect expression of TNF-a mRNA at any of the times examined (Fig. 6).
By contrast, LPS alone increased TNF-a mRNA at all the times examined. LPS/RAN
treatment decreased TNF-a mRNA compared with LPS/Veh treatment at 1 h after RAN, but
it had no significant effect at 2 or 3 h (Fig. 6).

Effects of p38 Inhibitor on Serum TNF-a Protein and Hepatic TNF-a mRNA after LPS/RAN

Treatment

Rats were treated with LPS/RAN or LPS/Veh, and SB 239063 or its vehicle was
administered as shown in Fig. 4. Serum TNF-a protein and hepatic TNF-a mRNA was
evaluated at 2 h after RAN or \eh treatment. LPS/RAN treatment caused a significant
increase in serum TNF-a concentration compared with LPS/Veh treatment (Fig. 7A). SB
239063 reduced serum TNF-a concentration both after LPS/RAN and after LPS/\Veh
treatment. In contrast, LPS/RAN treatment did not affect hepatic TNF-a mRNA compared
with LPS treatment, and SB 239063 did not change TNF-a mRNA expression after either
treatment (Fig. 7B).

Hepatic TACE Activity after LPS/RAN Treatment

Given that SB 239063 did not reduce TNF-a mRNA in liver, a post-transcriptional mode of
action could be involved, perhaps through TACE. Therefore, hepatic TACE activity was
measured 2 h after RAN or Veh treatment. LPS/Veh treatment caused a significant increase
in hepatic TACE activity compared with Veh/\eh treatment (Fig. 8). RAN treatment
enhanced TACE activity in livers of LPS-treated rats. SB 239063 had no effect on hepatic
TACE activity after LPS/Veh treatment, but it reduced TACE activity after LPS/RAN
treatment to the same level as LPS/Veh treatment.

Effects of TACE Inhibitor on Serum TNF-a and Liver Injury

To confirm that TACE is involved in this process, a selective TACE inhibitor (BMS-561392;
DPC-333) or its vehicle was administered 15 min before RAN or its vehicle. Serum TNF-a
concentration was measured 1 h after RAN treatment, and serum ALT activity was measured
at 6 h. LPS/RAN treatment caused a significant increase in serum TNF-a concentration
compared with LPS/Veh treatment (Fig. 9A), confirming previous results (Tukov et al.,
2007). BMS-561392 did not affect serum TNF-a concentration after LPS/Veh treatment. By
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contrast, it decreased serum TNF-a concentration after LPS/RAN treatment to the same
level as LPS/Veh treatment at both 1 h (Fig. 9A) and 2 h (data not shown). BMS-561392
also reduced serum ALT activity after LPS/RAN treatment, indicating attenuation of liver
injury (Fig. 9B).

Effects of TACE Inhibitor on Plasma PAI-1

To determine whether TACE is involved in the hemostasis, rats were treated with LPS/RAN
or LPS/Veh and with the TACE inhibitor as shown in Fig. 9. Since previous results showed
that TNF-a was important for PAI-1 production (Tukov et al., 2007), plasma active PAI-1
concentration was measured 2 h after RAN treatment. Confirming previous results
(Luyendyk et al., 2006), LPS/RAN treatment caused a significant increase in plasma active
PAI-1 concentration compared with LPS/Veh treatment (Fig. 10). The TACE inhibitor
decreased plasma active PAI-1 concentration after LPS/RAN treatment to almost the same
level as LPS/Veh treatment.

Effects of PAI-1 Inhibitor on Hepatotoxicity and Markers of Hemostasis and PMNs

To explore the involvement of PAI-1, a PAI-1 inhibitor (WAY-140312) was administered 1 h
before RAN and again 1 and 3 h later. Hepatotoxicity, plasma active PAI-1 concentration,
hepatic fibrin deposition, and liver HOCI adduct were measured 6 h after RAN treatment.
WAY-140312 reduced plasma active PAI-1 concentration and serum ALT activity (Fig. 11, A
and B). It also decreased hepatic fibrin deposition and staining for HOCI-modified epitopes/
proteins (Fig. 11, C and D). The PAI-1 inhibitor did not affect hepatic PMN accumulation or
serum cytokine-induced neutrophil chemoattractant-1 or MIP-2 concentrations after
LPS/RAN treatment (data not shown).

