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Abstract

The liver is a unique organ in the body as it has significant roles in both metabolism and innate 

immune clearance. Hepatocytes in the liver carry a nearly complete complement of drug 

metabolizing enzymes, including numerous cytochrome P450s. While a majority of these enzymes 

effectively detoxify xenobiotics, or metabolize endobiotics, a sub-portion of these reactions result 

in accumulation of metabolites that can cause either direct liver injury or indirect liver injury 

through activation of inflammation. The liver also contains multiple populations of innate immune 

cells including the resident macrophages (Kupffer cells), a relatively large number of natural killer 

cells, and blood-derived neutrophils. While these cells are primarily responsible for clearance of 

pathogens, activation of these immune cells can result in significant tissue injury during periods of 

inflammation. When activated chronically, these inflammatory bouts can lead to fibrosis, cirrhosis, 

cancer or death. This Chapter will focus on interactions between how the liver processes 

xenobiotic and endobiotic compounds through the cytochrome P450 system, and how these 

processes can result in a response from the innate immune cells of the liver. A number of different 

clinically relevant diseases, as well as experimental models, are currently available to study 

mechanisms related to the interplay of innate immunity and cytochrome P450 mediated 

metabolism. A major focus of the chapter will be to evaluate currently understood mechanisms in 

the context of these diseases as a way of outlining mechanisms that dictate the interactions 

between the P450 system and innate immunity.
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Introduction

Numerous metabolic processes including metabolism of both endobiotics and xenobiotics 

take place in the liver. A large number of these reactions are carried out by the cytochrome 

P450 family of proteins (CYPs). While a majority of these processes result in largely non-

toxic quantities of metabolites with favorable excretion profiles, a sub-portion of these 

reactions result in toxic compounds that can directly elicit liver damage. Other compounds 

generated from CYPs can result in activation of the inflammatory response that can either 

exacerbate, or help to rectify ongoing liver damage. Moreover, inflammation during liver 

injury can affect expression and activity of CYPs, potentially altering ongoing drug 

metabolism and affecting toxicity by reducing or enhancing metabolism. The goal of this 

Chapter will be to discuss how CYP mediated activation of a number of different 

compounds affects immune cells either natively present, or recruited to the liver, as well as 

how persistent inflammation and cytokine production can alter expression levels of CYPs. 

This chapter will focus on clinically relevant models of liver injury and inflammation as 

model systems by which we can discern specific mechanisms related to how the CYP 

system interacts with cytokines produced by inflammatory cells and the different immune 

cells. As the liver has a well-defined and critical role in innate immunity, the focus of the 

chapter will be on interactions with the innate immune system, although adaptive immunity 

will discussed in brief. As the CYP system is discussed in detail throughout this book, the 

innate immune system present in the liver will be discussed as a preface to the Chapter.

Innate Immune Cells in the Liver

Kupffer Cells

While the liver’s involvement in metabolism is well established, the liver also has a 

significant role in innate immunity via clearance of pathogens and pathogenic particles from 

sinusoidal blood. The primary mediator of this action is the endogenous macrophage present 

in liver sinusoids, the Kupffer cell (reviewed in Dixon et al., 2013). Kupffer cells are the 

first line of defense against xenobiotics and immunoreactive material that enters the liver 

from the gut. Kupffer cells primarily respond to pathogenic material by identifying and 

phagocytizing the material, removing it from the blood. In addition to phagocytosis of 

pathogens, Kupffer cells can also remove dead and dying endogenous cellular material from 

the bloodstream, facilitating a final barrier against potentially hazardous material before it 

enters systemic circulation. While it has long been known that Kupffer cells recognize and 

phagocytose pathogens in the hepatic sinusoids, recent research has entailed new signaling 

pathways by which Kupffer cells can recognize and react to pathogen associated molecular 

patterns (PAMPs) such as lipopolysaccharide (LPS) (Pallson-McDermott and O’Neill, 

2004). Kupffer cells express a number of Toll-Like Receptor proteins (TLR1–9) that can 

bind bacterial or viral products such as LPS, CpG DNA, single stranded RNA and more 

(reviewed in Akira and Takeda, 2004). The binding of LPS to TLR4 is a classic example of 

the initiation of this signaling pathway. LPS in serum is recognized by LPS binding protein 

(LBP) and CD14, which then mediate the binding of this complex to TLR4 present on 

macrophages in the sinusoids (Chow et al., 1999). This activates a signaling pathway that 

recruits the protein MyD88, an adaptor protein for TLRs (Kawai et al., 1999); although 
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MyD88 independent effects can also occur (Kawai et al., 2001). This signaling pathway 

results in the activation of NF-κB and the generation of numerous cytokines, chemokines 

and other inflammatory mediators (Jiang et al., 2000). This serves to both activate other 

surrounding macrophages, hepatocytes and innate immune cells, as well as recruit 

neutrophils and other peripheral mediators of innate immunity. In addition to PAMPs, 

Kupffer cells can also recognize damage associated molecular patterns (DAMPs) through 

these same TLRs. Release of DAMPs occurs both actively from activated macrophages 

(Tang et al., 2007) and passively from necrotic cells (Scaffidi et al., 2002) and largely 

activates the same signaling mechanisms via the same TLRs as the corresponding PAMP. 

Thus, activation of Kupffer cells can occur due to both increased exposure to pathogenic 

material and increased exposure to pro-inflammatory cellular debris during liver injury.

