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Abstract

Because p38α plays a critical role in inflammation, it has been an attractive target for the 

development of anti-inflammation therapeutics. However, p38α inhibitors showed side effects 

including severe liver toxicity that often prevailed over the benefits in clinical studies, and the 

mechanism of toxicity is not clear. Here, we demonstrate that p38α regulates the inflammatory 

responses in the acute liver inflammation in a tissue-specific manner, and liver toxicity by p38α 

inhibitors may be resulted from the inhibition of protective activity of p38α in the liver. Genetic 

ablation of p38α in T and NKT cells protected mice from the liver injury in ConA-induced liver 

inflammation, while liver-specific deletion of p38α aggravated the liver pathology. We found that 

p38α deficiency in the liver increased the expression of chemokines to recruit more inflammatory 

cells, indicating that p38α in the liver plays a protective anti-inflammatory role during acute liver 

inflammation. Therefore, our results suggest that p38α regulates the inflammatory responses in a 

tissue-specific manner, and that the tissue-specific p38α targeting strategies can be used for the 

development of an effective anti-inflammation treatment with an improved side-effect profile.
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Introduction

The kinase p38α is a member of p38 MAPK family, and a key player of diverse biological 

processes including cell proliferation, differentiation, and survival as well as inflammatory 
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responses (1-3). The significance of p38α-mediated signaling in the induction of 

inflammatory responses was originally identified as the target of the pyridinyl imidazole that 

inhibited the expression of inflammatory cytokines in LPS-treated monocytes (4). TLR-

mediated p38α signaling leads to the activation of signaling cascades for the expression 

proinflammatory cytokines, enzymes and other inflammation-related molecules (5-10). 

Thus, p38α-mediated signaling is a critical process in inflammatory responses, and has been 

an attractive target for the development of anti-inflammatory therapeutic strategies.

Because p38α inhibitors efficiently blocked the expression of inflammatory cytokines and 

ameliorated the development of inflammatory diseases in animal studies (11), it has been 

postulated that treatment with inhibitor compounds would be beneficial in inflammatory 

diseases accompanied with elevated cytokine levels. Pharmacological inhibitors of p38α 

have been developed and tested for the treatment of inflammatory diseases including 

allergic, autoimmune, and other inflammatory diseases (12-16). Although p38α inhibitors 

efficiently block the activity of the kinase in inflammation, the chemicals showed severe 

toxicity in liver. For instance, pharmacological inhibitors VX-702 and VX-745 have been 

shown to be effective in an animal arthritis model and inhibited LPS-induced inflammation 

in peripheral blood mononuclear cells (17,18). In clinical studies, the p38α inhibitors 

reduced levels of inflammatory biomarkers, such as C-reactive protein (CRP), erythrocyte 

sediment rate, amyloid A, and soluble p55 TNFR. However, the inhibitors also showed 

severe hepatotoxicity, including significantly increased aminotransferase levels in blood, 

which resulted in delay or discontinuation of new drug development (19).

Therefore, assessment of the role p38α in liver may be of interest not only to better 

understand the tissue-specific function of p38α in inflammatory diseases, but also to explain 

potential hepatic side effects upon treatment with p38α inhibitors (20). In this study, we 

tested whether the unexpected and detrimental effects of p38α inhibitors resulted from the 

tissue-specific regulation of the kinase activity during inflammation. We demonstrated that 

ablation of p38α in T and NKT cells protected mice from ConA-induced acute liver injury 

while liver-specific p38α deficiency exacerbated the pathology of liver. In T and NKT cells, 

p38α regulated the expression of inflammatory cytokines that play an essential role for acute 

liver inflammation. However, p38α inhibited the expression of chemokines by negatively 

regulating the activation of JNK in hepatocytes, indicating that inhibition or deletion of 

p38α in liver facilitates the recruitment of inflammatory cells to the site of inflammation 

during acute liver injury and resulted in the severe liver damage. Therefore, it is suggested 

that tissue-specific p38α activity differentially controls the inflammation, and the tissue-

specific therapeutic strategy of p38α inhibition may be effective for the treatment of 

inflammatory diseases with an improved side-effect profile.

