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Chapter 2
ER Stress in Drug-Induced Liver Injury
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Abbreviations

3'UTR	 3′-untranslated region
ABCB1	 ATP-binding cassette sub-family B member 1
ABCC2	 ATP-binding cassette sub-family C member 2
ALT	 Alanine aminotransferase
AST	 Aspartate aminotransferase
AP	 Alkaline phosphatase
ATF	 Activating transcription factor
AIDS	 Acquired human immunodeficiency syndrome
BiP/GRP78	 Binding immunoglobulin protein/78 kDa glucose-regulated protein
CHOP	 CCAAT enhancer-binding protein homologous protein
CYP3A	 Cytochrome P450 3A4
CYP7A1	 Cholesterol 7 alpha-hydroxylase
DILI	 Drug-induced liver injury
eIF2α	 Eukaryotic initiation factor 2 alpha
ER	 Endoplasmic reticulum
ERAD	 ER-associated degradation
FDA	 The Food and Drug Administration
HAART	 Highly active anti-retroviral therapy
HIV-1	 Human immunodeficiency virus-1
Insig	 The insulin-induced gene
IRE1α	 Inositol requiring enzyme 1α
LPS	 Lipopolysaccharide
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MRP2	 Multidrug resistance-associated protein 2
PERK	 Protein kinase RNA–like endoplasmic reticulum kinase
S1P	 Serine protease site-1 protease
S2P	 Metalloprotease site-2 protease
SCAP	 SREBP cleavage-activating protein
SREBP	 Sterol regulatory element-binding proteins
TLR4	 Toll-like receptor 4
UPR	 Unfolded protein response
XBP1	 X-box-binding protein 1
XBP1s	 Spliced XBP1
XBP1u	 Unspliced XBP1

2.1  �Introduction

Drug-induced liver injury (DILI) is a serious public health concern and represents one 
of the leading causes of liver transplantation and the most frequent single cause for 
withdrawal of an approved drug from the market or termination of clinical trials of 
potential drug candidates in the past five decades (Devarbhavi 2012; Giordano et al. 
2014; Lee et al. 2016). In the United States, more than 1000 drugs, toxins, and over-
the-counter herbal medicines have been reported to cause liver injury (Rangnekar and 
Fontana 2011; Devarbhavi 2012; Giordano et al. 2014). The number of annual cases 
of acute liver failure is approximately 2000 and more than half of them are drug-
induced (Rangnekar and Fontana 2011; Devarbhavi 2012; Giordano et al. 2014). In 
addition, drug-induced hepatitis accounts for 10% of all cases of acute hepatitis. The 
global data of DILI is currently unavailable due to the difficulty in discerning the true 
incidence of DILI. There is no simple objective test currently available for the diag-
nosis of DILI and patients are often on multiple medications and dietary supplements 
(Kim and Naisbitt 2016; Giordano et al. 2014; Devarbhavi 2012).

Most of the hepatic toxins predominantly cause hepatocellular injury (Kim and 
Naisbitt 2016). Although many drugs also cause cholestasis, this condition is gener-
ally reversible after drug discontinuation and rarely leads to liver failure or death. 
DILI is associated with a variety of risk factors such as race, age, sex, alcohol con-
sumption, preexisting liver disease, genetic factors, virus infection, metabolic syn-
drome, etc. Multiple pathological mechanisms of DILI have been identified, 
including apoptosis of hepatocytes, disruption of the hepatic transporters, activation 
of the immune response, disruption of mitochondrial function, and injury of the bile 
duct, etc (Gu and Manautou 2012; Lee et al. 2016). Most recently, activation of ER 
stress has been identified as an important contributor to various liver diseases 
including DILI (Yao et al. 2016b; Lou et al. 2009; Kaplowitz et al. 2007; Ji and 
Kaplowitz 2004; Wu et  al. 2016; Sharkey et  al. 2016; Ashraf and Sheikh 2015; 
Zhang et al. 2014; Pagliassotti 2012; Kaplowitz and Ji 2006; Mahdi et al. 2016). In 
this chapter, the current understanding of ER stress and its role in DILI are reviewed 
with a primary focus on HIV protease inhibitor (PI)-induced hepatic injury.