Kupffer cells produce significant amounts of the apoptotic cytokine tumor necrosis factor 

alpha (TNF-α). TNF-α induced apoptosis occurs through activation of the death receptor 

TNF receptor 1 (TNFR1) on the surface of a diverse array of cells, including hepatocytes 

(Yoon and Gores, 2002). TNFR-1 contains an intracellular death domain which can 

oligomerize and recruit multiple proteins such as Fas associated death domain (FADD), 

TNF receptor associated death domain (TRADD) and procaspase 8 to form a death induced 

cell signaling or DISC complex (Kischkel et al., 1995, 2001). In type I cells, those cells that 

require no mitochondrial amplification, this initiates an apoptotic cascade featuring 

activation of subsequent caspase such as caspase-3, and eventual cleavage of DNA by 

caspase activated DNAses (reviewed in Chen and Goeddel. 2002). Although certain stimuli 

can trigger apoptosis through a type I mechanism (Schlungel et al., 2009), hepatocytes 

generally act as type II cells and require mitochondrial amplification in order to fully 

undergo apoptosis (Bajt et al., 2000; Scaffidi et al., 1998; Yin et al., 1999). Caspase-8 

cleaves Bid protein, which then translocates to the mitochondria (Yin et al., 1999). This 

results in release of mitochondrial proteins such as smac/diablo and cytochrome c (Liu et al., 

1996; Du et al., 2000), which when combined with ATP form a complex called the 

apoptosome that can activate caspase 9 and initiate procaspase-3 cleavage and amplify the 

apoptotic signal (reviewed in Jaeschke and Lemasters, 2003). Thus, Kupffer cells are 

capable of releasing TNF-α to induce a potent apoptotic signal. TNF-α is the major cytokine 

triggering apoptosis during galactosamine/endotoxin induced liver injury (Rothe et al., 

1993) and may serve as a source of liver injury in other models as well.

Activation of Kupffer cells also results in the production of reactive oxygen species (ROS) 

through the production of superoxide by NADPH oxidase (Jaeschke and Farhood, 1991; 

Jaeschke, 2011). Kupffer cell mediated oxidant stress occurs largely in the hepatic 

vasculature where the Kupffer cells are located; however, enough oxidant stress is generated 

to directly damage hepatocytes, as inactivation of Kupffer cells is protective against 

ischemia-reperfusion injury in the liver (Jaeschke and Farhood, 1991; Jaeschke et al., 1991). 

Kupffer cells are also capable of generating peroxynitrite through the expression of 

inducible nitric oxide synthase (Billiar et al., 1990); although there is limited evidence for 

the role of reactive nitrogen compounds in the pathophysiology of hepatic ischemia-

reperfusion injury (Jaeschke et al., 1992; Wang et al., 1995). As such, production of ROS 

from Kupffer cells by NADPH oxidase is presumed to be the primary cause of Kupffer cell 

mediated liver injury in relevant models. Kupffer cells do contain small amounts of 
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cytochrome P450 2E1 (Koivisto et al., 1996), which metabolizes a number of 

hepatotoxicants including acetaminophen (McGill and Jaeschke, 2013) and ethanol (Lieber, 

1997), although most of the CYP2E1 activity is present in hepatocytes (Koivisto et al., 

1996). Thus, the major contribution of Kupffer cells to these models of injury is likely a 

combination of their phagocytic ability, their capacity for ROS production, their ability to 

generate pro-apoptotic molecules such as TNF-α and their generation of other pro-

inflammatory and anti-inflammatory cytokines during liver injury.

Neutrophils

Polymorphonuclear leukocytes (PMNs), or neutrophils, are the major circulating population 

of leukocytes in the body. Neutrophils are generated in the bone marrow, but due to the 

large vascular volume in the sinusoids, and the liver being a low-flow organ, significant 

numbers of neutrophils are present in the sinusoids at any given time (Figure 1). Neutrophils 

generally do not induce liver injury while sitting in the hepatic vasculature, and can 

accumulate to significant degrees before any onset of injury (Chosay et al., 1997). 

Neutrophil extravasation coincides with increases in liver injury parameters in a number of 

models, and as blockade of neutrophil extravasation or neutrophil recruitment is protective, 

neutrophils have been implicated in the injury process of a number of a different liver 

pathologies including obstructive cholestasis (Gujral et al., 2003; 2004c; Yang et al., 2014), 

ischemia-reperfusion injury (Jaeschke et al., 1990; Jaeschke and Woolbright, 2012), non-

alcoholic steatohepatitis (Harley et al., 2014), alcoholic hepatitis (Bertola et al., 2013), 

galactosamine/endotoxin-mediated liver injury (Jaeschke et al., 1991, 1998), and shock-

induced liver trauma (Leung et al., 2014). Recruitment of neutrophils is thought to take 

place through multiple different mechanisms dependent on the etiology of the injury. 

Numerous pathologies feature release of cytokines and chemokines that can actively recruit 

neutrophils via their respective receptors (Bajt et al., 2001; Lentsch et al., 1998). DAMPs 

released from dying cells have been suggested to recruit neutrophils to areas of injury during 

liver intoxication as well (Imaeda et al., 2009). This process is thought to occur through 

DAMP mediated activation of a recently identified complex called the inflammasome, 

which helps mediate leukocyte recruitment in a number of models (Kubes and Mehal., 

2012); although the degree to which these activities can contribute to liver injury remains 

controversial in certain models (Williams et al., 2010a,b, 2011; Jaeschke et al., 2012b). 

Activation of TLRs by DAMP products stimulates formation of an inflammasome complex. 