Materials and Methods

Mice and acute liver injury model

C57Bl/6 background WT mice were obtained from the mouse breeding facility at The 

Scripps Research Institute. Macrophage-specific (LysMCre-p38αΔ/Δ), or T lymphocyte-

specific p38α deficient mice (LckCre-p38αΔ/Δ) were generated previously (6,21). p38α 

floxed mice were crossed with liver-specific Cre-expressing mice (Alb-Cre, The Jackson 
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Laboratory) to obtain a liver-specific p38α-deficient mouse strain. Protocols for the use of 

animals were approved by the Institutional Animal Care and Use Committee.

To induce acute liver injury in mice, ConA (20 mg/kg body weight in PBS) was 

intravenously administered via the lateral tail vein. Mice were euthanized, blood was 

collected, and livers were surgically removed.

Reagents

Con A was obtained from Sigma-Aldrich.; TNF was from Peprotech; α-Galactosyl ceramide 

(α-GalCer, KRN7000) was from Enzo Life Science; SP600125 was from Calbiochem. Anti-

GAPDH antibody was from Chemicon; anti-TCR-FITC antibody was from BD Bioscience, 

and anti-CXCL10 antibody was purchased from Bioss Antibodies (Boston, MA). Other 

antibodies were purchased from Cell Signaling. APC-mCD1d/PBS57 ligand tetramer was 

generously provided by the National Institute of Allergy and Infectious Disease MHC 

Tetramer Core Facility (Atlanta, GA, USA).

ALT and AST Assays

Serum ALT and AST levels were analyzed by commercial assay kits (Pointe Scientific).

Histology

Liver tissues were fixed in 4% paraformaldehyde, and further processed for H&E staining. 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was 

performed using In situ cell death detection kit according to the manufacturer's instructions 

(Roche).

Immunohistochemistry

Paraffin slides were stained with goat anti-TCR-FITC and rabbit anti-CXCL10 Abs 

followed by anti-rabbit PE incubation. For DAB staining of CXCL10 in the liver tissues, 

slides were incubated with rabbit anti-CXCL10 Ab, and followed by goat anti-rabbit-HRP 

Ab. The slides were developed with DAB substrate (Cell signaling) and incubated with 

Mayer's Hematoxylin (Sigma) for nuclei counterstaining.

Cell culture

HEK 293T and mouse hepatocyte Hepa 1-6 cells were cultured in DMEM supplemented 

with 10% fetal bovine serum (FBS). Cell viability was measured by MTT assay according to 

the manufacturer's instruction (Roche).

Reverse transcription and quantitative PCR

RNAs from tissues or cells were prepared with Trizol reagent (Invitrogen), and qPCR was 

performed (21).

Hepatocyte preparation

Perfusion and digestion of liver was performed by sequential passing of pre-warmed 

perfusion buffer (Invitrogen) and pre-warmed digestion buffer via portal vein as previously 
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described (22). Hepatocytes were isolated by centrifugation at 40g for 1 min at RT, and cell 

pellet was washed with PBS three times. Cell viability and purity were more than 95%.

Preparation of liver leukocytes

Blood was removed by injecting HBSS through portal vein. Liver was surgically removed 

and homogenate was incubated with 100 U/ml collagenase for 40 min at 37°C, and cell 

digest was passed through a 100-μm cell strainer. Cell pellets were obtained by 

centrifugation for at 700g for 10 min at RT, and further resuspended in 40 % isotonic 

Percoll. After centrifugation at 700g for 20 min, liver leukocytes were obtained. 

Approximately 55-60% of total lymphocyte population was CD3+ lymphocyte, 30% was 

CD3+CD4+ Th cells, and 10-15% was NKT CD3+/NK1.1+ NKT cells as previously 

reported (23).

Flow cytometry

To analyze the intracellular level of p38α in NKT cells, liver leukocytes were stained with 

CD3-FITC Abs and APC-CD1d ligand tetramer. Cells were further fixed and permeabilized 

by Cytofix/Cytoperm kit, and further stained with anti-p38α Abs.