M. Hinton et al.



39

2.2  �ER Stress and the Unfolded Protein Response (UPR)

The ER is an important organelle that plays a critical role in maintaining intracel-
lular homeostasis via regulating intracellular calcium levels, protein synthesis, pro-
tein folding and assembly, and lipid and cholesterol synthesis (Jung and Choi 2016). 
Although the ER has significant adaptive capacity to manage the metabolic demands 
during feeding and fasting, the duration is limited. It has less flexibility to manage 
chronic and other escalating challenges. The accumulation of misfolded or unfolded 
proteins in the ER under a variety of pathological conditions or exposure to certain 
pharmacological compounds leads to ER stress and activation of an intracellular 
stress signaling cascade termed the unfolded protein response (UPR) (Schonthal 
2012; Dandekar et al. 2015).

The activation of the UPR is a protective mechanism in response to a harmful 
challenge. The canonical UPR signaling pathways have been well described in 
eukaryotic cells (Ron and Walter 2007; Todd et al. 2008; Hotamisligil 2010). Three 
ER-transmembrane proteins (PERK: PKR-like eukaryotic initiation factor 2α 
kinase; IRE1α: inositol requiring enzyme 1α; and ATF6: activating transcription 
factor-6) and one chaperone protein (BiP/GRP78: binding immunoglobulin pro-
tein/78 kDa glucose-regulated protein) have been identified as crucial regulators of 
the UPR. As shown in Fig. 2.1, under stress-free conditions, BiP/GRP78 is bound 
to the intraluminal domains (amino-terminals of IRE1α and PERK and carboxyl-
terminal of ATF6) of three UPR transducers to maintain them in an inactivated state 
(Bertolotti et al. 2000). When ER stress occurs due to accumulation of misfolded or 
unfolded proteins, BiP/GRP78 is dissociated from these UPR sensors, which results 
in oligomerization and auto-phosphorylation of PERK and IRE1α. Activation of 
PERK results in the phosphorylation of eukaryotic initiation factor 2 alpha (eIF2α) 
and attenuation of global mRNA translation. Activation of PERK also selectively 
increases the translation of certain mRNAs such as ATF4 (a member of the basic 
leucine-zipper family of transcription factors) and its downstream targets such as 
CCAAT enhancer-binding protein homologous protein (CHOP) (Fig. 2.1a). CHOP 
is a proapoptotic transcription factor that plays a critical role in ER stress-mediated 
apoptosis (Zhou and Liu 2014). Activated IRE1α has intrinsic endoribonuclease 
activity, which processes the unspliced X-box-binding protein (XBP1u) mRNA by 
removing 26-nucleotides to produce the active transcription factor XBP1s. XBP1s 
is able to promote the expression of genes involved in restoring the ER protein fold-
ing capacity or degrading misfolded or unfolded proteins (Fig. 2.1b). Activation of 
the third UPR pathway requires translocation of ATF6 to the Golgi apparatus where 
its C-terminal region is cleaved by the serine protease site-1 protease (S1P) and the 
metalloprotease site-2 protease (S2P) to produce an active soluble transcription fac-
tor, ATF6N (Fig.  2.1c) (Hotamisligil 2010). Activation of the canonical UPR 
response mitigates ER stress by reducing protein synthesis, increasing production 
of chaperones, and facilitating protein degradation. Sustained ER stress as a result 
of accumulation of misfolded or unfolded proteins can also activate the ER-associated 
protein degradation (ERAD) (Schwartz and Ciechanover 2009). If the initial UPR 
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Fig. 2.1  The unfolded protein response (UPR). Three UPR sensors, protein kinase RNA-like 
endoplasmic reticulum kinase (PERK), inositol-requiring protein 1α (IRE1α) and activating tran-
script factor (ATF6), and one master regulator Bip/GRP78 have been identified. Under non-stress 
condition, GRP78 binds to three UPR sensors and prevents their activation. Accumulation of mis-
folded or unfolded proteins in the ER lumen results in dissociation of GRP78 from the UPR sen-
sors and subsequent activation of PERK, IRE1α, and ATF6. (a) The activated PERK phosphorylates 
the eukaryotic initiation factor 2α (eIF2α), which attenuates the global protein translation and 
selectively activates ATF4, a key transcription factor regulating the transcription of genes involved 
in apoptosis, lipid and energy metabolism, autophagy, and stress response. (b) The activation of 
IRE1α results in splicing of the transcription factor X box-binding 1 (XBP1u) and expression of an
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fails to resolve ER stress, further activation of the UPR will trigger death responses 
(Todd et al. 2008; Liu et al. 2016; Schonthal 2012; Jager et al. 2012).

