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Abstract

The endoplasmic reticulum (ER) has emerged as a key to understanding the development and
consequences of hepatic fat accumulation in nonalcoholic fatty liver disease (NAFLD). An essential
function of this organelle is the proper assembly of proteins that are destined for intracellular
organelles and the cell surface. Recent evidence suggests that chemical chaperones that enhance the
functional capacity of the ER improve liver function in obesity and NAFLD. These chaperones may
therefore provide a novel potential therapeutic strategy in NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a newly emerging obesity-related disorder
characterized by fatty infiltration (steatosis) of the liver in the absence of chronic alcohol
consumption. In some individuals, steatosis progresses to honalcoholic steatohepatitis
(NASH), which is characterized by steatosis, inflammation and fibrosis, and end-stage liver
disease [1]. NAFLD is now recognized as the most common cause of chronic liver enzyme
elevations and cryptogenic cirrhosis [2]. The prevalence of NAFLD has nearly doubled since
1980, and current US estimates indicate that NAFLD may affect up to 25% of the general
population and 80% of obese and diabetic individuals [3]. NAFLD has also emerged as a
common pediatric disease, afflicting 3 to 9% of all children in the US and up to 50% of obese
children [4].

The original working model explaining the pathogenesis of NAFLD, the ‘two-hit’ hypothesis,
was first proposed by Day et al, in 1998 [5]. According to this hypothesis, steatosis “first hit’,
represents and increases the the vulnerability of the liver to various ‘second hits’ that in turn
lead to the inflammation, fibrosis characteristic of NASH. Since features of the metabolic
syndrome such as obesity, insulin resistance and hypertriglyceridemia are not only
predisposing factors for NAFLD, but are also risk factors for disease progression, more severe
fibrosis and advanced disease [6], this hypothesis continues to undergo modification.

There is no proven, effective therapy for NAFLD. Improvement in liver function and
hepatomegaly has been observed in obese patients with NAFLD after gradual, sustained weight
reduction of 10% [1]. Lifestyle modifications, similar to those recommended for obesity,
remain therefore the primary treatment option. There are several promising drug candidates
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for NAFLD, including antioxidants, metformin, thiazolidinediones, gemfibrozil and probucol,
however, none have been rigorously tested in large sample populations [1]. Thus, there is
currently no specific treatment for NAFLD, and the primary treatment option, lifestyle
modification, has proven to be ineffective over the long term. In the present review, the putative
role of the endoplasmic reticulum (ER) in NAFLD, and its potential as a therapeutic target, are
discussed.

The endoplasmic reticulum and the unfolded protein response

The ER is one of the largest cellular organelles, its membranes representing as much as half
of the total membranes in the cell. An essential function of the ER is the proper assembly of
proteins that are ultimately destined for intracellular organelles and the cell surface [7]. The
status of protein assembly and folding is monitored and relayed to the cytosol and nucleus by
the unfolded protein response (UPR). Cellular perturbations, such as loss of the luminal
oxidizing environment, imbalance in calcium homeostasis and aberrant N-linked
glycosylation, and cellular death, can disrupt ER homeostasis and lead to the accumulation of
unfolded proteins and protein aggregates in the ER lumen, both of which can be detrimental
to cell function and survival. Disruption of ER homeostasis, termed ER stress, activates the
UPR [8,9]. In mammals, ER stress is sensed and the UPR activated by three ER trans-
membrane proteins: PERK (RNA-dependent protein kinase-like ER eukaryotic initiation
factor-2a kinase), ATF6 (activating transcription factor 6), and IRE1 (inositol-requiring ER-
to-nucleus signaling protein 1) (Figure 1).

PERK activation leads to phosphorylation of the a-subunit of the translation initiation factor
elF2 (eukaryotic initiation factor 2) and subsequently attenuates the initiation of translation,
and increases the expression and selective translation of ATF4. Increased expression of
GADD34 (growth arrest and DNA damage-inducible transcript 34), a member of the growth
arrest and DNA damage family of proteins, is involved in dephosphorylation of elF2a and,
therefore, reversal of translational attenuation. Upon activation of the UPR, ATF6 is
transported to the Golgi where it is cleaved and it subsequently migrates to the nucleus, as a
50-kDa fragment, where it activates transcription of UPR target genes. Activation of IRE1
promotes the splicing of X-box-binding protein-1 (XBP1) mRNA and subsequent transcription
of molecular chaperones, for example, GRP78 (78-kDa glucose-regulated protein), and genes
involved in ER-associated degradation, for example, EDEM (ER degradation-enhancing a-
mannosidase) [8,9]. Thus, activation of the UPR serves to attenuate global protein synthesis
and to enhance the capacity for protein folding and degradation. Failure of the UPR to mitigate
ER stress and re-establish ER homeostasis can lead to cell dysfunction and death [8,10].

