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Abstract

Introduction—Drug metabolism and disposition are critical in maintaining the chemical and 

functional homeostasis of xenobiotics/drugs and endobiotics. The liver plays an essential role in 

drug metabolism and disposition due to its abundant expression of drug-metabolizing enzymes 

(DMEs) and transporters. There is growing evidence to suggest that many hepatic and systemic 

diseases can affect drug metabolism and disposition by regulating the expression and/or activity of 

DMEs and transporters in the liver.

Areas covered—This review focuses on the recent progress on the regulation of DMEs by local 

and systemic liver injuries. Liver ischemia and reperfusion (I/R) and sepsis are used as examples 

of local and systemic injury, respectively. The reciprocal effect of the expression and activity of 

DMEs on animals' sensitivity to local and systemic liver injuries is also discussed.

Expert opinion—Local and systemic liver injuries have a major effect on the expression and 

activity of DMEs in the liver. Understanding the disease effect on DMEs is clinically important 

due to the concern of disease-drug interactions. Future studies are necessary to understand the 

mechanism by which liver injury regulates DMEs. Human studies are also urgently needed in 

order to determine whether the results in animals can be replicated in human patients.
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1. Introduction

Hepatic injuries can be caused by infections, microbial toxins, tissue necrosis associated 

with ischemia, trauma, physical or chemical injury, and immune reactions. Severe injury 

may lead to the release of pro-inflammatory cytokines and increased risk for the 

development of multiple organ dysfunction syndrome, which contributes to poor prognosis 

and increased morbidity and mortality.[1] Hepatic dysfunction is recognized as an important 

component of multiple organ dysfunction syndrome,[2] and is related to the increased risk of 

death in patients with sepsis and trauma.[3,4] It has also been reported that the liver is 

central for the post burn outcome through the regulation of metabolic responses, the 

hormonal system, and the biliary system.[5,6]

Facilitated by a series of drug-metabolizing enzymes (DMEs) and transporters, drug 

metabolism and disposition are critical in maintaining the chemical and functional 

homeostasis of both xenobiotics, such as clinical drugs, as well as endobiotics, such as the 

sex hormones and bile acids. The liver plays an essential role in drug metabolism and 

disposition not only because of its large size, but also due to its abundant expression of 

DMEs and transporters. The expression of DMEs and transporters is subjected to 

transcriptional regulation by inflammation and by liver-enriched xenobiotic receptors such 

as the pregnane X receptor (PXR), constitutive androstane receptor (CAR), and aryl 

hydrocarbon receptor (AhR).[7,8] Hepatic dysfunction and inflammation caused by various 

liver injuries can influence the expression and activities of DMEs in the liver, impacting the 

absorption, distribution, and metabolism of drugs and other xenobiotic substances, [9] and 

may alter the drug pharmacokinetics, leading to unexpected failures of drug therapies and 

adverse side effects.[10–12] As such, it is imperative to understand the regulation of hepatic 

drug metabolism by hepatic injury caused by local insults such as the liver ischemia and 

reperfusion (I/R), as well as by certain systemic diseases such as the inflammation-prone 

sepsis.

Animal models have been used to study liver injury and inflammation for more than 80 

years.[13] Previous studies demonstrated that inflammation-associated models can induce 

alternations in drug metabolism, [14] which resulted from altered expression of hepatic 

DMEs, including phase I enzymes cytochrome P450s (CYPs),[15–18] phase II conjugating 

enzymes UDP-glucuronosyltransferases (UGTs),[19] glutathione S-transferases (GSTs), and 

sulfotransferases (SULTs).[20] It is worth emphasizing that the CYP superfamily is among 

the most abundant and important DMEs that play key roles in the activation and deactivation 

of clinical drugs.[21,22] Phase II enzymes are responsible for the conjugation of estrogens, 

fatty acids, cholesterol,[23] bile acids, [24] and certain aromatic carcinogens,[25] altering 

both the biological activities and elimination dynamics of these endogenous and exogenous 

chemicals. It is also noted that the evaluation of the disease effect on drug metabolism has 

largely relied on the animal models, while there is an imperative need to validate these 

effects in human patients. In this review, we will use liver I/R and sepsis as typical examples 

of hepatic injuries caused by local and systemic diseases and discuss the regulation of DMEs 

by these disease conditions.
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2. Regulation of hepatic drug metabolism by liver I/R

2.1. Liver I/R injury

Hepatic I/R injury is a major cause of liver damage associated with liver resection, solid 

organ transplantation, cardiac and vascular surgery, multiple trauma, and hemorrhagic and 

septic shock. It contributes significantly to multiple organ failure.[26] The pathogenesis of 

hepatic I/R injury is a dynamic process including the deprivation of blood and oxygen 

supply during the ischemic phase, followed by their restoration during the reperfusion phase. 