A classic example of this is the multi-protein complex containing apoptosis-associated 

speck-like protein containing a CARD (PYCARD), a NACHT, LRR and PYD domains-

containing protein 3 protein (NALP3), and caspase-1 – or the NALP3 inflammasome 

(Schroder and Tschopp, 2010). The caspase-1 activity of this complex cleaves pro-IL-1β to 

generate the active cytokine IL-1β, which binds to IL-1 receptors and stimulates neutrophil 

recruitment. Once recruited to the hepatic sinusoids, neutrophils must extravasate into the 

hepatic parenchyma for neutrophil mediated cell killing, which is typically mediated by 

interactions between adhesion molecules such as intercellular adhesion molecule-1 

(ICAM-1) present on hepatocytes and sinusoidal endothelial cells, and β2 integrins present 

on neutrophils (Jaeschke and Smith, 1997). Extravasated neutrophils can exacerbate or 

initiate hepatic injury through release of reactive oxygen species (ROS) generated by 

NADPH oxidase as well as degranulation and release of cytotoxic enzymes (Jaeschke, 

Woolbright and Jaeschke Page 4

Adv Pharmacol. Author manuscript; available in PMC 2016 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2011). Neutrophils are known to express the enzyme myeloperoxidase, which can generate 

hypochlorous acid from hydrogen peroxide and chloride anions. HOCl modified proteins are 

detectable in a number of different liver pathologies with significant neutrophil involvement 

and are a direct marker of neutrophil-mediated oxidant stress and neutrophil mediated liver 

injury (Gujral et al., 2003, 2004a,b; Hasegawa et al., 2005; Ullen et al., 2013). Through 

release of ROS and degranulation, neutrophils create a potent localized oxidant stress that 

can kill hepatocytes (Jaeschke, 2011). The potential for a neutrophil mediated hepatic cell 

death in vivo will be discussed in detail in future sections of this chapter, as well as, the 

biology and physiology behind neutrophil recruitment during multiple models of liver 

injury.

Natural Killer and Natural Killer T Cells

The liver also contains a significant number of natural kill cells (previously known as Pit 

cells) which act as an effector population in the liver (Godfrey et al., 2000). This includes 

multiple subtypes such as NK, NKT, iNKT, and γδT (Lysakova-Devine and O’Farrelly, 

2014). Natural killer cells are capable of producing multiple cytokines including interferon-

gamma (IFN-γ), and TNF-α and additionally may be capable of inducing cell death in 

hepatic parenchymal cells via release of enzymes such as perforin and granzymes 

(Vermiljen et al., 1999). Release of a number of these cytokines can affect survival of other 

local effector populations, including neutrophils, by either inducing or inhibiting cell death 

in these populations via release of IL-4 or IFN- γ (Wang et al., 2013). The effect of NK and 

NKT cells on liver injury is an ongoing topic of research (Tian et al., 2013.)

Other Immune Cells of the Liver

Dendritic cells are an antigen presenting class of innate immune cells and classically thought 

of as a link between innate immunity and adaptive immunity. While their role in liver 

toxicity has not been studied to the same extent as other innate immune populations, a few 

studies have been done that indicate dendritic cells may have a role in certain P450 mediated 

liver injuries, and subsequent inflammation. Depletion of dendritic cells can exacerbate 

acetaminophen toxicity (Connolly et al., 2011). This is likely due to increased formation of 

cytokines such as IL-6 shown to be pro-regenerative in human patients (Antoniades et al., 

2006). It should be noted that dendritic cell depleted mice had higher levels of neutrophils in 

their non-parenchymal fraction after dendritic cell depletion; however, this was excluded a 

cause of increased injury (Connolly et al., 2011). Myeloid derived suppressor cells (MDSC) 

may also be involved in some forms of drug-induced immune mediated liver injury as a 

recent study indicates that MDSCs may link innate and adaptive immunity and play a key 

role in immune tolerance to molecules such as halothane (Chakraborty et al., 2015). Further 

work is required in these cell populations before a full understanding of how they function 

and how they affect interactions between P450s and the innate immune system.
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Cross-Talk between Liver CYPs and Inflammation after Exposure to 

Toxicants

Alcoholic Liver Injury

Excessive consumption of alcohol is a major source of morbidity and mortality, especially in 

the West (Gao and Bataller, 2011). Alcoholic liver injury is a progressive injury with a 

majority of patients experiencing simple steatosis, and no further liver dysfunction. A sub-

population of these patients undergo a profound change from largely benign steatosis to an 

inflammatory state called steatohepatitis, which can then progress to fibrosis, cirrhosis, and 

eventually cancer. At any point during this progression, patients can also enter a clinically 

distinct syndrome referred to as alcoholic hepatitis, wherein the liver goes into an acute 

inflammatory state with severe liver dysfunction and liver injury. As bouts of alcoholic 

hepatitis occur simultaneously with ongoing steatohepatitis, it is presumed that alcoholic 

hepatitis can help drive the injury process towards fibrosis and cirrhosis. A significant 

quantity of research has focused on how metabolism of alcohol by cytochrome P450s and 

other drug metabolizing enzymes stimulates the onset of alcoholic steatohepatitis and 

alcoholic hepatitis.

The role of cytochrome P450 enzymes in alcohol induced liver injury has been somewhat 

controversial, especially that of CYP2E1 (Tsukamoto, 2000). Alcohol is metabolized 

primarily via alcohol dehydrogenase and aldehyde dehydrogenase to the relatively harmless 

chemical acetic acid (Lieber, 2005); although a portion of alcohol is metabolized by 

CYP2E1. Protein levels of CYP2E1 are also induced by alcohol both in the liver (Lu and 

Cederbaum, 2008) and in the gut (Hakkak et al., 1996). CYP2E1 metabolizes millimolar 

quantities of ethanol into micromolar quantities of acetaldehyde, a more reactive, and more 

toxic intermediate. During this process CYP2E1 also produces ROS that may contribute to 

the total ethanol induced oxidative stress (Lu and Cederbaum, 2008). Autoantibodies against 

CYP2E1 have been found in alcoholic patients suggesting a potential pro-immunogenic role 

(Clot et al., 1996). However, there was surprisingly little difference in liver histology and 

serum AST levels between CYP2E1−/− mice and their WT counterparts when ethanol was 

administered via intragastric feeding (Kono et al., 1999). Moreover, administration of a 

cytochrome P450 inhibitor did not affect oxidative stress, indicating the vast majority of 

oxidative stress occurs independently of cytochrome P450 function (Isayama et al., 2003). 