Plasmids and shRNAs

The shRNA targeting mouse p38α constructs was designed, and lentiviral vectors 

expressing the shRNA were generated according to the manufacturer's instructions 

(Biosettia). The sequences of the oligonucleotides used to generate the shRNAs are as 

follows: mouse p38α: 5′-

AAAAGCCTGTTGCTGACCCTTATTTGGATCCAAATAAGGGTCAGCAACAGGC-3′; 

A negative scramble sequence of 5′-

AAAAGCTACACTATCGAGCAATTTTGGATCCAAAATTGCTCGATAGTGTAGC-3′ 

was used as a control.

Immunoblotting

Cells lysates were prepared by incubating cells in lysis buffer. Samples were resolved by 

SDS-PAGE and analyzed by immunoblotting using chemiluminescence substrate.

Measurement of cytokines

TNF or IFN-γ concentrations were measured by ELISA (eBioscience).

Statistical analysis

Student's t-test was performed to analyze the statistical significance. A P value of less than 

0.05 was considered significant.

Results

Tissue-specific role of p38α in ConA-induced liver injury

First, we generated macrophage-, T cell-, or hepatocyte-specific p38α-deficient mouse 

strains, and confirmed deletion of p38α is specific in hepatocytes in albumin-cre-driven 
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conditional knockout mice (6,21) (Supplemental Figure 1). Using ConA-induced acute liver 

injury model (24,25), we investigated the tissue-specific role of p38α in liver inflammation. 

Control (p38αfl/fl) and tissue-specific p38α-deficient mice were intravenously injected with 

ConA, and serum aminotransferase levels were measured. The ALT and AST levels in T 

cell-specific p38α-deficient (p38αΔT) mice were significantly reduced compared with 

control (Figure 1A). We also tested the liver injury by measuring ALT levels in the blood in 

a time-course manner. ALT levels were comparable between control, p38αΔT, and 

p38αΔliver mice until 4 hours after ConA injection. Then, ALT level in control mice 

significantly elevated, but not in p38αΔT mice. However, ablation of p38α in liver rather 

increased ALT levels. H&E staining showed that liver pathology characterized by 

infiltration of inflammatory cells, liver hemorrhage, and cell death was less severe in 

p38αΔT mice than control (Figure 1C). Additionally, TUNEL assay indicated that induction 

of apoptosis was significantly reduced in the liver tissue of p38αΔT mice (Figure 1D). 

Because T and NKT cells play an important role in ConA-induced liver damage (26-28), and 

Lck-cre-mediated deletion of p38α was observed in T cells as well as NKT cells of hepatic 

leukocytes (Supplemental Figure 1) (21,29), our results indicate that p38α promotes the 

activation of T and NKT cells in ConA-induced hepatitis.

We next sought to identify the role of p38α in liver. Like the role for inflammation in 

T/NKT cells, we hypothesized that p38α deficiency in hepatocytes would ameliorate acute 

liver inflammation. Interestingly, the serum ALT/AST levels of ConA-injected p38αΔliver 

mice significantly increased, which indicated that ablation of p38α in liver aggravated the 

liver damage (Figure 1A). Histological analysis supported the result that the degree of 

inflammation and induction of apoptosis were higher in the liver tissues of p38αΔliver mice 

(Figure 1C & D). The ALT/AST levels in ConA-injected p38αΔMAC mice were comparable 

with p38αfl/fl mice, indicating that innate immune cells are not involved in this acute 

hepatitis model (Figure 1A) (26-28). Therefore, our results demonstrate that p38α in T and 

NKT cells promotes the induction of inflammation while hepatocyte p38α protects mice 

from ConA-induced liver damage, suggesting the tissue-specific role of p38α in 

inflammation.

p38α in T and NKT cells regulates the expression of inflammatory cytokines during ConA-
induced liver inflammation

Next, we compared the cytokine levels in the sera of control, p38αΔT, or p38αΔliver mice to 

further examine the tissue-specific role of p38α. In ConA-induced acute liver injury, the 

inflammatory cytokines from T and NKT cells play a significant role in the induction of cell 

death of hepatocytes and liver damage. Intravenous injection of ConA promotes T and NKT 

cell activation to produce TNF and IFN-γ. TNF is quickly expressed and the serum 

concentration is highest at 1-2 hours, while IFN-γ expression is slower than TNF and 

reaches the maximal concentration at 6-8 hours (24,26,30,31). ConA-induced TNF and IFN-

γ levels in the sera were significantly reduced in p38αΔT mice compared with control 

(Figure 2A). However, the cytokine levels were comparable between control and p38αΔliver 

mice (Figure 2B) as the activation of p38α in T/NKT cells was not affected by ablation of 

p38α in hepatocytes. This result is consistent with the finding that ablation of p38α in 
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T/NKT cells protected mice from liver damage while the deficiency in liver aggravated 

acute liver injury.