The pathological events associated with I/R include a direct hypoxic damage as a result of 

ischemia, as well as a delayed and more severe oxidative damage that eventually leads to the 

activation of inflammatory pathways.[7] During the hypoxic phase, sublethal cellular 

damage leads to the release of reactive oxygen species (ROS) and damage-associated 

molecular pattern molecules (DAMPs) from necrotic or activated macrophages and 

hepatocytes. Reperfusion of the ischemic tissue is essential for survival. However, 

reperfusion also augments the injury by triggering the sterile inflammatory responses, 

causing irreversible liver damage through the generation of mitochondrial ROS.[27] 

Mitochondrial ROS production has been considered a nonspecific consequence of the 

interaction of a dysfunctional respiratory chain with oxygen during reperfusion. Recent 

reports by Chouchani and colleagues suggested that selective accumulation of the citric acid 

cycle intermediate succinate is a universal metabolic signature of ischemia in a range of 

tissues and is responsible for mitochondrial ROS production during reperfusion.[28,29] 

Meanwhile, a series of protective pathways are also activated and as such, the extent of 

organ damage is determined by the balance between these two systems. During I/R, two 

transcriptional factors, the hypoxia inducible factor-1 (HIF-1) and nuclear factor erythroid 2-

related factor 2 (Nrf2), play important roles in protecting the liver from I/R injury. 

Stabilization and accumulation of HIF-1 or Nrf2 lead to the activation of an array of genes to 

adapt the cells to hypoxic or oxidative damages, and thus affect numerous cellular functions, 

such as cell apoptosis, proliferation, survival, metabolism, and angiogenesis.[7,30]

2.2. Regulation of drug metabolism by liver I/R injury

2.2.1. Regulation of Phase I CYP enzymes by liver I/R—Accumulating evidence 

demonstrated that liver I/R can effectively alter DME levels, and enzymes such as the CYPs 

can in turn mediate ROS production,[31] which is a key factor in I/R-induced tissue changes. 

Using DNA microarray, Takahashi and colleagues [32] examined the hepatic expression of 

50 CYP genes in Wistar-Kyoto rats that have been subjected to 15 min of ischemia and 

different periods of reperfusion. The authors showed a significant downregulation of eight 

CYP genes at 16 h after reperfusion, including CYP2C23, 2D3, 2J3, 3A18, 4A1, 4A10, and 

4F4/27. Moreover, the mRNA reduction of these genes showed excellent correlation with the 

reperfusion time. In contrast, the mRNA expression of CYP2C12, 7B1, and CYP51 was 

induced after 16 h of reperfusion. In an independent study, Eum and Lee showed that a 

prolonged ischemia time (60 min) resulted in a different profile of CYP regulation in the rat 

liver.[33] After 24 h of reperfusion, the expression and/or activity of CYP1A1 and 1A2 were 

decreased. However, after 5 h of reperfusion, the expression of CYP2B1 and CYP2E1 was 

decreased and increased, respectively. In a third rat study, it was shown that the enzymatic 
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activities of CYP1A2, CYP2C9, CYP2E1, CYP2D6, and CYP3A4 were decreased upon 

liver I/R.[34]

2.2.2. Regulation of Phase II estrogen SULT (EST or SULT1E1) by liver I/R—
Liver I/R also affects the expression of Phase II enzymes, such as the SULTs. Svetlov and 

colleagues reported that liver I/R influenced the expression of EST/SULT1E1 in rats. [35] 

After 30 min of total hepatic ischemia and 3 h of reperfusion, EST appeared in blood and 

climbed to top within 1 h followed by a decline at 3 h of reperfusion. More recently, we 

reported a systemic analysis of the effect of liver I/R on the expression of EST. We showed 

that the expression of EST was markedly induced by I/R in both male and female mice in a 

time-dependent manner.[36] Mechanistically, oxidative stress-induced activation of Nrf2 

was responsible for EST induction, which was abolished in the Nrf2-/- mice. We identified 

two Nrf2 binding sites, the antioxidant response element (ARE), in the mouse EST gene 

promoter and established EST as a direct transcriptional target of Nrf2. The primary function 

of EST is to sulfonate and deactivate estrogens, because sulfonated estrogens cannot bind to 

and activate the estrogen receptor (ER), thus losing their hormonal activities.[37] Consistent 

with the estrogen-deactivating activity of EST, the I/R-responsive induction of EST 

compromised estrogen activity. We went on to show that EST ablation attenuated I/R injury 

in female mice as a result of decreased estrogen deprivation, whereas this benefit was 

abolished upon ovariectomy. Surprisingly, the effect of EST ablation was sex-specific, 

because the EST-/- males showed heightened I/R injury. The detailed mechanism for the sex-

specificity of EST ablation remains to be understood. Reciprocally, both estrogens and EST 

regulate the expression and activity of Nrf2. Estrogen deprivation by ovariectomy abolished 

the I/R-responsive Nrf2 accumulation, whereas the compromised estrogen deprivation in 