Activation of ER stress by pharmacologic agents or pathophysiologic stimuli 
results in perturbation of normal cellular function that has been associated with the 
initiation and progression of numerous human diseases such as cardiovascular dis-
eases, metabolic diseases, inflammatory diseases, immune diseases, neurodegenera-
tive diseases, and various liver diseases including DILI (Chen et  al. 2014; Chan 
et al. 2016; Malhi and Kaufman 2011; Rayavarapu et al. 2012; Back et al. 2012; Cao 
et al. 2016; Volchuk and Ron 2010; Cui et al. 2016; Cnop et al. 2012; Liu et al. 2016; 
Go et al. 2016).

2.3  �Drug-Induced Liver Injury (DILI)

Most of the drugs that have adverse effects can affect many different organs such as 
the liver, heart, kidney, lung, skeletal muscle, or central nerve system (Hohenegger 
2012; Miltenburg and Boogerd 2014; Marrer and Dieterle 2010; Begriche et  al. 
2011; Tocchetti et al. 2013; Foufelle and Fromenty 2016). DILI represents the most 

Fig. 2.1  (continued) active transcription factor, spliced XBP1 (XBP1s) by excising a 26-nucle-
oide intron. XBP1s is involved in regulation of ER-associated degradation (ERAD) and the entry 
of proteins into the ER and modulation of phospholipid synthesis to accommodate ER membrane 
expansion under ER stress. (c) ATF6 is a member of basic Leu zipper transcription factors. Under 
ER stress, ATF6 is translocated into Golgi and processed by site 1 protease (S1P) and S2P to gener-
ate active ATF6N. ATF6N controls the expression of key genes involved in ERAD and XBP-1. The 
UPR activation controls multiple physiological processes such as apoptosis, ERAD, protein fold-
ing, lipid synthesis, protein secretion, autophagy, etc
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common indication of adverse drug reaction for the drug withdrawal (Lee et  al. 
2016). Most of DILIs are unrecognized and underreported. The true incidence is 
difficult to estimate and varies significantly depending on the setting (Devarbhavi 
2012). DILI can be idiosyncratic or intrinsic. Acetaminophen is the leading cause of 
DILI in the western countries and it is well known to be dose-related or intrinsic in 
nature. The intrinsic DILI results from drug-induced direct hepatotoxicity over the 
course of a few days or longer time period. Idiosyncratic DILI is a rare and unpre-
dictable event and occurs in a minority of susceptible individuals with a prolonged 
latency (Ghabril et al. 2010; Devarbhavi 2012).

The most common drugs leading to liver injury in the United States are antibiot-
ics, nonsteroidal anti-inflammatory drugs, central nervous system drugs, antiviral 
agents, immunomodulatory agents, and herbal/dietary supplements (Ghabril et al. 
2010; Giordano et al. 2014; Kim and Naisbitt 2016). The risk factors associated 
with DILI are multifactorial, which includes age, sex, race, genetic factors, preexist-
ing liver diseases, hepatitis infection, human immunodeficiency virus-1 (HIV-1) 
infection, diabetes mellitus, alcohol use, environmental toxins, etc. (Giordano et al. 
2014; Kim and Naisbitt 2016). In the United States, DILI has been associated with 
more than 1000 medications and is the leading cause of acute liver failure in patients 
referred for liver transplantation (Kim and Naisbitt 2016; Giordano et  al. 2014; 
Rangnekar and Fontana 2011; Devarbhavi 2012). Since the introduction of anti-
HIV drugs in the late 1980s, hepatotoxicity has become a major clinical concern for 
anti-HIV therapy, especially for HIV protease inhibitors (HIV PIs). The incidence 
of DILI continues to increase with the increasing number of new drugs that have 
been introduced into clinical use over the past several decades. It has become a 
significant threat to the public health for an over-medicated society.

