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Perturbations in lipid and protein homeostasis induce endoplasmic reticulum (ER) stress in metabolic
dysfunctioneassociated steatotic liver disease (MASLD), formerly known as nonalcoholic fatty liver
disease. Lipotoxic and proteotoxic stress can activate the unfolded protein response (UPR) transducers:
inositol requiring enzyme1a, PKR-like ER kinase, and activating transcription factor 6a. Collectively,
these pathways induce expression of genes that encode functions to resolve the protein folding defect
and ER stress by increasing the protein folding capacity of the ER and degradation of misfolded pro-
teins. The ER is also intimately connected with lipid metabolism, including de novo ceramide synthesis,
phospholipid and cholesterol synthesis, and lipid droplet formation. Following their activation, the UPR
transducers also regulate lipogenic pathways in the liver. With persistent ER stress, cellular adaptation
fails, resulting in hepatocyte apoptosis, a pathological marker of liver disease. In addition to the ER
enucleus signaling activated by the UPR, the ER can interact with other organelles via membrane
contact sites. Modulating intracellular communication between ER and endosomes, lipid droplets, and
mitochondria to restore ER homeostasis could have therapeutic efficacy in ameliorating liver disease.
Recent studies have also demonstrated that cells can convey ER stress by the release of extracellular
vesicles. This review discusses lipotoxic ER stress and the central role of the ER in communicating ER
stress to other intracellular organelles in MASLD pathogenesis. (Am J Pathol 2023, 193: 1887e1899;
https://doi.org/10.1016/j.ajpath.2023.08.007)
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Metabolic dysfunctioneassociated steatotic liver disease, or
MASLD, earlier known as nonalcoholic fatty liver disease, is
the most common chronic liver disease worldwide with an
overall prevalence of 32.4%.1 In the background of consis-
tently rising obesity, MASLD affects up to 48% of the US
population and is the foremost cause of liver-related mortality
and morbidity.1 MASLD encompasses a clinico-pathological
spectrum that includes metabolic dysfunctioneassociated
fatty liver, a benign, nonprogressive macrovesicular accu-
mulation of intracellular lipids and metabolic
dysfunctioneassociated steatohepatitis (MASH), a more se-
vere and progressive condition with evidence of cell injury,
inflammation, hepatocyte degeneration, apoptosis, and
fibrosis. MASH has the potential to progress to cirrhosis, an
antecedent to end-stage liver disease and hepatocellular car-
cinoma.2 The primary insult in MASLD is hepatic lip-
otoxicity that occurs when the hepatocyte’s capacity to
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handle and export free fatty acids (FA) is exceeded either due
to an excessive free FA influx or de novo lipogenesis. Several
molecular mechanisms orchestrate lipotoxicity, including
endoplasmic reticulum (ER) and oxidative stress, autophagy,
inflammation, and lipoapoptosis.3

The ER is an intracellular organelle whose role in protein
synthesis, folding, modification, and trafficking has been well
studied. It plays a vital role in synthesizing glycoproteins,
cholesterol, and phospholipids, while also maintaining cal-
cium homeostasis.4,5 When ER homeostasis is perturbed, ER
stress occurs, which has been implicated in various condi-
tions including inflammation, diabetes mellitus, atheroscle-
rosis, metabolic disorders, and cancers.6e8 Cellular stress also
. All rights reserved.
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impacts other membranous organelles, including mitochon-
dria, endosomes, and lysosomes, which have functional
contacts with the ER, and in turn exert direct or indirect ef-
fects on the outcome of ER stress signaling.9 In this article,
the authors offer succinct insights into the cellular processes
that underlie ER stress, with a particular emphasis on its role
in the evolution of MASLD/MASH. In addition, the global
landscape of organelle crosstalk and its mediators that show
promise as therapeutic targets has been reviewed.
ER Structure

The ER is an interconnected network largely made up of
three main structures: the nuclear envelope, the peripheral
ER consisting of smooth tubules and rough sheets, and the
cortical ER that abuts the plasma membrane. The nuclear
envelope is composed of two lipid bilayers, the inner and
outer nuclear membrane, which has numerous pores to
facilitate transport of RNAs and proteins. The outer mem-
brane of the nuclear envelope is continuous with the ER
membrane and connected to the sheets and cisternae of the
peripheral ER through their shared lumen. Sheets are flat
structures that have a stacked appearance due to the parallel
arrangement of the layers with consistent luminal spacing.
The curved regions in the membrane edges connect them to
one another.10 Rough ER sheets possess ribosomes on the
cytosolic surface, thus allowing them to partake in protein
synthesis and folding. Smooth ER tubules are dynamic
structures that are constantly remodeling and characterized
by scant ribosome attachment and binding. Cortical ER,
abutting the plasma membrane, is a combination of sheets
and tubules, and plays a role in calcium signaling.11