EST-/- mice was associated with an increased Nrf2accumulation. Our results suggested a 

novel I/R-responsive feedback mechanism to limit the activity of Nrf2, in which Nrf2 

induces the expression of EST, which subsequently increases estrogen deactivation and 

limits the estrogen-responsive activation of Nrf2. Based on these results, we proposed that 

inhibition of EST, at least in females, may represent an effective approach to manage hepatic 

I/R injury.[36]

2.2.3. Regulation of hepatobiliary transporters by liver I/R—A body of animal 

studies showed that liver ischemia might have contributed to hepatobiliary dysfunction. 

However, the mechanisms that account for cholestasis induced by liver ischemia are not well 

understood. [38,39] Iwashyna and colleagues reported that cholestasis was induced by acute 

liver ischemia.[40] Fouassier and colleagues examined the expression of hepatobiliary 

transporter genes, such as the Na+-transporting polypeptide (NTCP, also called Slc10a1), the 

bile salt export pump (BSEP), and the multidrug resistance-associated protein MRP2 (also 

called ABCC2), which are important for bile formation in the liver of rats 24 h after arterial 

deprivation. Their results showed that the mRNA levels of Ntcp, Bsep, and Mrp2 were 

markedly decreased upon liver ischemia when compared to the sham controls.[41]
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3. Regulation of hepatic drug metabolism by sepsis

3.1. Sepsis and animal models of sepsis

Sepsis is the host's deleterious systemic inflammatory response to microbial infections. 

Despite the improvement of management and therapeutic advances, multiple organ 

dysfunction syndrome, sepsis, and septic shock are still the most common cause of 

morbidity and mortality in intensive care units.[42] Hepatic failure, including 

hyperbilirubinemia, hypoglycemia, encephalopathy, and coagulopathy, is typically 

considered to be a late complication of sepsis. Bacterial lipopolysaccharide (LPS) treatment 

and cecal ligation and puncture (CLP) are two widely used animal models of sepsis. LPS, or 

endotoxin, is a typical pattern recognition molecule and a model compound to trigger 

inflammatory response.[43] LPS is known to elicit its inflammatory actions through the toll-

like receptor 4 (TLR4), a member of the pattern recognition receptor family, which mediates 

innate and adaptive immune response.[44] LPS infusion/injection model has been long 

recognized as an effective animal model in establishing infection-induced inflammation and 

chronic inflammation [45,46] and has been widely used for sepsis studies. LPS 

administration can activate Kupffer cells to generate immune pro-inflammatory cytokines 

(such as interleukin-1β, interleukin-6, and tumor necrosis factor-α) as well as ROS and 

activate pro-inflammatory transcriptional factors such as NF-κB, and finally elicit strong 

immune responses.[47] Mitochondrial respiration can be impaired by an exaggerated 

inflammatory response through impaired perfusion early in the septic process and by 

generation of excess amounts of nitric monoxide, carbon monoxide, hydrogen sulfide, and 

other ROS. Reciprocally, a hormone alteration may impact mitochondrial activity.[48] In the 

CLP model, sepsis originates from a polymicrobial infection within the abdominal cavity, 

followed by bacterial translocation into the blood, which then triggers a system 

inflammatory response.[49] CLP was considered as a reliable polymicrobial sepsis model to 

mimic various features of clinical sepsis-peritonitis.[50] It has been reported that TLR4 

contributes to bacterial clearance and host inflammatory response in the setting of Gram-

negative bacterial infection.[51,52]

3.2. Regulation of hepatobiliary transporters by sepsis

In the past 20 years, a body of studies have shown that hepatic dysfunction in sepsis is 

characterized by hyperbilirubinemia and intrahepatic cholestasis. In clinical studies, 

cholestatic jaundice associated with bacteremia can occur from 1 to 9 days before the initial 

positive blood culture in more than a third of the patients.[53] In a rat model of sepsis 

induced by CLP, it was reported that the hepatic mRNA expression of Ntcp and Mrp2 

decreased rapidly upon CLP.[54]