2.4  �HIV/AIDS and HIV PIs

The acquired human immunodeficiency syndrome (AIDS) epidemic has rapidly 
expanded since the discovery of HIV as the cause of this disease in 1983. By the end 
of 2014, the estimated number of people living with HIV reached 36.9  million 
worldwide and the mortality rate for AIDS reached 1.2 million that year (Bhatti 
et al. 2016). As HIV biology and events critical to viral replication in the host cell 
are elucidated, a number of specific pharmacological agents targeting the key steps 
of HIV life cycle have been developed (Ghosh et al. 2016). The current available 
anti-HIV medicines include HIV reverse transcriptase inhibitors, HIV PIs, fusion 
inhibitors, and integrase inhibitors.

The highly active anti-retroviral therapy (HAART) is the most effective treat-
ment currently available for HIV/AIDS, which includes two or three different 
classes of anti-HIV drugs. HIV PI is the core component of HAART, which spe-
cifically inhibits HIV protease activity and prevents the formation of mature HIV 
virions. The Food and Drug Administration (FDA) approved the first HIV PI, 
saquinavir, in 1995. Incorporation of saquinavir in HIV therapy greatly improved 
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patient outcomes by reducing viral loads, improving CD4 cell counts, and halting 
the progression to AIDS (Ghosh et al. 2016). Since then, a total of nine HIV PIs 
with several different dosages and combinations have been licensed by the FDA: 
amprenavir (Agenerase), atazanavir (Reyataz), darunavir (Prezista, TMC114), 
indinavir (Crixivan), fosamprenavir (Lexiva), lopinavir/ritonavir (Kaletra, Aluvia), 
nelfinavir (Viracept), ritonavir (Norvir), saquinavir (fortovase, soft gel cap), and 
tipranavir (Aptivus). The incorporation of HIV PIs in HAART has successfully sup-
pressed viral replication in HIV patients, significantly reduced morbidity and mor-
tality, and changed HIV infection from an acute disease with a high morbidity and 
mortality to a manageable chronic disease (Poorolajal et  al. 2016; Krentz et  al. 
2005). Unfortunately, current anti-HIV drugs are very toxic, especially HIV PIs. 
The benefits of HAART are compromised by serious side effects (Bhatti et  al. 
2016). Antiretroviral hepatotoxicity occurs in approximately 10% of patients and is 
higher in those with underlying liver disease (Lana et al. 2001; Nunez et al. 2001; 
Merwat and Vierling 2011). Although HIV-infected patients under HAART have a 
similar lifespan as non HIV-infected population, the quality of life of HIV-infected 
patients is compromised by the hepatic and metabolic toxicities of anti-HIV drugs, 
especially with HIV PIs (Guira et al. 2016; Hurwitz et al. 2004; Jain et al. 2001; 
Parakh et al. 2009). As of June 2015, the United Nations Program on HIV/AIDS 
(UNAIDS) approximates 15.8 million people living with HIV have access to anti-
retroviral therapy. Hepatic toxicity and lipodystrophy specifically associated with 
HIV PIs have become a matter of particular concern in the clinical realm (McGovern 
2004; Surgers and Lacombe 2013).