Discussion

At the dose used in the present study, LPS rapidly induced serum TNF-a production but
failed to cause liver injury (Tukov et al., 2007). The serum TNF-a concentration peaked at
approximately 1.5 h and rapidly decreased after that, returning almost to normal by 8 h. This
indicates that an increase in TNF-a of this magnitude and duration is not sufficient to cause
hepatocellular damage. RAN-cotreated rats had a longer lasting serum TNF-a increase
compared with rats given LPS alone (Tukov et al., 2007). Pretreatment with agents that
reduced serum TNF-a (i.e., pentoxifylline oretanercept) protected rats from LPS/RAN-
induced liver injury, suggesting the necessity of TNF-a in producing the hepatocellular
injury. However, because these agents were given before the LPS challenge, those results
could not differentiate whether the LPS-induced TNF-a elevation or the RAN-induced
prolongation of the TNF-a response to LPS was crucial for the pathogenesis. In addition, the
mechanism of RAN-induced prolongation of TNF-a production after LPS exposure
remained unknown.

Activation of the MAPK p38 and its downstream kinase MK-2 promote biosynthesis of
several cytokines and chemokines, including TNF-a (Neininger et al., 2002; Numahata et
al., 2003; Hitti et al., 2006). It is interesting that the p38-dependent cytokine/chemokines,
such as TNF-a, MIP-2, and interleukin-6, are selectively up-regulated in LPS/RAN-treated
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rats compared with rats treated with LPS/FAM or only with LPS (Luyendyk et al., 2006;
Tukov et al., 2007). Furthermore, TNF-a has been shown to be critical for activation of the
coagulation system, PMN chemokine production, and subsequent hepatotoxicity after
LPS/RAN treatment (Tukov et al., 2007). All of the above-mentioned results suggested the
possibility that p38 MAPK activation might be an upstream signal leading to the pathogenic
cascade in LPS/RAN hepatotoxicity. Indeed, RAN, but not FAM, selectively augmented p38
activation early after LPS treatment. A p38 inhibitor given at the same time as the drug
reduced the hepatotoxicity. This suggests that activation of p38 after RAN cotreatment in
LPS-treated rats is critical for the liver injury.

How RAN enhances the p38/MK-2 pathway is currently unclear. A previous study
(Luyendyk et al., 2006) revealed that MK-2 mRNA was selectively and markedly increased
by RAN in LPS-cotreated rats at a time before the onset of liver injury. Accordingly,
enhanced transcription might contribute to the effects that are mediated through p38/MK-2
signaling. However, post-translational events, such as enhanced p38 phosphorylation and
kinase activity, seem also to be important (Figs. 1 and 2).

The p38 inhibitor SB 239063 also reduced activation of the hemostatic system and PMN
activation. The effect on the hemostatic system was reflected in the reduction of plasma TAT
and PAI-1 concentration, whereas the effect on PMN activation was marked by the reduction
in serum MIP-2 concentration and hepatic staining of HOCI-modified epitopes/proteins.
Similar effects were observed after treatment with agents that reduced serum TNF-a, such as
pentoxifylline or etanercept (Tukov et al., 2007). These results are consistent with the
possibility that p38 activation was responsible for the prolonged TNF-a production caused
by RAN cotreatment and that TNF-a precipitated the downstream effects on the hemostatic
system and PMNSs.

After 1 to 3 h, RAN did not enhance the hepatic TNF-a mRNA level after LPS treatment,
but TNF protein released into plasma increased during this time (Tukov et al., 2007). This
suggests that a post-transcriptional event led to the enhancement of TNF release by RAN.
This event could be increased translation of pro-TNF mRNA, enhanced cleavage of pro-TNF
and consequent release of TNF-a, decreased elimination of TNF-a, or a combination.
Moreover, the reduction in serum TNF-a protein concentration after inhibition of p38
MAPK was not accompanied by diminished hepatic TNF-a mRNA, suggesting that p38
regulated TNF-a production after RAN treatment in a post-transcriptional manner. p38 and
its downstream activation of MK-2 have been shown to regulate TNF-a production in
macrophages mostly by increasing mRNA translation (Neininger et al., 2002; Hitti et al.,
2006). This was mediated by the AU-rich 3-untranslated region of TNF-a mRNA. This
result is consistent with our finding that a p38 inhibitor reduced TNF-a production in a post-
transcriptional manner.