3.3. Regulation of drug metabolism by LPS

LPS has been shown to suppress the expression of many CYPs in vitro and in vivo. Among 

the in vivo examples, Khatsenko and colleagues reported that treatment of rats with LPS 

inhibited the hepatic expression and activity of CYP2C11, 3A2, 1A2, and 2B1/2.[55] In an 

independent study, Yang and Lee showed that LPS affected the expression of CYPs in an 

isoform-dependent manner in rat livers.[56] Specifically, the expression of CYP1A1, 1A2, 

2C6, 2C7, 2C11, 2C12, 2E1, 3A1/23, 3A2, and 4A1/2 was time-dependently reduced after 
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LPS injection. In contrast, the expression of CYP4A1, 4A2, and 4A3 was induced after 24 h 

of LPS challenge. In mice, treatment with LPS suppressed the phenobarbital-induced 

induction of CYP2B10 and CYP2B9 at both mRNA and protein levels.[45]

The expression of CYPs is under the transcriptional control of xenobiotic receptors, such as 

PXR, CAR, and AhR. LPS has been shown to suppress the xenobiotic receptor-responsive 

regulation of CYPs. For example, Moriya and colleagues showed that pretreatment of mice 

with LPS attenuated the PCN (a PXR agonist)-, TCPOBOP (a CAR agonist)- and B(a)P (an 

AhR agonist)-induced expression and activity of Cyp3a11, 2c29, 2c55, and 1a2.[57]

LPS administration in pregnant mice has been used to investigate its impact on CYPs in the 

fetal liver.[58] LPS exposure increased the TNFα protein level in the fetal liver, leading to 

the dowregulation of Cyp3a11 mRNA and protein levels. Interestingly, in the same study, it 

was reported that a low dose of LPS pretreat-ment alleviated the LPS-induced increase in 

TNFα and downegulation of PXR in the fetal liver, which protected fetuses from the LPS-

induced decrease of hepatic Cyp3a11 gene expression.[58]

LPS also has a major effect on the expression of the phase II enzymes. The hepatic 

expression of UGT1A1 (38% of control), 1A9 (25% of control), and 2B5 (46% of control) 

was significantly decreased in mice treated with LPS, compared to their vehicle-treated 

counterparts, whereas the expression of UGT1A2 and 1A6 mRNA was not affected. The 

protein levels of UGT1A and 2B were also reduced to 50–60% of the control, following 

their mRNA trends.[19] In rats, treatment with LPS can dramatically downegulate the 

metabolic ability of UGT1A6 and 2B3 to 70–80% of the control.[59] The LPS-induced 

acute phase response was also shown to decrease the expression and activity of the 

hydroxysteroid SULT (Sult2a1) in a dose- and time-dependent manner.[20]

Interestingly, the effect of LPS on the expression of SULTs appears to be isoform-specific. A 

recent report from our group showed that the hepatic expression of EST/SULT1E1 was 

markedly induced by LPS in a liver-specific manner. Treatment of 4-week-old intact virgin 

female mice with LPS resulted in a significantly reduced circulating estradiol level while 

increasing the urinary output of estrogen sulfate as a result of increased EST expression. We 

also showed that Kupffer cells were required for the optimal induction of EST. Treatment of 

Kupffer cells with LPS induced the expression of EST, while in vivo depletion of Kupffer 

cells by treating mice with gadolinium chloride attenuated the LPS-responsive induction of 

EST. In understanding the mechanism by which LPS induces EST, a putative NF-κB-

binding site was bioinformatically predicted in the mouse EST gene promoter, and its 

binding to p65, a major subunit of NF-κB, was confirmed by electrophoretic mobility shift 

assay (EMSA). Luciferase reporter gene assay in HepG2 cells and chromatin 

immunoprecipitation (ChIP) assay on the liver of LPS-treated mice also demonstrated that 

EST is a transcriptional target of NF-κB.[60]