Tissue-specific p38α activation differentially regulates the inflammatory responses

To elucidate the tissue-specific regulation of inflammation by p38α. we compared the levels 

of inflammatory cytokines in the liver tissues and hepatic leukocytes in ConA-injected 

p38α-deficient mice. Expression of TNF was significantly increased in the liver tissue of 

ConA-injected control mice. However, TNF mRNA level was lower in the liver of p38αΔT 

mice at 2 hours of ConA administration while TNF levels was substantially increased in the 

liver tissues of p38αΔliver mice (Figure 3A). The mRNA levels of IFN-γ in the liver tissues 

were comparable between control and p38αΔliver mice after 2 hours of ConA injection; 

however, expression was significantly reduced in the liver of p38αΔT mice while increased 

in p38αΔliver mice after 6 hours (Figure 3B). We next tested the expression of inflammatory 

cytokines in hepatic leukocytes that include T and NKT cells. Expression of inflammatory 

cytokines was substantially reduced in hepatic leukocytes of p38αΔT mice while that in 

hepatic leukocytes of control and p38αΔliver mice was comparable (Figure 3C & D). 

Collectively, our results indicated that p38α in T and NKT cells promotes the inflammatory 

responses, whereas activation of p38α in hepatocytes negatively regulates the inflammation.

IL-10 is a potent anti-inflammatory cytokine that plays a hepatoprotective role in Con A-

induced liver injury. During ConA-induced inflammation, IL-10 is also derived from T and 

NKT cells and produced within the liver (32,33). IL-10 expression was significantly reduced 

in hepatic leukocytes of p38αΔT mice compared with control cells while leukocytes of 

p38αΔliver mice did not show any significant changes (Figure 3E). Consistently, the mRNA 

level of IL-10 in the liver tissues was substantially reduced in the liver of p38αΔT mice but 

not in p38αΔliver mice (Figure 3F). These results indicate that IL-10 does not contribute to 

the protection of severe liver injury of ConA-injected p38αΔliver mice.

p38α promotes the inflammatory responses in T cells and NKT cells

Because T and NKT cells play an important role in the induction of ConA-induced liver 

damage (26-28), we next tested p38α-mediated regulation of inflammatory cytokine 

expression in T and NKT cells. Lck-cre-mediated deletion of p38α was observed in T cells 

as well as NKT cells of hepatic leukocytes (Supplemental Figure 1) (29). Hepatic leukocytes 

from control, p38αΔT or p38αΔliver mice were treated with ConA or α-galactosylceramide 

(α-GalCer) that activates T or NKT cells, respectively. We found that production of 

cytokines was significantly reduced in leukocytes of p38αΔT mice from the early time point 

after stimulation, but not in liver leukocytes of p38αΔliver mice (Figure 4A & B). Induction 

of cytokine mRNA by ConA was significantly reduced in p38α-deficient leukocytes (Figure 

4C). Consistently, our study also indicated that TCR-induced expression of cytokine genes 

was also significantly reduced in p38α-deficient T cells compared with control cells (21) 

(data not shown). However, induction of cytokine mRNA by α-GalCer did not differ 

between control and p38α-deficient leukocytes (Figure 4D), implying that p38α does not 

directly regulate the induction of inflammatory cytokine expression in NKT cells, but is 

involved in the post-transcriptional regulation of gene expression as shown previously (29). 
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Collectively, our results suggest that p38α promotes the inflammatory responses of T and 

NKT cells in a distinct mechanism (see discussion).