2.5  �ER Stress and HIV PI-Induced Hepatotoxicity

Hepatotoxicity is characterized by an abnormal liver function test, which monitors 
the changes in key liver enzymes, such as serum alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and alkaline phosphatase (AP) levels. Preclinical 
and clinical studies have shown elevated serum ALT and/or AST with HIV PI treat-
ment, particularly with ritonavir administration (Sulkowski 2004; Brunet et  al. 
2012; Macias et al. 2012). HIV PI-induced liver injury results in the disruption of 
the normal cellular function of hepatocytes, which are the cells responsible for 
lipid homeostasis, bile acid synthesis, and gluconeogenesis. Long-term HAART 
treatment has been associated with metabolic side effects including dyslipidemia, 
insulin resistance, and cardiovascular complications including atherosclerosis 
(Sulkowski 2004; Dieterich 2003; Djedaini et  al. 2009; Ioannou et  al. 2015; 
Gleason et al. 2016; Parakh et al. 2009). Although the mechanism underlying HIV 
PI-induced hepatotoxicity remains to be fully identified, an increasing body of 
evidence suggests that multiple mechanisms may be involved and individual PIs 
may have different effects on hepatic liver injury (Wu et al. 2014). Studies from our 
group and others’ suggest that activation of the ER stress could be a critical cellular 
event involved in HIV PI-induced heptic toxicity and metabolic syndrome, in 
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addition to other key mechanisms such as inflammation, oxidative stress, and mito-
chondrial dysfunction (Bruning 2011; Taura et al. 2013; Zha et al. 2013a; Zhang 
et al. 2009; Zhou 2011; Zha and Zhou 2012; Foufelle and Fromenty 2016).

2.5.1  �HIV PI-Induced Lipogenesis

The liver plays a central role in regulating nutrient absorption, cholesterol metabo-
lism, lipogenesis, and gluconeogenesis (Bechmann et al. 2012; Lee et al. 2012). In 
addition, it is also important for hormone production, xenobiotic metabolism, and 
detoxification. Hepatic lipid homeostasis is maintained by numerous nuclear 
receptors and transcription factors (Zhou and Liu 2014). The sterol regulatory 
element-binding proteins (SREBPs) are a family of membrane-bound transcription 
factors responsible for regulating more than two dozen genes involved in the syn-
thesis and uptake of cholesterol, fatty acids, triglycerides, and phospholipids and 
lipid metabolism (Horton et al. 2002; Foufelle et al. 2007). There are three iso-
forms of SREBPs including SREBP-1a, SREBP-1c, and SREBP-2. With alterna-
tive splicing both SREBP-1a and SREBP-1c are obtained from a single gene. 
SREBP-1a has the general effect of activating all SREBP-responsive genes, while 
SREBP-1c and SREBP-2 are specific for enhancing the transcription of genes 
required for fatty acid and cholesterol synthesis (Horton et al. 2002; Foufelle et al. 
2007). The functionality of SREBPs depends on association with the SREBP 
cleavage-activating protein (SCAP) and the insulin-induced gene (Insig) complex. 
SREBPs are processed into active forms by the same proteases (S1P and S2P) that 
process ATF6  in the Golgi. ER stress-mediated activation of PERK and IRE1α-
XBP-1 signaling pathways results in the attenuation of protein translation and pro-
motion of protein degradation, which are responsible for the depletion of insig-1 
and subsequently the proteolytic activation of SREBPs leading to lipogenesis (Lee 
and Ye 2004; Kammoun et al. 2009b). Overexpression of GRP78 or insig-1 inhibits 
SREBP-1c activation and hepatic steatosis (Chen et  al. 2011; Kammoun et  al. 
2008, 2009a; Zhang et al. 2012). The disruption of hepatic cholesterol, bile acid, 
and lipid homeostasis from an imbalance of biosynthesis and metabolism leads to 
hepatic lipid accumulation, inflammation, and eventually hepatic injury (Sanyal 
2005, 2013, 2015; Puri et al. 2009).