3.4. Regulation of drug metabolism by CLP

CLP is a typical and faithful model of sepsis. It has become clear that in addition to its effect 

in inducing inflammation and multiple organ failures, CLP also has major effects on the 

expression and activity of DMEs, which in turn may affect the pharmacokinetics of drugs. 
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[61] A study using the Sprague Dawley rat CLP model showed a decrease of total CYP 

content in the liver 24 h after surgery. The expression and activity of CYP1A1 and CYP1A2 

were found to be reduced in the same group of mice.[61] These results were confirmed in a 

study by Kim and colleagues, in which the authors also demonstrated the role of Kupffer 

cells in CLP-induced downregulation of CYPs.[62] Besides CYP1A, the expression and 

activity of CYP2E1 mRNA were also suppressed by CLP.[63,64] There were limited reports 

on the effect of CLP on the expression of Phase II conjugating enzymes. Recently, we 

reported that, similar to the LPS model of sepsis, CLP also induced the expression of EST 

and compromised the activity of estrogen. Interestingly and surprisingly, EST ablation 

markedly sensitized both female and male mice to CLP-induced death. These results 

indicated a crucial role of EST in the yet-to-be-explored mechanism of endocrine regulation 

of inflammation, which has an impact on the clinical outcome of sepsis.[60]

4. Conclusions and perspectives

As discussed above, both liver I/R and sepsis have a major effect on the expression and 

activity of DMEs in the liver. It appears that the regulation can be enzyme specific. Changes 

in key DMEs during injury and inflammation are highly relevant to the care and treatment of 

critically ill patients. Seriously injured trauma patients or patients of sepsis are uniformly 

prescribed multiple medications. The regulation of DMEs by I/R and sepsis has a potential 

to affect the absorption and disposition of drugs (pharmacokinetics or PK) as well as their 

efficacy and safety (pharmacodynamics or PD). For future studies, it remains to be seen 

whether the disease regulation of DMEs is conserved in rodents and humans. The 

mechanisms for the I/R- and sepsis-responsive regulation of DMEs remain to be better 

defined. Finally, having shown that I/R and sepsis can regulate DMEs, it is interesting to 

know whether the expression and activity of DMEs can in return alter the clinical outcome 

of these disease conditions.

5. Expert opinion

Hepatic injuries result from various pathological factors, including infections, microbial 

toxins, tissue necrosis associated with ischemia, trauma physical or chemical injury, and 

immune reactions.

Accumulating clinical and preclinical studies show that the expression and/or activity of 

DMEs and transporters can be markedly influenced by hepatic dysfunction and 

inflammation. The key findings of these studies are that diseases or disease conditions, such 

as liver I/R and sepsis, can have a major effect on the expression and activity of DMEs in the 

liver. Despite the progress, it has been recognized that more studies in this area are 

warranted. Among the weaknesses of existing studies, it is unclear whether the disease-

responsive regulation of DMEs can affect the PK and PD behavior of clinical drugs in vivo 
in animal models or in human patients. In addition, the mechanisms for the I/R- and sepsis-

responsive regulation of DMEs remain to be better defined.

Understanding the disease effect on DMEs and transporters is of great clinical significance. 

Among the outstanding questions, will the disease status affect the absorption, distribution, 
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metabolism and elimination of clinically used drugs? Will the disease status influence the 

effectiveness and toxicity of drugs? Will the disease status alter the behavior of drug–drug 

interactions, especially for drugs with narrow therapeutic windows? Answers to these 

questions are expected to contribute to the establishment of specific therapeutic strategies for 

certain disease populations. The ultimate goal for this field of study is to improve the clinical 

outcome of hepatic injury associated with various systemic or local diseases. Although the 

current studies have been focusing on the phenotypic characterization and preliminary 

mechanistic studies, they still hold the potential to translate the findings in DME regulation 

by systemic or local diseases from bench to the bedside.

Since most of the previous work has been descriptive, and the evaluation of the drug 

metabolism has largely relied on in vitro assays, future directions are to use genetic and 

pharmacological models to understand the mechanisms by which I/R and sepsis regulate 

DMEs. The effect of diseases on PK has to be validated in vivo in animal models or in 

human patients. Mouse models are invaluable in dissecting the genetic mechanisms by 

which diseases affect drug metabolism because of the availability of transgenic and gene 

knockout mice. However, mice also represent a challenging model for PK study due to their 

rapid rate of drug metabolism, which makes it hard to extrapolate the mouse results to 

humans, as well as their small body size and blood volume. As such, human studies are 

urgently needed in order to determine whether the animal results will be recapitulated in 

human patients.
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Article highlights

• Liver is an essential organ for drug metabolism and disposition.

• Drug metabolism and disposition are facilitated by drug-metabolizing enzymes 

(DMEs) and transporters, which are highly enriched in the liver.

• Hepatic and systemic diseases can potentially affect drug metabolism and 

disposition by regulating the expression and/or activity of DMEs and 

transporters in the liver.

• Understanding the disease effect on DMEs is clinically important, because the 

changes in the expression and activity of DMEs may affect the pharmacokinetics 

and pharmacodynamics of clinical drugs.
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