Deletion of p38α in hepatocytes does not affect the induction of cell death, but increases 
the activation of JNK

Because TNF plays a significant role in ConA-induced liver damage (25,34), we tested 

whether TNF-induced death of hepatocytes was affected by ablation of p38α. Previous 

studies have shown that actinomycin D is required to increase the sensitivity to TNF and to 

induce apoptosis of hepatocyte in vitro, which mimics the in vivo situation (35,36). Thus, 

incubation of hepatocytes with TNF plus actinomycin D is generally used to test TNF-

induced apoptosis in vitro. TNF-induced cell death of WT and p38α-deficient primary 

hepatocytes, or control and p38α knockdown (KD) Hepa 1-6 cells was comparable (Figure 

5A &B). Additionally, TNF-induced cleavage of caspases 3 and 9 was similar between 

control and p38α KD hepatocytes (Figure 5C), indicating that p38α does not regulate the 

induction of cell death in hepatocytes.

Next, we examined the role of p38α in TNFR signaling in hepatocytes. Degradation of IκB-

α and phosphorylation of MAPK ERK by TNF treatment were comparable between control 

and p38α KD Hepa 1-6 cells, while phosphorylation of p38α was only detected in control 

cells (Figure 5D). However, knockdown of p38α rather increased and sustained the 

phosphorylation of JNK, implying an inhibitory function of p38α on JNK activation in 

hepatocytes (Figure 5D). Phosphorylation of JNK increased and sustained in p38α KD 

hepatocytes, but not in p38α-deficient macrophages or T cells (6,21). Additionally, it has 

been shown that activation of JNK increased in the liver of LPS-injected p38αΔliver mice 

(37). Since the activation of JNK can be directly regulated by the upstream kinase MKK4, 

we further tested whether p38α regulated the activation of MKK4. Phosphorylation of 

MKK4 was not affected in p38α KD hepatocytes, suggesting that p38α directly regulates the 

activation of JNK, but not by inhibiting MKK4 activity in hepatocytes (Figure 5D). 

Additionally, phosphorylation of MKK3/6 and the expression of TAB1 at the upstream of 

p38α were comparable between control and p38α KD Hepa 1-6 cells. Collectively, our 

results suggest that p38α is dispensable in TNF-induced cell death and negatively regulates 

the activation of JNK in hepatocytes.

p38α negatively regulates the expression of chemokines in hepatocytes

We demonstrated that expression of inflammatory cytokines was not affected in hepatic 

leukocytes of p38αΔliver mice, and p38α did not contribute to TNF-induced cell death of 

hepatocytes. However, histological analysis revealed that more inflammatory cells were 

observed in the liver tissues of ConA-injected p38αΔliver mice, which indicated that 

recruitment of inflammatory cells was enhanced in p38α-deficient liver during acute liver 

inflammation. Since chemokines play a crucial role in immune cell recruitment, we 

examined the expression patterns of chemokines in liver of ConA-injected control and 

p38αΔliver mice (Supplemental Figure 2). Expression of several chemokines was 

significantly induced in liver of control mouse. Moreover, expression of CXCL9, CXCL10, 

CXCL11, and CCL25 was further increased in the liver tissue of p38αΔliver mice compared 

with control (Figure 6A). Previous studies have shown that CXCL10 plays a role for the 
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development of liver diseases and the recruitment of inflammatory immune cells to the site 

of inflammation (38-40). Thus, we tested whether increased expression of CXCL10 

correlated with the recruitment of immune cells in the liver tissue of p38αΔliver mice. IHC 

result revealed that CXCL10 expression and T cell recruitment substantially increased in the 

liver tissues of ConA-injected p38αΔliver mice (Figure 6B & Supplemental Figure 3). Since 

expression of inflammatory cytokines by hepatic leukocytes were not affected in p38αΔliver 

mice, our result indicates that ablation of p38α in liver increased the expression of 

chemokines to recruit more inflammatory cells and resulted in severe inflammation and 

injury. Additionally, knockdown of p38α increased TNF-induced expression of chemokines 

in hepatocytes in vitro (Supplemental Figure 4). Collectively, our results suggest that p38α 

in liver negatively regulates the recruitment of inflammatory cells by suppressing the 

expression of chemokines during acute liver inflammation.