Instead, most of the oxidative stress is likely caused by other sources such as NADPH 

oxidase (Kono et al., 2001) and inducible nitric oxide synthase (McKim et al., 2003) 

expressed largely in inflammatory cells such as Kupffer cells and recruited neutrophils 

(Arteel, 2003). Thus, most likely, CYP2E1 contributes minimally to oxidative stress during 

chronic alcohol exposure.

Despite these findings, recent information suggests CYP2E1 might play a role during binge 

ethanol intake (Abdelmeegood et al., 2013; Yun et al., 2014). Binge ethanol intake is 

increasingly noted as a likely contributor to alcoholic liver injury both in experimental 

models (Ding et al., 2010; Bertola et al., 2013) and in clinical practice (Plunk et al., 2014). 

Inhibition of CYP2E1 limits accumulation of triglycerides and reduces steatosis during 

binge alcohol treatment (Wu et al., 2012). CYP2E1 has also been presumed to enhance 
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injury during acute binge after chronic exposure (Bertola et al., 2013). As neutrophil 

recruitment is limited without administration of an additional binge after chronic 

administration of alcohol, metabolism through CYP2E1 may be linked to neutrophil 

recruitment during alcoholic liver injury in murine models, although this hypothesis remains 

untested. As neutrophil accumulation is a well-known aspect of the human pathophysiology 

both in patients with alcoholic hepatitis and alcoholic cirrhosis rodent models that feature 

neutrophil accumulation may more accurately recapitulate the human pathophysiology 

(Mathews et al., 2014). Given that binge alcohol is likely to overwhelm normal enzymatic 

capacity and increase the contribution of alcohol inducible CYP2E1 to alcohol metabolism, 

future studies investigating the effect of CYP2E1 on binge and chronic + binge induced 

alcoholic liver injury may be warranted, especially in the context of advanced disease states, 

such as alcoholic hepatitis. This section is summarized in Figure 2.

Acetaminophen Induced Liver Injury

In contrast to alcohol, acetaminophen (APAP) is a classic example of cytochrome P450 

mediated formation of a reactive metabolite (Potter et al., 1973; McGill and Jaeschke, 2013). 

While the majority of acetaminophen is either glucuronidated or sulfated and subsequently 

excreted, a subportion is metabolized by cytochrome P450s, largely CYP2E1, CYP2A1, and 

CYP3A4, into the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) (McGill and 

Jaeschke, 2013). As formation of the reactive metabolite NAPQI is the initiating step for 

liver injury, drug metabolism becomes a critical point in the assessment of APAP induced 

liver injury (Jaeschke et al., 2011). Inhibition of drug metabolism by potential therapeutics 

will prevent all future downstream sequelae, and mask actual drug effects, preventing a 

realistic assessment of the pharmacological action of the potential therapeutic; thus, studies 

where inhibition of drug metabolism occurs must be interpreted with caution. Production of 

NAPQI results in adduction of mitochondrial proteins by NAPQI and initiates mitochondrial 

oxidant stress that causes a significant portion of the injury (Dahlin et al., 1984; Jaeschke et 

al., 2012a). This initial oxidant stress leads to the activation (phosphorylation) of c-jun N-

terminal kinase (JNK) (Gunawan et al., 2006). The phosphorylated form of JNK translocates 

to mitochondria and substantially enhances the mitochondrial oxidant stress (Hanawa et al., 

2008; Saito et al., 2010). The amplified mitochondrial oxidant stress results in opening of 

the mitochondrial membrane permeability transition pore and initiates cellular necrosis (Kon 

et al., 2004; Gujral et al., 2002). Liver injury is further magnified by translocation of the 

protein Bax to the mitochondria, which results in release of mitochondrial endonucleases, 

such as endonuclease G, as well as release of apoptosis-inducing factor (AIF), which 

amplifies DNA fragmentation and enhances necrosis (Bajt et al., 2006, 2008). During 

necrosis, a number of cellular constituents are leaked out from hepatocytes that can initiate 

an immune response, including molecules such as high mobility group box-1 (HMGB1) 

protein (Antoine et al., 2012), ATP (Hoque et al., 2012), mitochondrial DNA (McGill et al., 

2012), nuclear DNA fragments (McGill et al., 2012), and more. As these molecules 

exacerbate inflammation through binding of DAMP receptors such as TLR4, it has been 

proposed that APAP contains a second phase of injury that is independent of drug 

metabolism, and instead occurs through the activation of the innate immune system (Liu et 

al., 2006; Imaeda et al., 2009; Kubes and Mehal, 2012). While a majority of these 

mechanisms on intracellular dysfunction during APAP are widely accepted in the literature, 
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there is considerable controversy over whether or not the inflammatory cascade that follows 

the initial cell death mediates any portion of APAP-induced liver injury (Lawson et al., 

2000; Liu et al., 2006; Jaeschke, 2008; Imaeda et al., 2009; Williams et al., 2014), even 

though it has been established for over 30 years that modulators of inflammation can have 

profound effects on CYP activity (Renton and Dickson, 1984). While it is understood that 

inflammation and inflammatory mediators can affect APAP metabolism through drug 

metabolizing enzymes such as CYP2E1, there remains substantial debate over whether or 

not these effects are critical to the actual pathogenesis or secondary effects (Martin-Murphy 

et al., 2013; Feng et al., 2014; Jaeschke et al., 2012b).