Regulation of hepatic lipogenesis has been linked to ER stress and the activity of 
the UPR (Zhang and Wang 2016; Lee et al. 2012; Zhou and Liu 2014). Our previous 
studies have shown that individual HIV PIs had different effects on the activation of 
ER stress in hepatocytes and macrophages, which correlated to the incidence of 
dyslipidemia associated with different HIV PIs in the clinic (Zhou et  al. 2005, 
2006). Initial studies done by Williams, K et al. with indinavir in primary rodent 
hepatocytes indicated that indinavir specifically upregulated the expression and 
activation of SREBPs (Williams et  al. 2004). The mRNA levels of cholesterol 7 
alpha-hydroxylase (CYP7A1) were markedly decreased, while fatty acid synthase 
mRNA levels were up-regulated (Williams et al. 2004). The ability of HIV PI to 
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activate the UPR is linked to its effect on hepatic lipid accumulation and lipotoxicity 
(Zhou et al. 2007). Our previous studies also found that ritonavir had the most sig-
nificant effect on the UPR activation, while amprenavir did not activate the UPR in 
primary hepatocytes (Zhou et al. 2006). This may explain why ritonavir induces 
hepatic lipid accumulation and cell apoptosis, but not amprenavir. In addition, rito-
navir has the most adverse metabolic effects, including insulin resistance, lipodys-
trophy, and hyperlipidemia in HIV patients and currently used only as a 
pharmacoenhancer of other HIV PIs (Mateo et al. 2014; Pere et al. 2008; Putcharoen 
et  al. 2015). HIV PIs are extensively metabolized by cytochrome P450 3A4 
(CYP3A) in the liver. The plasma half-life is remarkably short when used alone 
(Putcharoen et al. 2015). Ritonavir is a strong inhibitor of CYP3A and in combina-
tion with other HIV PIs significantly increases their half-life. In addition, ritonavir 
also inhibits the drug transporters ABCB1 (ATP-binding cassette subfamily B mem-
ber 1, also called P-glycoprotein) and ABCC2 (ATP-binding cassette subfamily C 
member 2; also called MRP2: Multidrug resistance-associated protein), which have 
been shown to pump out the HIV PIs from the intestinal cells and macrophages 
(Holmstock et al. 2012; Zha et al. 2013b).

Activation of the ER stress and extended upregulation of CHOP have been shown 
to be involved in various liver injuries, including DILI, lipotoxicity, and cholestasis 
(Pfaffenbach et al. 2010; Tamaki et al. 2008; Uzi et al. 2013; Willy et al. 2015). Our 
studies demonstrated that HIV PI-induced hepatic lipotoxicity is closely linked to 
the upregulation of CHOP in hepatocytes and in liver (Wang et al. 2013; Zhou et al. 
2007). Lopinavir and ritonavir significantly induced lipogenesis, hepatic lipid accu-
mulation, and apoptosis in wild-type mice, but not in CHOP knockout mice (Wang 
et al. 2013). These studies suggest that CHOP is an important molecular link to ER 
stress and hepatic lipotoxicity and that increased expression of CHOP represents a 
critical factor underlying events leading to HIV PI-induced hepatic injury (Wang 
et al. 2013).

2.5.2  �HIV PI-Induced Inflammation

Inflammation and ER stress are important adaptive defense responses that help pro-
mote cell survival under various stress conditions (Dandekar et al. 2015). However, 
chronic inflammation and prolonged activation of the ER stress have been identified 
as important contributors to various liver injuries and metabolic diseases (Adolph 
et al. 2012; Ashraf and Sheikh 2015; Cao et al. 2016; Dandekar et al. 2015; Duwaerts 
and Maher 2014; Hasnain et  al. 2012; Hotamisligil 2010). Our previous studies 
showed that HIV PIs induced inflammatory cytokines, TNF-α, and IL-6 in macro-
phages via ER stress/CHOP-mediated ERK1/2 activation, and as a result, increased 
the cytosolic translocation of RNA-binding protein HuR and subsequent binding to 
the 3′UTR (3′-untranslated region) of TNF-α and IL-6 mRNAs in macrophages 
(Chen et al. 2009). The activation of the innate immune response has recently been 
shown to play an important role in promoting DILI (Goto et  al. 2015). Hepatic 
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macrophages play critical roles in maintaining homeostasis in the liver and in the 
pathogenesis of various hepatic injuries (Ju and Tacke 2016). However, the hetero-
geneity of macrophages in the liver is very complex. Macrophages derived from 
different origins can have distinct effects on hepatic metabolic homeostasis and 
liver injury. In addition, macrophages can be polarized to different subpopulations, 
including classically activated and inflammatory M1 and alternatively activated/
anti-inflammatory M2, in response to various external signals and insults (Ju and 
Tacke 2016; Harvey et al. 2015; Zhou et al. 2014).