JNK-mediated expression of chemokines is suppressed by p38α in hepatocytes

Next, we examined how chemokine expression was regulated by p38α in liver. Although 

activation of p38α induces the expression of chemokines in many types of cells, such as 

macrophages and intestinal epithelial cells (6,16,21,41), deletion of p38α increased the 

expression of chemokines in hepatocytes. Since activation of JNK increased in TNF-treated 

p38α KD hepatocytes (Figure 5D) and in the liver tissue of LPS-injected p38αΔliver mice 

(37), we tested the regulation of chemokine expression by JNK in hepatocytes. First, we 

examined whether CXL10 expression was affected by inhibition of JNK activity. TNF 

treatment induced the expression of CXCL10 in hepatocytes, which was significantly 

reduced by JNK inhibitor SP600125 (Figure 6C). Furthermore, increased expression of 

CXCL10 in p38α KD hepatocytes was significantly reduced by inhibition of JNK activity 

(Supplemental Figure 4), indicating that CXCL10 expression is down-regulated by 

inhibition of JNK activity by p38α. Therefore, it is suggested that p38α negatively regulates 

the activation of JNK during acute liver injury to inhibit the expression of chemokines that 

recruit the immune cells to the site of inflammation.

Discussion

p38α displays diverse functions in many biological processes. Since p38α is widely 

expressed in immune cells and involved in the induction of inflammatory responses such as 

expression of inflammatory cytokines and mediators, it has been considered as an important 

regulator of inflammatory diseases. Thus, p38α has been a potential target for the treatment 

of inflammatory diseases. However, clinical studies using p38α inhibitors have shown 

disappointing results and side effects of severe hepatotoxicity (11,17-19). In this study, we 

questioned whether the adverse liver damage by p38α inhibitor treatment is caused by 

inhibition of liver p38α activity that plays a protective role during inflammation.

Previous studies showed that p38α negatively regulates the proliferation of hepatocytes by 

antagonizing JNK pathway, and liver-specific p38α-deficient mice exhibited enhanced 

hepatocyte proliferation after partial hepatectomy and developed more liver tumors (42,43). 

In contrast, a study showed that liver-specific deletion of p38α reduced cell growth and 

caused cytokinesis failure during chronic biliary cirrhosis in mice (20). We demonstrated an 

Kang et al. Page 8

J Immunol. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



opposing role of p38α in the induction of ConA-induced liver injury. Ablation of p38α in T 

and NKT cells protected mice from acute liver injury while p38α deficiency in liver rather 

aggravated the damage in the liver tissue. Therefore, the tissue-specific regulation of p38α 

activation is also dependent on the pathologic conditions.

Pro-inflammatory cytokines such as IFN-γ and TNF produced by T and NKT cells are the 

key molecules that cause liver damage in ConA-induced hepatitis (26,44,45). However, 

some studies also indicated that macrophage may be involved in this hepatitis model as 

depletion of Kupffer cells suppressed the liver injury induced by ConA (46,47). The 

mechanism of Kupffer cell involvement in this hepatitis model is not clear. A study 

suggested that Kupffer cells initiate intrasinusoidal sinusoidal thrombosis in collaboration 

with endothelial cells (47), indicating an indirect effect of Kuppfer cells on liver damage. 

Additionally, we observed that ConA treatment did not significantly induce the expression 

of TNF in control or p38α-deficient macrophages in vitro (data not shown), indicating that 

ConA administration does not directly activate macrophages in this acute liver damage 

model. Therefore, it is suggested that p38α in macrophages does not directly contribute to 

the induction of ConA-induced liver injury.