Kupffer cells have been repeatedly suggested to be a major component of acetaminophen 

induced liver injury over the last twenty years (Michael et al., 1999; Choi et al., 2015), 

although this topic remains controversial due to conflicts in the data (Ito et al., 2003; Ju et 

al., 2002; You et al., 2013). Pretreatment of mice with gadolinium chloride, which reduces 

the capacity of Kupffer cells to produce ROS (Liu et al., 1995), was shown to protect against 

APAP (Michael et al., 1999); however, pretreatment with clodronated liposomes, a more 

specific macrophage toxin, has opposite results (Ju et al., 2002). Kupffer cells were 

presumed to contribute to injury via production of ROS via NADPH oxidase (Michael et al., 

1999). However, mice with deficiency of NADPH oxidase activity had similar levels of 

oxidative stress compared to WT mice after APAP, indicating Kupffer cell mediated 

oxidative stress contributed minimally to APAP induced liver (James et al., 2003). Some of 

this confusion may be due to interactions between treatments and drug metabolism. It was 

recently proposed that APAP induced liver injury is aggravated by Kupffer cells-derived 

cytokines induced through the purinergic receptor P2X7, as blockade with the inhibitor 

A438079 was protective against APAP (Hoque et al., 2012); however, it was subsequently 

demonstrated that this inhibitor functions as a direct inhibitor of P450 activity, indicating the 

actual protective effect was mediated by inhibition of drug metabolism (Xie et al., 2013). 

Recent studies indicating a role for macrophages have also failed to fully examine drug 

metabolism effects related to treatment regimes, and thus, must be interpreted cautiously 

(Choi et al., 2015). Together, the preponderance of evidence is in favor of intracellular 

mechanisms of injury mediating a majority of APAP induced liver injury (Jaeschke et al., 

2012a).

Recent studies in man have illustrated a separate role for macrophages during APAP 

induced liver injury. Studies in human patients indicate the macrophage population is 

expanded in patients, especially at sites of necrosis, and is derived of both endogenous 

Kupffer cells that are initially depleted after APAP overdose, and recruited monocytes that 

differentiate into macrophages (Antoniades et al., 2012). These macrophages have a largely 

anti-inflammatory, or Type-II, cytokine profile with high levels of expression of cytokines 

such as IL-10 and secretory leukocytes protease inhibitor (Antoniades et al., 2014). 

Moreover, these cells stimulate angiogenesis and while reducing the activation of status of 

neutrophils, which serves to regenerate new hepatic architecture and limit excess 

inflammatory damage (Zigmond et al., 2014). Thus, any potential Kupffer cell mediated 

injury during APAP overdose likely plays a secondary role to regenerative effects seen as 

the injury resolves.
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Another function of recruited monocytes and Kupffer cells during APAP overdose is the 

recruitment of other inflammatory cells. Both recruited monocytes and Kupffer cells are 

capable of producing multiple cytokines including TNF-α, IL-6, and more (Dixon et al., 

2013). Neutrophils are known to accumulate at sites of injury after acetaminophen in murine 

models of APAP overdose (Figure 1). Initial reports indicated a lack of a role for neutrophils 

after APAP induced liver injury (Lawson et al., 2000); however, this was challenged when it 

was shown that pretreatment with a neutrophil depleting antibody (anti-Gr-1) was protective 

against APAP (Liu et al., 2006). However, the interpretation of these data has been 

questioned, as pretreatment with the Gr-1 antibody can cause adaptive changes with 

induction of protective genes (Jaeschke and Liu, 2007). In addition, ICAM-1−/− mice were 

not protected (Cover et al., 2006). This has led to significant controversy in the field 

regarding the role of neutrophils (Kubes and Mehal, 2012; Jaeschke et al., 2012b; Krenkel et 

al., 2014). While evidence in both human patients (Williams et al., 2014) and mice (Cover et 

al., 2006; Lawson et al., 2000; Williams et al., 2010a; Connolly et al., 2011) does not 

support the hypothesis of neutrophil mediated injury, a number of papers have shown a link 

between metabolism of APAP and inflammation that might explain why some models show 

modulation of injury with therapeutic regimens designed at mitigating inflammation. Short 

term treatment with IL-22 protected mice from APAP induced liver injury through a 

STAT-3 dependent mechanism, suggesting intracellular signaling mechanisms were present 

that attenuated the injury (Feng et al., 2014). On the other hand IL-22 transgenic mice that 

chronically overexpress IL-22 had increased expression of CY2E1, which lead to an 

exacerbation of the injury (Feng et al., 2014). Similarly, Jα-18−/− mice and CD1d−/− mice, 

which are largely depleted of iNKT and NKT cells, respectively, both had higher levels of 

injury after APAP overdose (Martin-Murphy et al., 2013). This was attributed to higher 

expression of CYP2E1, due to higher ketone body levels present in these mice (Martin-

Murphy et al., 2013). This was in contrast to previous data using NK cell depleting 

antibodies that suggested NK cells might exacerbate APAP induced liver injury (Liu et al., 

2004); although the involvement of NK/NKT cells was triggered by the use of DMSO as 

vehicle for APAP (Masson et al., 2008). Even so, further studies showed protection against 

APAP-induced liver injury in Jα-18−/− mice due to higher glutathione levels (Downs et al., 

2012). The contrast in these studies points out two critical issues: first, assessments of 

metabolism are critical to the understanding of therapeutic potential, as even seemingly 

unrelated interventions can have profound effects on metabolism that might otherwise mask 

interpretation of data and second, studies performed in knockout mice must be carefully 

controlled and interpreted as contradictory data can occur in these models due to adaptive 

mechanisms. Moreover, chronic depletion of inflammatory cells can have completely 

different effects than immediate antibody based depletion schemes. Investigations using 

multiple models of depletion, as well as overexpression systems, if relevant, are advised due 

to potentially unforeseen alterations in basic metabolism. This section is summarized in 

Figure 3

Halothane Hepatitis, Isoniazid, and Idiosyncratic Drug Induced Liver Injury

Halothane is a volatile anesthetic currently used predominantly in developing countries, due 

to its low cost (Habibollahi et al., 2011). Unlike a number of the other volatile anesthetics, 

halothane induces drug induced liver injury only in a sub-population of patients (Uetrecht, 
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2009). Halothane induced hepatitis is thought to be mediated by the conversion of halothane 

to trifluoroacetyl chloride (TFA) by CYPs, predominantly CYP2E1 (Bourdi et al., 2001). 