A putative role for the UPR in diabetes, obesity, and NAFLD

Several studies have linked ER dysfunction and the UPR to impairments in glucose
homeostasis and diabetes. For example, PERK —/— mice develop diabetes due to a rapid and
progressive decline in endocrine and exocrine pancreatic function [11]. Conversely, mice with
a homozygous mutation of serine 51 on elF2a die within 18 hours of birth as a result of
hypoglycemia and impaired induction of genes involved in hepatic gluconeogenesis [12].
Programmed cell death in response to ER stress is mediated, in part, through transcriptional
activation of CHOP (CCAAT/enhancer binding homologous protein) [13,14]. Targeted
disruption of the CHOP gene in Akita mice, a mouse line that spontaneously develops
hyperglycemia with reduced B-cell mass, delayed the onset of diabetes [15]. It has therefore
been proposed that chronic disruption of ER homeostasis may contribute to the attrition of p-
cell function and to impaired regulation of glucose homeostasis in diabetes [16-18].

Obesity is characterized by lipid accumulation in both adipose and non-adipose tissues,
including the liver. ER stress and activation of the UPR in liver and adipose tissue have been
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observed in both genetic and dietary murine models of obesity [19]. Thus, it has been proposed
that obesity provokes ER stress, presumably by increasing the load of unfolded proteins in the
ER. Insulin resistance is a characteristic feature of obesity and NAFLD, and has been causally
linked to hepatic steatosis [20,21]. Interestingly, when UPR signaling was compromised by a
partial loss-of-function mutation in XBP1, or a mutation in the ER chaperone, ORP150
(oxygen-regulated protein 150 kDa), both of which further increased ER stress, increased
insulin resistance was observed in obese mice [19,22]. Studies have also documented increased
phosphorylation of elF2a in livers from patients with NAFLD and NASH compared with
individuals with the metabolic syndrome and normal liver histology [23], and activation of the
UPR in adipose tissue of obese patients [24].

The ER transmembrane kinase/endoribonuclease IRE1 initiates a novel mRNA splicing
mechanism that modifies XBP1 mRNA to encode a potent basic leucine zipper transcription
factor, termed spliced XBP1 (XBP1s). Evidence has not only linked XBP1s to phospholipid
biosynthesis and ER biogenesis, but also to the regulation of hepatic lipogenesis [25,26].
XBP1s regulation of lipid synthesis in the liver appears to be independent of ER stress and
thus implies that not only are there alternative mechanisms of regulation of this transcription
factor, but also that components of the UPR may contribute to the development of hepatic
steatosis [26,27]. In addition, ER homeostasis can be perturbed, and the UPR can be activated
in response to changes in the membrane and circulating lipid environment. For example,
cholesterol loading activates the UPR and induces apoptosis in macrophages, suggesting that
the UPR senses changes in membrane cholesterol concentration esterified [28]. Increased non-
fatty acids, in particular long chain saturated fatty acids, which are present in obesity and
diabetes, induce ER stress and activate the UPR in a number of cell types, including hepatocytes
[29,30-34]. Notably, ER stress in response to increased hepatic lipids appears to decrease the
ability of the liver to secrete triglycerides by limiting apoB secretion, potentially worsening
steatosis [34]. These data suggest that UPR-mediated signaling contributes to the development
of steatosis, which in turn induces ER stress and potential complications arising from sustained
ER stress, such as cell dysfunction and death.

and chemical chaperones

If ER stress and/or protein misfolding are implicated in NAFLD pathogenesis, it is likely that
strategies that promote protein folding may lead to effective therapies. Molecular chaperones,
such as protein disulfide isomerases, calreticulin, and GRP78 promote protein folding by
decreasing energy barriers among the stages of protein maturation and preventing aggregation
of hydrophobic protein surfaces [35]. Chemical chaperones, such as glycerol, trimethylamine-
N-oxide, methyl-B-cyclodextrin, and 4-phenyl butyric acid (PBA), represent a group of low
molecular weight compounds that can stabilize protein conformation, improve ER folding
capacity, and facilitate the appropriate trafficking of mutant proteins [36,37]. Endogenous bile
acids and bile acid derivatives, such as ursodeoxycholic acid and taurine-conjugated
ursodeoxycholic acid (TUDCA), can also modify ER function [38]. A number of misfolded
proteins have been rescued by chemical or pharmacological chaperone intervention [39].