It has been well documented that p38α plays an essential role in the regulation of immune 

responses. TCR signaling-mediated expression of inflammatory cytokines is regulated by 

p38α (3,21). Inflammatory cytokine levels were significantly reduced in the sera of ConA-

injected p38αΔT mice, suggesting that p38α regulates the production of cytokines in T and 

NKT cells. The mRNA levels of inflammatory cytokines were substantially reduced in 

hepatic leukocytes of p38αΔT mice, but not in leukocytes of p38αΔliver mice. Additionally, 

p38α deficiency resulted in the reduced expression of inflammatory cytokines in T and NKT 

cells in vitro. The mRNA levels and production of inflammatory cytokines were reduced in 

p38α-deficient T cells, whereas induction of cytokine mRNAs was comparable between 

control and p38α-deficient NKT cells. This result indicates that p38α may regulate the 

inflammatory responses of T and NKT cells by different mechanisms. In T cells, p38α 

regulates the expression of inflammatory cytokines by regulating the activation of 

downstream kinases and transcription factors that are essential for the transcription of 

cytokine genes (2,3). However, p38α seems to be important for the translational or post-

translational regulation of cytokines in NKT cells. Similarly, a previous study indicated that 

p38α signaling regulates the cytokine mRNA translation by activation of MAPK-interacting 

kinases (MNKs) that activate the eukaryotic initiation factor eIF-4E for the translation of 

cytokine mRNAs (29). Taken together, we suggest that regulation of cytokine production by 

p38α in NKT cells is mediated by a mechanism that facilitates the translation of cytokine 

mRNAs. More studies are needed to clarify the mechanism.

Expression of chemokines increased and more inflammatory cells were recruited to the liver 

of p38αΔliver mice, which suggests a protective role of p38α in liver inflammation. 

Expression of chemokines increased in the liver tissue of ConA-injected mice. However, 

treatment of ConA did not increase the level of CXCL10 in hepatocytes while TNF or IFN-γ 

induced the expression (data not shown). Previous studies also indicate that ConA 

administration activates T cells to produce IFN-γ, which further increases the expression of 

CXCL10 in hepatocytes (38,48,49). Therefore, cytokines produced by T or NKT cells by 
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ConA administration induce the expression of chemokines in the liver, and in turn, increased 

expression of chemokines recruits more inflammatory cells to the liver tissues.

Expression of CXCL10 was suppressed by p38α in liver, providing protection against acute 

liver injury. Previous studies have demonstrated that CXCL10 plays a role for the 

development of liver diseases such as tetrachloride-induced acute liver injury, ischemia, and 

reperfusion injury, and liver injury induced by hepatitis C virus infection (38-40). 

Furthermore, administration of neutralizing anti-CXCL10 antibody significantly ameliorated 

ConA-induced hepatitis, suggesting that CXCL10 plays an essential role in the induction of 

acute liver injury (40). Therefore, we suggest that p38α in liver inhibits the expression of 

chemokines to block the excessive recruitment of inflammatory cells during acute liver 

inflammation.

Our results demonstrated that phosphorylation of JNK by TNF significantly increased in 

p38α KD hepatocytes. Although the mitogen-activated kinase kinase 4 (MKK4) lies at the 

upstream of JNK, phosphorylation of MKK4 was comparable between control and p38α KD 

hepatocytes after TNF treatment, suggesting that p38α directly regulates JNK activity 

without regulating MKK4 activation. A study showed that activation of JNK increased in 

the liver tissue of LPS-injected p38αΔliver mice, indicating the negative regulation of JNK 

activity by p38α in hepatocytes (37). Many studies have confirmed the role of JNK in TNF-

mediated liver injury. Inhibition of JNK activity by pharmacological inhibitor SP600125 

blocked the TNF-induced cell death of hepatocytes (34), and JNK1- and JNK2-deficient 

mice were resistant to ConA-induced liver damage (50). However, it is not clear how p38α 

directly and selectively regulates the activation of JNK in hepatocytes.

Our findings suggest the tissue-specific function of p38α in inflammation. In ConA-induced 

acute liver inflammation model, genetic ablation of p38α in T and NKT cells protected mice 

from the liver injury while deletion of the kinase in liver augmented the pathology of liver 

inflammation, indicating the protective role of p38α in liver during the inflammatory 

diseases. Thus, inhibition of p38α activity in liver may result in the development of severe 

inflammation, which is often caused by the treatment of p38α inhibitors. Therefore, 

strategies that deliver the inhibitors specifically to the inflammatory cells, but not to the liver 

will help improve the treatment of inflammatory diseases.
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Figure 1. Tissue-dependent role of p38α in ConA-induced acute liver inflammation
(A) p38αfl/fl, p38αΔT, p38αΔMAC, or p38αΔliver mice were injected intravenously with PBS 

or ConA. Serum ALT and AST levels were measured after 8 h (A, mean ± s.d., n=6). (B) 

ALT levels were measured after 2, 4, 8 or 12 h after ConA injection into p38αfl/fl, p38αΔT, 

or p38αΔliver mice (n=5-6) (B). Data represent means ± s.d.; *p < 0.05 and **p < 0.01 

(Student's t-test). (C) H & E staining of the liver tissues from PBS- or ConA-injected mice. 