As mentioned in the introduction, an increase in TNF-a protein can arise from the cleavage
of pro-TNF-a by TACE (Aggarwal et al., 1985; Mullberg et al., 2000). It is unlikely that the
increase in TACE activity occurred because of an increase in TACE mRNA, since a previous
study (Luyendyk et al., 2006) found no enhancement of TACE mRNA by RAN in LPS-
treated rats. A more likely possibility is that p38 activates TACE, leading to increased TNF-
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a release into the circulation from Kupffer cells or other nonparenchymal cells in liver.
Indeed, p38 is essential for ectodomain shedding of TNF-a in Chinese hamster ovary cells
(Fan and Derynck, 1999). In the present study, LPS/RAN treatment increased hepatic TACE
activity compared with LPS/Veh treatment (Fig. 8). The p38 inhibitor reduced hepatic TACE
activity after LPS/RAN treatment to the same level as LPS/Veh treatment. Moreover, a
TACE inhibitor similarly reduced serum TNF-a concentration and liver injury. Together,
these results suggest that RAN prolonged TNF-a production after LPS treatment mainly
through augmented p38-dependent TACE activity. However, we cannot rule out a
contribution from p38-mediated enhancement of TNF-a translation.

As mentioned above, previous results could not differentiate whether the LPS-induced TNF
elevation or the RAN-induced prolongation of the TNF-a response to LPS was crucial for
the pathogenesis (Tukov et al., 2007). In the present study, the TACE inhibitor was given
immediately before RAN treatment so that the inhibitor did not affect serum TNF-a level
until after RAN was administered. This treatment regimen was effective in reducing
hepatocellular injury, suggesting that the RAN-induced prolongation of the TNF-a response
was critical for LPS/RAN-induced hepatotoxicity. In contrast to RAN, FAM did not prolong
the TNF-a response or cause liver injury after LPS treatment. Thus, the increase in LPS-
stimulated TNF-a production could distinguish a drug that causes human IADRs from one
that does not.

In human case reports of RAN-induced idiosyncratic hepatotoxicity, no direct evidence for
enhanced serum TNF-a or other cytokines has been reported. However, most clinical
samples are taken after hepatotoxicity develops, when the peak of TNF-a has probably
passed. Furthermore, it is interesting that in 24 of 34 human cases of RAN idiosyncratic
hepatotoxicity, prodromal signs consistent with endotoxemia (i.e., increased LPS
concentration in blood) or inflammation (e.g., diarrhea, fever, nausea/vomiting, and/or
abdominal pain) were present (Luyendyk et al., 2003). These clinical signs are consistent
with increased production of TNF-a and other inflammatory cytokines.

The TACE inhibitor also reduced plasma active PAI-1 concentration after LPS/RAN
treatment to almost the same level as after LPS/Veh treatment, suggesting enhanced PAI-1
production as a possible downstream effect of RAN-augmented TNF-a production. Since
PAI-1 is an important negative regulator of the fibrinolytic system (Levi et al., 2003), this is
consistent with the previous finding that fibrin deposition resulting from the perturbed
hemostatic system is crucial for the liver injury caused by LPS/RAN (Luyendyk et al.,
2004). Indeed, in the present study a PAI-1 inhibitor reduced the hepatocellular injury
caused by LPS/RAN cotreatment. The inhibitor also reduced hepatic fibrin deposition and
PMN activation. Fibrin deposition can lead to hypoxia, which occurs early in this model
(Luyendyk et al., 2005; Deng et al., 2007). Hypoxia could potentiate the killing of
hepatocytes by proteases (e.g., elastase) released from PMNSs after their activation
(Luyendyk et al., 2005). Indeed, proteases released from activated PMNs have been shown
to be important in the pathogenesis (Deng et al., 2007).

Although the PAI-1 inhibitor decreased PMN activation, it did not affect hepatic PMN
accumulation or serum PMN chemokine concentration, suggesting a direct effect of PAI-1
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on PMN activation. A recent study showed that PAI-1 directly potentiates LPS-induced
PMN activation through a Jun-NH»-terminal kinase-dependent pathway (Kwak et al., 2006).
In the LPS/RAN model, LPS causes PMN accumulation in the liver, and RAN somehow
activates the hepatic PMNs (Deng et al., 2007). RAN itself does not directly enhance PMN
activation. In fact, it has been shown to reduce PMN activation in vitro (Okajima et al.,
2000, 2002). Together, these results suggest that RAN induces activation of PMNs
accumulated in the liver after LPS exposure indirectly by augmenting PAI-1 production.
Polymorphisms in PAI-1 in the human population have been identified (Lane and Grant,
2000), and thus PAI-1 could represent a potential interaction between genetic and
environmental factors (i.e., inflammatory stress) in RAN-induced IADRs. For example,
patients with a more active PAI-1-producing allele might be more susceptible to RAN-
induced IADRs caused by endotoxin exposure or some other inflammatory stress.