CYP2E1 has also been proposed as a cell surface autoantigen in murine models that 

exacerbates the inflammatory response (Eliasson and Kenna, 1996). Accumulation of TFA 

in tissue is thought to be partially responsible for the adaptive immune response that results 

in immune mediated liver injury (Bourdi et al., 2001); thus, CYP activity is a major 

determinant of halothane-induced liver injury. This immune response is strongly associated 

with previous exposure to halothane, leading to the “hapten hypothesis,” or the idea that 

haptens – protein-drug conjugates that are formed during halothane metabolism – can 

develop during repeated halothane exposure, and result in this immune response (reviewed 

in Ju, 2009). The mechanism of halothane-induced hepatitis has been somewhat 

controversial, both due to its unpredictability in animal models and the problems with 

identifying the inflammatory cells that are directly responsible for liver injury. Although 

some studies have proposed neutrophils as the main cytotoxic leukocyte in this model (You 

et al., 2006; Dugan et al., 2010), recent evidence suggested a limited role for neutrophils, 

with eosinophils being the likely contributor (Proctor et al., 2013). Eosinophil recruitment is 

driven by epithelial production of thymic stromal lymphopoietin (Proctor et al., 2014). More 

studies are required in this area, especially in regards to metabolism of halothane to its 

metabolites, to fully understand what drives halothane mediated hepatitis, especially in 

vulnerable sub-populations.

Halothane-induced hepatitis is a classic example of idiosyncratic drug-induced liver injury 

(IDILI), which is defined primarily by two different facets: one, that the injury is very rare 

and unpredictable (idiosyncratic) and two, that the injury usually only occurs on repeat 

exposure to the drug (Uetrecht, 2009). IDILI is especially troubling as a clinical 

manifestation of liver injury as the mechanisms are poorly defined, almost impossible to 

predict, and diagnosis can be difficult due to the lack of specific parameters. IDILI is largely 

considered to be an immune mediated pathophysiology rather than an injury caused by the 

parent drug, although substantial debate still occurs as to whether adaptive immunity fully 

explains the mechanism (Uetrecht, 2009). Evidence is favor of an immune response largely 

comes from clinical data. Even in patients that undergo mild increases in ALT after 

exposure to a drug, a majority of patients will undergo adaptation and ALT levels will return 

to normal (Watkins, 2005). What is unknown is why some patients undergo continued liver 

injury, with immune intolerance being the most common explanation (Eksteen et al., 2007). 

Upon rechallenge with a drug, these patients undergo a rapid adaptive immune response that 

results in DILI. Despite the current lack of understanding of the immune element, what is 

largely agreed upon is that metabolic activation of the drug by CYPs and other drug 

metabolizing enzymes probably plays a key role, and that autoantibodies against drug 

metabolizing enzymes are present during DILI in some cases (Mizutani et al., 2005). 

Although there is only limited evidence for the pathogenic role for these auto-antibodies in a 

majority of IDILI type injuries, their presence is an independent predictor of outcome in 

patients with numerous drug-mediated liver injuries (Sutti et al., 2014). A recent study using 

a novel model of drug (halothane)-induced allergic hepatitis suggests that auto-antibodies 

against protein adducts may be critical to liver injury in IDILI (Chakraborty et al., 2015). 

Further research in this area is needed, as both removal of pharmaceuticals from the market 
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due to previously undescribed DILI, and clinical liver injury, can be attributed to IDILI and 

our current lack of understanding of this topic.

The other most commonly observed form of IDILI is due to isoniazid toxicity (Metushi et 

al., 2011). Isoniazid is a first line drug for treatment of tuberculosis, and is commonly 

administered in combination with rifampin to enhance efficacy. Isoniazid carries a number 

of commonalities with halothane, including delayed increases in serum transaminases, 

delayed liver injury, a small subportion (~20%) of susceptible individuals in the population, 

the idea that the major toxicity is due to a reactive metabolite (either acetylhydrazine or 

hydrazine in the case of isoniazid) generated by P450s, and the idea of liver “adapation” to 

the drug (Metushi et al., 2011). While the exact mechanism of toxicity of isoniazid is very 

poorly understood, it is thought that one of the reactive metabolites results in activation of 

the immune system and immune-mediated liver injury (Metushi et al., 2011). Isoniazed 

administration results in auto-antibodies against both isoniazid and CYP2E1 in human 

patients and is associated with increases in Th17 and IL-10 cytokines (Metushi et al., 2014a; 

2014b), all indicating a complex inflammatory environment after administration of 

isoniazid. It remains to be determined how metabolism of isoniazid by P450s results in 

formation of reactive metabolites that stimulate the immune system and block immune 

tolerance. Additionally, a greater understanding of which immune populations mediate the 

injury is required for further progress in the area.

Cross-Talk between Inflammation and Liver CYPs by Endogenous 

Macromolecules

Cholestasis

While the cytochrome P450 family is well characterized in its role in drug metabolism, a 

substantial amount of P450 activity is involved in metabolism of endogenous 

macromolecules. With the recent discovery of the farnesoid X receptor (FXR) as a nuclear 

receptor for bile acids, increased focus has been placed on bile acids as signaling molecules 

(Makishima et al., 1999; reviewed in Li and Chiang, 2015). Generation of bile acids is 

dependent upon multiple CYP mediated processes, with the rate limiting step being the 

conversion of cholesterol to 7α hydroxyl-cholesterol by CYP7A1 (reviewed in Li and 

Chiang, 2015). A number of different events can result in the regulation of CYP7A1, 

including activation of FXR by bile acids (Chiang, 2009), activation of FGFR4 by its ligand 