The distinctions in the subcellular architecture of the ER
and the differences in the ratio of sheets to tubules across cell
types facilitate diverse cellular functions.12 For instance, cells
with high secretory demand such as B cells (antibody syn-
thesis and secretion) and pancreatic acinar cells (insulin
synthesis and secretion) have large amounts of stacked sheets
in the rough ER, whereas cells involved in lipid synthesis
such as hepatocytes and Leydig cells have more tubules in
their smooth ER. This difference in the ratio of sheets to
tubules has been identified because of different ER shaping
proteins, most prominent being the reticulon family of pro-
teins. In vivo studies have demonstrated that a change in ER
structure with respect to tubule formation can alter changes
in normal lipid metabolism leading to an increase in lipid
droplets (LDs) and triglyceride content, and an up-regulation
of enzymes involved in de novo lipogenesis. Primary hepa-
tocytes from obese mice models have shown that enriching
ER sheets and increasing the ER sheet to tubule ratio via ER-
shaping membrane proteins such as the 63-kDa cytoskeleton-
linking membrane protein (Climp-63) can decrease lipogen-
esis and glucose production.13 Thus, the spatial organization
of the ER provides functional flexibility and metabolic di-
versity to the cell.
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ER Function

Structural complexity and flexibility of subcellular compo-
nents aid in meeting the complex metabolic demands and
maximizing the metabolic efficiency of multicellular or-
ganisms. Numerous studies have extensively characterized
the subcellular architecture in relation to metabolic ho-
meostasis, revealing that the structural organization of
cellular components is a critical factor influencing their
respective functions.13

A primary biosynthetic role of the ER is to ensure
cotranslational folding of nascent polypeptides, whether
they are secreted proteins, proteins intended for the plasma
membrane and other membranous organelles, or luminal
proteins within the ER, Golgi, and lysosomes. Translation
of these proteins begins in the cytosol, where the
ribosomeemRNA complex is formed. A topogenic signal
sequence in the nascent polypeptide is identified by the
signal recognition particle, or SRP.14,15 The
ribosomeemRNA complex encounters the nascent
polypeptideeSRP complex, and the four-component com-
plex, composed of the ribosome, mRNA, nascent poly-
peptide, and SRP complex, is recruited to the ER membrane
where it docks on the SRP receptor.16 Translation continues
on the ER membrane. Depending on whether the protein is
directed to be an integral membrane protein or secreted,
translocation will pause embedding the nascent polypeptide
in the ER membrane, or will be transported completely into
the ER lumen, respectively. In the event of misfolded pro-
teins or aggregates, proteins either remain in the ER lumen
or enter ER-associated degradation. Thus, ER quality con-
trol mechanisms prevent the secretion of anomalous
proteins.17

Apart from protein synthesis, the second biosynthetic
process integral to the ER membrane is lipid biogenesis,
reviewed elsewhere in detail.18 In hepatocytes, the smooth
ER is abundant and is a site for the synthesis of almost all
lipid classes. Most lipid synthesis enzymes are trans-
membrane proteins located in both the smooth and rough
ER membranes, with some pathways focused in subdomains
of the ER membrane, such as EReorganelle membrane
contact sites.18 Phospholipids are synthesized in the cytosol-
facing lipid bilayer of the ER membrane. Ceramides formed
in the ER are exported to the Golgi where they are further
enzymatically modified to generate glycosphingolipids and
sphingomyelin in the lumen-facing Golgi lipid bilayer.19 In
addition to phospholipid and sphingolipid synthesis,
cholesterol synthesis, triglyceride synthesis, and LD and
lipoprotein formation occur in the ER membrane.20