Several studies have demonstrated that chemical chaperones alleviate ER stress in model
systems used to study lysosomal storage disease, hereditary hemochromatosis and
cholangiocarcinoma [40-42]. Oral administration of PBA or TUDCA to ob/ob mice (leptin-
deficient mice; a model of severe obesity and insulin resistance) normalized blood glucose
levels, improved insulin sensitivity, reduced hepatic steatosis, normalized liver enzymes and
reduced biochemical markers of ER stress in liver and adipose tissue [37]. Pretreatment of
McA liver cells with PBA significantly reduced biochemical markers of ER stress in response
to increased fatty acid delivery [34]. Although the exact mechanism(s) that lead to hepatic ER
stress in models of obesity and NAFLD are unclear, these data suggest that one trigger involves
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an increased demand on the protein synthetic machinery and/or impairment in protein folding
capacity/degradation. Therefore, the use of chemical chaperones to enhance the functional
capacity of the ER may be a novel intervention strategy in the treatment of hepatic abnormalities
that arise in obesity and NAFLD [37].

Efficacy of chemical chaperones

Chemical chaperones ameliorate ER stress and reduce liver damage in murine and cellular
models of obesity and NAFLD. The chemical chaperone sodium phenylbutyrate is an orally
administered agent that was developed to promote waste nitrogen excretion in the treatment
of urea-cycle disorders [43,44]. In 1995, there was over 100 patient-years of experience with
this drug with no untoward effects. In a long-term trial involving eleven patients with
homozygous B-thalassemia and one patient with sickle cell-B-thalassemia treated with sodium
phenylbutyrate for 41 to 460 days, weight gain and edema caused by an increase in salt load
were observed in two of twelve individuals, transient epigastric discomfort in seven of twelve,
and abnormal body odor in three of twelve [43]. Several trials of ursodeoxycholic acid (UDCA)
in primary biliary cirrhosis showed improvement in biochemical parameters [45]. UDCA-
induced normalization of serum bilirubin was associated with clinical benefits [46]. UDCA
appears to be safe and has few side effects: some patients experience weight gain, hair loss,
and in rare cases, diarrhea [45].

The effectiveness of UDCA in NAFLD is equivocal. Three trials, one that studied 24 patients
over a 12-month period, one that studied 15 patients over a 3-month period, and one that studied
29 patients for 6 months, suggested that UDCA treatment (10 to 15 mg/kg/d) produced
beneficial effects on liver enzymes [47-49]. In contrast, two trials, one that studied 14 women
for a 1.5-month period and one that studied 80 patients for a 24-month period, suggested that
UDCA (13 to 15 mg/kg/d) did not have a significant effect on biochemical or imaging markers
of liver disease over that observed with weight reduction, or was not better than placebo,
respectively [50,51]. Thus, UDCA may not be effective in NASH, or may require a higher dose
to be effective in some patients with NASH.

Nonetheless, based on these data as a whole, and given the potential for chemical chaperones
to reduce hepatic impairments associated with obesity and NAFLD, further clinical studies in
patients with NAFLD that incorporate chemical chaperones appear warranted.

Conclusions

NAFLD is currently the most common liver disorder in the developed world, affecting up to
athird of individuals. Itis closely associated with features of the metabolic syndrome, including
obesity, and therefore therapy is being directed at treating components of the metabolic
syndrome. The ER in the liver appears to be a target for inflammatory mediators, such as excess
fatty acids and cytokines. Recent evidence has demonstrated that impaired ER function and
ER stress in the liver is present in murine models of obesity and NAFLD, and in human
NAFLD. To the extent that ER stress in these conditions results from the accumulation of
misfolded proteins, a major cause of ER stress, future studies that investigate the mechanisms
of action of chemical chaperones and their efficacy in large human trials appear warranted.
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Figure 1. Simplified illustration of three proximal stress sensors, and putative targets involved in
the unfolded protein response

In mammals, stress in the endoplasmic reticulum (ER) is sensed and the unfolded protein
response (UPR) is activated by three ER transmembrane proteins: PERK (RNA-dependent
protein kinase-like ER eukaryotic initiation factor-2a kinase), ATF6 (activating transcription
factor 6), and IREL1 (inositol-requiring ER-to-nucleus signaling protein 1). Activation, as a
result of UPR initiation, leads to increased translation and expression of ATF4 (activating
transcription factor 4) through phosphorylation of elF2a (eukaryotic initiation factor 2a).
ATF6 is transported to the Golgi, where it is cleaved into a 50-kDa fragment, which then
migrates to the nucleus and activates target genes. IRE1 activation leads to splicing of XBP1
(X-box-binding protein-1) and subsequent transcription of molecular chaperones [eg,
GRP78 (78-kDa glucose-regulated protein)]. ATF3 activating transcription factor 3, CHOP
CCAAT/enhancer binding homologous protein, EDEM ER degradation-enhancing a-
mannosidase, GADD34 growth arrest and DNA damage-inducible transcript 34, GRP94 94-
kDa glucose-regulated protein. (Reproduced with permission from Elsevier and Gentile CL,
Pagliassotti MJ: The role of fatty acids in the development and progression of nonalcoholic
fatty liver disease. J Nutr Biochem (2008) 19(9):567-576 © 2008 Elsevier.)
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