Scale bars, 100 μM. ×200. (D) TUNEL staining of liver from ConA-injected mice. Scale 

bars, 40 μM. ×100.
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Figure 2. Tissue-specific ablation of p38α differentially regulates the expression of cytokines 
during ConA-induced liver damage
p38αfl/fl and p38αΔT mice (A), or p38αfl/fl and p38αΔliver mice (B) were injected with 

ConA. IFN-γ and TNF levels in the sera were determined by ELISA (n = 6). Data represent 

means ± s.d.; *p < 0.01 and **p < 0.05 (Student's t-test).

Kang et al. Page 15

J Immunol. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. p38α regulates the inflammatory responses in liver and hepatic leukocytes during 
ConA-induced hepatitis
(A-D) p38αfl/fl, p38αΔT, or p38αΔliver mice received ConA. (A & B) Liver tissues were 

obtained after 2 or 6 h, or (C & D) hepatic leukocytes were after 4 h. IFN-γ and TNF mRNA 

levels were analyzed by qPCR (n = 4). Fold induction was calculated by comparing to the 

samples of PBS-injected mice. (E & F) Expression of IL-10 in hepatic leukocytes (E), and 

liver (F) of ConA-injected mice was analyzed by qPCR. Data shown are means ± s.d.; *p < 

0.01 and **p < 0.05 (Student's t-test).
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Figure 4. p38α regulates the expression of inflammatory cytokines in T and NKT cells
Hepatic leukocytes from p38αfl/fl, p38αΔliver, or p38αΔT mice were treated with medium or 

ConA (5 μg/ml, A & B), or α-GalCer (200 ng/ml, C & D). (A & C) Culture supernatants 

were obtained after 4, 12, or 24 h to determine IFN-γ and TNF concentrations by ELISA. (B 

& D) After 4 h, mRNA levels of IFN-γ and TNF were determined by qPCR. Fold induction 

was calculated by comparing the levels of unstimulated cells. Data shown are means ± s.d.; 

*p < 0.05 and **p < 0.01 compared with control cells (Student's t-test).
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Figure 5. p38α signaling in hepatocytes is dispensable in TNF-induced cell death
(A & B) Hepatocytes from p38αfl/fl or p38αΔliver mice (A), or control or p38α KD Hepa 1-6 

hepatocyte cells (B) were incubated with actinomycin D (ActD, 1 μg/ml) and TNF. Cell 

viability was assessed after 24 h. (C & D) Control or p38α KD Hepa 1-6 cells were 

incubated with ActD and TNF (30 ng/ml). Cell lysates were prepared at the indicated times 

to examined the activation of caspases (C) or NF-κB/MAPK signaling (D). Knockdown of 

p38α was confirmed using anti-p38α antibody. GAPDH levels were determined as an 

internal control.
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Figure 6. p38α negatively regulates the induction of chemokines by inhibiting JNK activity in 
hepatocytes
(A) Total RNAs were prepared after 4 h from the liver tissues of ConA-injected p38αfl/fl or 

p38αΔliver mice, and expression of chemokines was analyzed by qPCR. (B) Liver paraffin 

slides were stained with rabbit anti-CXCL10, and further incubated with goat anti-rabbit-

HRP Abs, and incubated with DAB. (C) Hepa 1-6 cells were incubated with medium or 

SP600213 for 1 hour, and treated with TNF for 2, 4, or 8 h. Expression level of CXCL10 

was measured by qPCR. Data shown are means ± s.d. *; p < 0.05, and **; p < 0.01 

(Student's t-test).
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