FGF15/FGF19 (Inagaki et al., 2005), and downregulation by increased exposure of 

hepatocytes to cytokines (Feingold et al., 1996). This interaction between cytokine levels 

and CYP7A1 was first noted in macrophages (Feingold et al., 1996) although it has 

subsequently been identified to occur in human hepatocytes as well (Li et al., 2006). This 

might be species dependent though, as some cytokines such as TGF-β increased CYP7A1 

levels in rats (Li et al., 2008). As inflammation is a noted aspect of cholestasis (Saito and 

Maher, 2000; Gujral et al., 2003; Woolbright et al., 2013, 2014), and in vivo models of 

cholestatic liver injury such as the bile duct ligation (BDL) model have increased expression 

of numerous cytokines during the initial injury period (Gujral et al., 2004c), it is probable 

that cytokines help to protect the liver from excess accumulation bile acids in hepatocytes 

during cholestasis. Inflammation is a critical regulator of cholestatic liver injury in multiple 
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murine models (Gujral et al., 2003; Kodali et al., 2006) and is present even in models where 

it does not directly mediate the injury (Woolbright et al., 2014), where it is accompanied by 

significant cytokine production (Woolbright et al., 2014). BDL causes a dramatic increase in 

multiple serum cytokine levels between 3 and 72 h after BDL (Saito and Maher, 2000; 

Gujral et al., 2004c). These increases occur concurrently with retention of biliary 

constituents including bile acids (Zhang et al., 2012). Thus, both the retention of bile acids 

during the actual cholestasis, and the subsequent production of cytokines by local 

inflammatory cells downregulate CYP7A1 and other CYPs such as CYP27A1 in a 

redundant fashion. Recently, it was noted that administration of bile acids to hepatocytes can 

increase the expression of chemokines including mouse keratinocyte factor (mKC) and 

macrophage inhibitory protein-2 (MIP-2) in an FXR independent fashion (Allen et al., 

2011). This might serve as a further redundancy through paracrine actions of cytokines 

produced directly by hepatocytes. Thus, while established mechanisms of FXR signaling 

during cholestasis are likely critical to the compensatory responses associated with 

cholestatic hepatocytes, the induction of cytokines and their subsequent paracrine response 

on hepatocytes serve as an additional mechanism of regulation of bile acid levels through 

modulation of CYP expression.

In addition to the response from hepatocytes, Kupffer cells may help to control bile acid 

homeostasis during cholestasis as well. Kupffer cells express the bile acid receptor TGR5, 

which can activate anti-inflammatory cascades when activated by bile acids (Keitel et al., 

2008; Wang et al., 2011). The presence of these anti-inflammatory cytokines may help limit 

excessive inflammation, and normalize CYP7A1 levels. TGR5 may also help to directly 

limit increases in intrahepatic bile acids levels as whole body TGR5 knockout mice had 

increased liver and plasma bile acid levels after partial hepatectomy, although a direct 

interaction between TGR5 and CYP7A1 was not shown (Pean et al., 2013). The role of 

TGR5 on macrophages, hepatocytes, and sinusoidal endothelial cells in the liver and their 

regulation of inflammation and the CYP system is an ongoing area of research.

Lipopolysaccharide

Lipopolysaccharide (LPS) or endotoxin is a component of cell walls of gram-negative 

bacteria that increases in concentration in serum during alcoholic liver injury, and in septic 

shock. LPS activates TLR4 present on inflammatory cells to initiate a potent inflammatory 

response and induction of multiple cytokine expression cascades (Chow et al., 1999). LPS 

administration reduces both CYP7A1 and CYP27A1 levels in syrian hamsters (Feingold et 

al., 1996; Memon et al., 2001). This may be through the previously mentioned effects of 

cytokines on CYP7A1 and CYP27A1 expression, or may be due to direct effects on FXR 

(Kim et al., 2003). LPS also reduces levels of hepatobiliary transporters such as the sodium 

taurocholate cotransporting polypeptide (NTCP) indicating the FXR response as a 

transcriptional regulator is likely a part of the effect (Green et al., 1996). LPS also affects 

hepatic levels of specific drug metabolizing enzymes. Administration of even very low 

quantities LPS to human patients results in decreases in hepatic CYP activity (Shedlofsky et 

al., 1994). This has recently been modeled in human hepatocyte cell culture, as HepaRG 

cells, a bipotential line of hepatoma cells that express drug metabolizing enzymes including 

CYPs, are responsive to LPS, and treatment with LPS results in downregulation of CYPs 
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including CYP1A2, CYP2B6 and CYP3A4 (Rubin et al., 2015). Administration of IL-6 had 

similar effects, indicating cytokines are also likely capable of affecting drug metabolism 

(Rubin et al., 2015). LPS also protects against the aforementioned APAP induced liver 

injury (Lui et al., 2000). Administration of LPS before APAP reduces CYP expression 

through cytokines such as IL-1α that in turn blocks drug metabolism and protects the mouse 

against injury (Liu et al., 2000). Thus, chronic inflammation related to septic infections can 

result in alterations in CYP levels that can affect normal metabolic processes and drug 

metabolism.

CYPs in Immune Cells and Their Role in Inflammation

While a majority of the CYP activity is present in epithelial tissue, with hepatocytes 

expressing and maintaining significant activity, small amounts of CYP activity is present in 

immune cells themselves. While this expression is quite modest in most cases, there are a 

few examples of CYPs in immune cells potentially affecting inflammation. Most notably, 

immune cells express the aryl hydrocarbon receptor (AhR) and respond to prototypical AhR 

ligands such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Germolec et al., 1995) or 

polyaromatic hydrocarbons (Houser et al., 1992) with an increase in CYP1A1 expression 

(Germolec et al., 1995). This induction is selective for specific lymphoid tissues and only 

occurs in those that express high concentrations of AhR (Germolec et al., 1995). TCDD is a 

noted immunosuppressive agent with numerous toxic actions in mice (Kerkvliet, 2002). 