The Kupffer cell (hepatic resident macrophages)-mediated inflammation is of crit-
ical importance to hepatic injuries induced by drugs, toxins, and lipids via secreting 
various pro- and anti-inflammatory mediators (Goto et al. 2015; Arguello et al. 2015; 
Ju and Tacke 2016; Li and Diehl 2003; Meli et al. 2014; Ni et al. 2016; Wan et al. 
2014; Wenfeng et al. 2014). Recently, it has been reported that ER stress-mediated 
signaling pathways are involved in regulation of macrophage polarization (Xiu et al. 
2015). CHOP and ER stress are implicated in the induction and differentiation of M2 
macrophages (Yao et al. 2016a). Moreover, the gut-derived endotoxin lipopolysac-
charide (LPS) activates the toll-like receptor 4 (TLR4) and triggers hepatocyte apop-
tosis (Wenfeng et al. 2014). Our previous studies also reported that HIV PIs induce 
ER stress in intestinal epithelial cells. HIV PI-mediated upregulation of CHOP in 
intestine is responsible for dysfunction of intestinal barrier function, microbial trans-
location, and induction of systemic inflammation (Wu et  al. 2010). ER stress and 
inflammation have also been linked to inhibition of E-cadherin and zonula occludens-1 
expression, the key components of intestinal epithelia, and result in a defective epithe-
lial barrier (Fan et al. 2014). Gut-derived microbial products and inflammatory media-
tors significantly promote the progression of various liver diseases including DILI, 
fatty liver diseases, and alcoholic liver disease (Bieghs and Trautwein 2014; Chen and 
Schnabl 2014; Duwaerts and Maher 2014; Schnabl and Brenner 2014).

2.6  �Summary

The liver is the largest internal organ of the human body and plays a critical role in 
metabolizing nutrients, drugs, and environmental toxicants. It is the most frequent 
site of drug-induced toxicity. Although severe DILI is relatively rare, drug-induced 
hepatic injury is the most common indication for drug withdrawal and the most 
frequent cause of acute liver failure. The clinical impact of DILI is substantial 
because of the number of drugs used and the number of patients treated. The diag-
nosis and treatment of DILI remain significant challenges due to the complexities of 
disease pathogenesis and a lack of understanding of the underlying cellular/molecu-
lar mechanisms. During the last decade, numerous studies have shown that the acti-
vation of ER stress represents a key step in the development of DILI even at 
therapeutic doses, especially for HIV PIs. HIV-1 infection continues to be a serious 
global health problem. As the key component of HAART, a life-long treatment for 
HIV infection, reduction of HIV PI-induced hepatic injury remains a difficult task. 
Identification of the ER stress as a critical player in HIV PI-induced inflammation, 
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disruption of intestinal barrier integrity, and dysregulation of hepatic lipid metabo-
lism opened new direction for the development of preventive and therapeutic strate-
gies for HIV PI-induced liver injury, as well as for other DILIs (Fig. 2.2). In addition, 
elucidating of the underlying mechanism of DILI not only has high scientific values 
but also has significant economic impact on improving new drug development by 
developing new reliable screening systems to eliminate the candidates with hepato-
toxicity at an early stage.

Taken together, the rapid progress in understanding ER stress in DILI and other 
liver diseases gives rise to the expectation that ER stress may be used as a biomarker 
and therapeutic target for DILI as well as other liver diseases.
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Fig. 2.2  Mechanisms of HIV PI-mediated liver injury. Activation of ER stress in hepatic cells 
results in dysfunction of hepatocytes, dysregulation of lipid metabolism, activation of Kupffer 
cells, and production of proinflammatory mediators. Liver-derived inflammatory mediators reach 
intestine via system circulation. Drug-induced activation of the ER stress in intestinal epithelial 
cells and systemic inflammatory mediators disrupt intestinal barrier integrity and increase of bacte-
rial overgrowth. Increase of gut permeability results in high circulating endotoxin that reaches the 
liver via portal circulation. Endotoxin (lipopolysaccharide or LPS) is recognized by the Toll-like 
receptor (TLR)-4 complex on resident macrophages or Kupffer cells in the liver, leading to produc-
tion of proinflammatory cytokines and resulting in injury to hepatocytes
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