As summarized in Fig. 12, RAN augmented TNF-a production after LPS treatment in a
post-transcriptional manner by enhancing p38 activation. The increase in TNF-a protein
occurs through the p38-dependent activation of TACE. The prolongation of LPS-induced
TNF-a production by RAN seems to be crucial for the liver injury caused by LPS/RAN
cotreatment. Also involved in the injury is PAI-1, which enhances hepatic fibrin deposition
and activates the PMNs accumulated in liver caused by LPS exposure. The hypoxia resulting
from hepatic fibrin deposition could act synergistically with toxic proteases released from
activated PMNSs to kill hepatocytes.

ABBREVIATIONS
IADR idiosyncratic adverse drug reaction
H2 histamine 2
RAN ranitidine
LPS lipopolysaccharide
FAM famotidine
TNF tumor necrosis factor
MAPK mitogen-activated protein kinase
TACE tumor necrosis factor-a-converting enzyme
MK-2 mitogen-activated protein kinase-activated protein kinase 2
MIP-2 macrophage inflammatory protein-2
EU endotoxin units
Veh vehicle
PBS phosphate-buffered saline
PAI plasminogen activator inhibitor
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ALT alanine aminotransferase

ELISA enzyme-linked immunosorbent assay

TAT thrombin-antithrombin

PMN polymorphonuclear neutrophil

PCR polymerase chain reaction

HOCI hypochlorous acid

SB 239063 trans-1-(4-hydroxy-cyclohexyl)-4-(4-fluorophenyl)-5-(2-
methoxypyridimidin-4-yl) imidazole, CogH21N4OoF

BM S-561392 (2R)-2-(((3R)-3-amino-3{4-[2-methyl-4-
quinolinyl)methoxy]phenyl}-2-oxopyrrolidinyl)-A-
hydroxy-4-methylpentanamide

WAY-140312 [5-bromo-6-(1 H-tetrazol-5-yImethoxy)-naphthalen-2-yl]-

(2-butyl-benzofuran-3-yl)-methanone
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Fig. 1. Activation of p38 MAPK after LPS/RAN treatment.
Rats were given either LPS or its vehicle and cotreated with RAN, FAM (at a dose

pharmacologically equi-efficacious to RAN), or vehicle 2 h later. Hepatic p38 activation was
evaluated 1 h after drug treatment by ELISA. *, significantly different from the respective
treatment without LPS. #, significantly different from the respective treatment without the
drug. n=51t09.

J Pharmacol Exp Ther. Author manuscript; available in PMC 2016 May 03.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Deng et al. Page 16

LPS/Veh/RAN LPS/SB/RAN

Phospho-MK-2 —> “llees . _

-

Total MK-2 ——> "N o S S o

b-actin  — s o i) G O o T

0.50 -
'o:T 0.45 T
¥ é 0.40
¥ 40 -
S3 #
% % 035
[72]
o >
25 030
o g
~ 0.25 -
0.20 ;
Veh

Fig. 2. Effects of a p38inhibitor on MK-2 phosphorylation.

Rats were given LPS and RAN as described in Fig. 1. A p38 inhibitor, SB 239063 (SB), was
administered at the same time as RAN and again 2 h later. Hepatic phospho-MK-2 protein
and total MK-2 were measured 2 h after RAN treatment as an indicator of p38 activation. #,
significantly different from the respective treatment without SB 239063. 7= 310 4.
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Fig. 3. Effect of a p38inhibitor on serum ALT activity.
Rats were given LPS and RAN as in Fig. 1. SB 239063, was administered at the same time

as RAN and again 2 h later. Serum ALT activity was evaluated 6 h after RAN. #,
significantly different from the respective treatment without SB 239063. n=51t0 7.
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Fig. 4. Effects of a p38inhibitor on biomarkers of hemostasis.
Rats were treated with LPS, and 2 h later they were treated with RAN or its vehicle. SB

239063 or its vehicle was administered as in Fig. 3. TAT (A) and active PAI-1 (B) were
measured 2 and 6 h after RAN or its vehicle. #, significantly different from all the groups at
the same time. a, significantly different from the respective treatment at 2 h. 7=4to 6.
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Fig. 5. Effects of a p38 inhibitor on PMN biomarkers.
Rats were treated with LPS, and 2 h later they were treated with RAN or its vehicle. SB

239063 (SB) or its vehicle was administered as in Fig. 3. A, PMNSs in the liver were
enumerated 2 and 6 h after RAN or its vehicle. B, serum MIP-2 was measured 2 h after
RAN or its vehicle. C, staining for HOCI-modified epitopes/proteins was measured 6 h after
RAN. *, significantly different from the respective treatment without RAN. #, significantly
different from the respective treatment without SB 239063. 7= 4 to 6.
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Fig. 6. Hepatic TNF-a mRNA after LPS/RAN treatment.
Rats were treated with LPS or Veh and cotreated with RAN or Veh as described in Fig. 1.