Recently it was shown that not all of the actions of AhR might be immunosuppressive 

though, as activation of AhR regulates Treg and Th17 cell formation in a ligand dependent 

manner (Quintana et al., 2008; Velhoen et al., 2008). While activation of CYP1A1 was 

observed in all mice with functional AhR in these experiments, the role of CYP1A1 in this 

process has not been directly investigated. Assessment of the role of CYPs in the induction 

of T cell differentiation caused by TCDD and other AhR ligands may provide fruitful 

information on the relatively untested idea that CYPs commonly recognized for drug 

metabolism might also have a role in endogenous metabolic activity.

Mitochondria Specific P450s and Their Role in Xenobiotic and Endobiotic 

Metabolism and Inflammation

Mitochondria in liver express a number of CYP families, including 24A and 27A involved 

in steroidal biogenesis (Omura, 2006). While a majority of xenobiotic metabolism occurs 

through microsomal P450s, mitochondria express small quantities of xenobiotic 

metabolizing P450s including CYP2E1, 2D6, 1A1 and more (Anandatheerthavarada et al., 

1997; Avadhani et al., 2011). Mitochondrial CYP2E1 is likely generated in the same fashion 

as microsomal CYP2E1 and instead targeted to the mitochondrial post-translationally and it 

appears that like microsomal CYP2E1, the mitochondrial form is inducible (Avadhani et al., 

2011). Mitochondrial CYP2E1 may be important to both alcoholic liver injury and 

acetaminophen-induced liver injury, as a model where mitochondrial CYP2E1 is induced 

exclusively in vitro resulted in both acetaminophen and ethanol-induced hepatotoxicity 

(Knockaert et al., 2011). Given the importance of CYPs such as CYP2E1 to drug-induced 

toxicity and subsequent inflammation, a role for mitochondrial 2E1 may develop in both of 

these toxicities.
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Conclusions

In summary, interactions occur between immune cells, cytokine production and the 

cytochrome P450 system that mediate a number of different aspects of liver disease and 

immunology. While a considerable amount of effort has gone into the delineation of these 

mechanisms, there is a great deal of work left to be done in this field. Experimental models 

of alcoholic liver injury and acetaminophen hepatotoxicity provide excellent, clinically 

relevant models to better understand how specific CYPs such as CYP2E1 can interact with 

immunity. At the same time, cytokine production and bile acid retention during cholestasis 

has obvious implications for feedback mediated effects of endogenous metabolism through 

CYP7A1. Continued research in these areas focusing on novel aspects of how CYPs interact 

with different inflammatory states will yield novel information that can improve patient 

safety and therapeutic efficacy of drugs.
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APAP acetaminophen

CYP cytochrome P450

MIP-2 macrophage inhibitor protein-2

mKC mouse keratinocyte factor

ICAM-1 intercellular adhesion molecule-1

NAPDH oxidase nicotinamide adenine dinucleotide phosphate oxidase

HMGB1 high mobility group box-1

DAMP damage associated molecular pattern

PAMP pathogen associated molecular pattern

STAT3 signal transducer and activator of transcription
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Figure 1. 
Ly6B positive neutrophils present 24 hours after control saline (A) or acetaminophen 

overdose in mice (B). Neutrophils localize to areas of injury in this model; however, 

neutrophils are constantly present in the sinusoids as in A. White arrows points to areas of 

neutrophil accumulation.
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Figure 2. 
A simple model of alcohol induced liver injury. A majority of alcohol is metabolized by 

alcohol dehydrogenase to acetaldehyde and then by aldehyde dehydrogenase into acetic 

acid. A sub-portion of alcohol may be metabolized by CYP2E1 during binge alcohol dosing. 

This causes intracellular stress due to excessive acetaldehyde production. Kupffer cell 

activation by LPS and other DAMPs results in additional oxidative stress, as well as release 

of cytokines that recruit cytotoxic neutrophils. Neutrophils use NADPH to generate 

superoxide radical and hydrogen peroxide. Hydrogen peroxide is converted to hypochlorous 

acid by myeloperoxidase, which can then adduct proteins and cause significant oxidative 

stress. The combined oxidant stress results in hepatocyte death. TNF-α – tumor necrosis 

factor-α, IL – interleukin, TLR – toll like receptor, KC – Kupffer cell, LPS – 

lipopolysaccharide, ADH – alcohol dehydrogenase, ALDH – aldehyde dehydrogenase, 

DAMP – damage associated molecular pattern, H2O2 – hydrogen peroxide, MPO – 

myeloperoxidase, HOCl – hypochlorous acid, PMN – polymorphonuclear leukocytes, 

HMGB1 – high mobility group box-1, ROS – reactive oxygen species.
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Figure 3. 
A simplified model of APAP toxicity. CYP2E1 converts APAP to NAPQI resulting in an 

intracellular oxidant stress. This results in phosphorylation of JNK and translocation of 

pJNK to the mitochondria. Translocation of pJNK amplifies the mitochondrial stress and 

causes the mitochondrial permeability transition pore. This results in release of nucleases 

such as endonuclease G and apoptosis inducing factor that cause DNA fragmentation. This 

results in cell death, causing release of DAMPs such as mitochondrial DNA, nuclear DNA 

fragments, and HMGB1. These DAMPs can then act on Kupffer cells, which secrete 

cytokines that can act on CYP2E1 by either reducing or increasing expression, resulting in 

magnification or reduction of the injury to subsequent hepatocytes. KC – Kupffer cell, 

APAP – acetaminophen, NAPQI – N-acetyl-p-benzoquinone imine, JNK – c-jun N-terminal 

kinase, Endo G - endonuclease G, DAMPs – damage associated molecular patterns, CYPs – 

cytochrome P450, AIF – apoptosis inducing factor, nDNA – nuclear DNA, mtDNA – 

mitochondrial DNA, HMGB1 – high mobility group box-1, TLR – toll like receptor, MPT – 

mitochondrial permeability transition pore, iNOS – inducible nitric oxide synthase, DNA 

frag – DNA fragments,
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