Hepatic TNF-a mRNA was evaluated 1, 2, and 3 h after the drug treatment. *, significantly
different from the respective treatment without LPS. #, significantly different from the
respective treatment without RAN. n=41t0 8.
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Fig. 7. Effects of a p38inhibitor on serum TNF-a protein and hepatic TNF-a mRNA.
Rats were treated with LPS/RAN or LPS/Veh, and SB 239063 (SB) or its vehicle was also

administered as described in Fig. 3. Serum TNF-a protein (A) and hepatic TNF-a mRNA
(B) were evaluated at 2 h after RAN or \eh treatment. *, significantly different from the
respective treatment without RAN. #, significantly different from the respective treatment
without SB 239063. n=4to 7.
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Fig. 8. Hepatic TACE activity after LPS/RAN treatment.
Rats were treated with LPS/RAN or LPS/Veh, and SB 239063 (SB) or its vehicle was also

administered as in Fig. 4. Hepatic TACE activity was measured 2 h after RAN or Veh
treatment. *, significantly different from the respective treatment without RAN. #,
significantly different from the respective treatment without the SB compound. n=41t0 7.
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Fig. 9. Effects of a TACE inhibitor on serum TNF-a and liver injury.
Rats were treated with LPS/RAN or LPS/Veh as described in Fig. 3. The selective TACE

inhibitor BMS-561392 (BMS) or its vehicle was administered 15 min before RAN or its
vehicle. Serum TNF-a was measured 1 h after RAN treatment (A), and serum ALT activity
was measured at 6 h (B). *, significantly different from the respective treatment without
RAN. #, significantly different from the respective treatment without BMS-561392. 7= 6 to
10.
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Fig. 10. Effects of TACE inhibitor on plasma active PAI-1.
Rats were treated with LPS/RAN or LPS/Veh and with the TACE inhibitor as in Fig. 9.

Plasma active PAI-1 was evaluated 2 h after RAN treatment. *, significantly different from
the respective treatment without RAN. #, significantly different from the respective
treatment without BMS-561392 (BMS). n= 6 to 10.

J Pharmacol Exp Ther. Author manuscript; available in PMC 2016 May 03.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Deng et al.

1200 -

Active PAI-1 (ng/ml)

Fibrin (Positive Area Fraction)

0.00

1000 -

800 -

600 -

400 -

200 -

0.10 -

0.08 -

0.06

0.04

0.02 -

Page 25
800 - B
T 600 - [
# -
I 2 400 |
E #
T
200 +
: . 0 ' '
§ 16 - D
T m‘? 14 - T
X
# g g 12 A
I 83
2 § 10 #
Su 8 T
T ®©
8E 6]
32 ¢
I g 2|
: . L : ,
Veh WAY Veh WAY

Fig. 11. Effects of a PAI-1 inhibitor on hepatotoxicity and markers of hemostasisand PMN
activation.

Rats were treated with LPS and cotreated with RAN 2 h later. A PAI-1 inhibitor,
WAY-140312 (WAY), was administered 1 h before RAN and again 1 and 3 h later.
Hepatotoxicity, plasma active PAI-1, hepatic fibrin deposition, and hepatic staining for
HOCI-modified proteins were measured 6 h after RAN treatment. #, significantly different
from the respective treatment without WAY-140312. n=6to 9.
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Fig. 12. Diagram of pathogenic mechanism contributing to hepatocellular injury in the
LPS'RAN model.

RAN augments TNF-a production after LPS treatment in a post-transcriptional manner by
enhancing p38 activation. The increase in TNF-a protein seems to occur through the p38-
dependent activation of TACE. The prolongation of LPS-induced TNF-a production by
RAN causes more PAI-1 production, which enhances hepatic fibrin deposition and activates
the PMNs accumulated in liver in response to LPS exposure. The hypoxia resulting from
hepatic fibrin deposition could act synergistically with toxic proteases released from
activated PMNs to kill hepatocytes.
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