The nuclear envelope is a double membrane structure,
and the outer nuclear membrane is continuous with the ER.
Due to this continuity, the nuclear envelope and the ER
share many proteins. Like the ER, the nuclear envelope is
also a site for lipid metabolism. Mutations in protein of the
nuclear envelope proteins may be pathogenic, resulting in
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Lipotoxic ER Stress
multisystem disease, including lipodystrophies and suscep-
tibility to MASLD and MASH. These genetic links
demonstrate that lipid metabolism at the nuclear envelope.
and through their connections to chromatin, can affect lipid
metabolism gene programs.21

Lastly, the ER plays a crucial rule in calcium homeostasis
by employing proteins that aid in pumping Ca2þ from the
cytosol into the lumen against the electrochemical gradient,
storing Ca2þ by way of sequestering using luminal binding
proteins and releasing Ca2þ back into the cytosol via
channels along the electrochemical gradient. Calcium ho-
meostasis is maintained by the smooth ER Ca2þ ATPase
(SERCA) transporters, which pump Ca2þ into the ER
lumen, and inositol 1,4,5-triphosphate (IP3) receptor
activationemediated release of stored Ca2þ from the ER
lumen into the cytosol.11 The aforementioned processes
underscore that the ER is integral to both cellular and
organismal lipid homeostasis.
The Unfolded Protein Response

In homeostatic conditions, several checks and balances are in
place to prevent an accumulation of misfolded proteins in the
ER.22 When cells accumulate unfolded and/or misfolded
proteins in the ER, they undergo ER stress. In response to this,
to maintain homeostasis, several compensatory mechanisms
occur including translation inhibition, increase in chaperones
and folding enzymes and degradation of the unfolded/mis-
folded proteins. Failure to recover from ER stress triggers cell
death. In mammals, these signaling pathways are mediated by
the three proximal UPR sensors: inositol requiring enzyme 1a
(IRE1a), protein kinase-like ER kinase (PERK), and acti-
vating transcription factor 6a (ATF6a). The UPR sensors are
inactive basally, and in this configuration, their luminal do-
mains are bound to the chaperone 78-kDa glucose-regulated
protein (GRP78)/binding immunoglobulin protein (BiP)
(Figure 1). Misfolded proteins can trigger activation of the
UPR sensors by binding to GRP78/BiP or direct interactions
with the UPR sensors.

There are three described models of stress sensing by
IRE1a. In the direct association model, it is postulated that
the misfolded proteins trigger conformational changes,
which result in stabilization of IRE1a homodimers by
binding to the peptide binding pocket created in the luminal
domain of dimers, activating its kinase and endor-
ibonuclease activities.19,23 In the competition model,
GRP78/BiP prevents IRE1a dimerization by binding the
IRE1a luminal domain.24 The dissociation of BiP from the
IRE1a luminal domain is facilitated by nucleotide exchange
factors.25 In the allosteric model, binding of misfolded
protein to the BiP substrate binding domain (SBD) causes
dissociation of the BiP ATPase domain from the IRE1a
luminal domain via a conformational change.26 IRE1a un-
dergoes autophosphorylation, activating its RNase activity,
which then splices X-box binding protein 1 (XBP1) mRNA
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to generate sXBP1 mRNA, which encodes a soluble active
transcription factor (sXBP1). sXBP1 can transcriptionally
induce genes encoding ER chaperones and ER-associated
degradation proteins. Although both spliced and unspliced
forms of XBP1 can activate the UPR, the sXBP1 is a more
potent transcription factor.

PERK, like IREa, is a transmembrane protein, whose N-
terminal domain is bound by BiP. PERK dimerization and
autotransphosphorylation leads to the phosphorylation of the
eukaryotic translation initiation factor 2-a (eIF2a).27 eIF2a
phosphorylation results in the global attenuation of protein
translation with selective translation of activation transcrip-
tion factor 4 mRNA (ATF4). ATF4 can thereafter up-regulate
the expression of C/EBP homologous protein (CHOP), a
proapoptotic transcription factor. In a negative feedback loop,
CHOP induces the expression of GADD34, which along with
protein phosphatase 1 (PP1) dephosphorylates eIF2a, thus
allowing for translation to proceed.28

The third UPR sensor, ATF6a, translocates from ER to
the Golgi apparatus, where it is cleaved sequentially by site-
1 protease and site-2 protease to generate an N-terminal
fragment (ATF6f) from the cytosolic domain that functions
as a transcription factor.29 Overall, these pathways work in
concert to restore proteostasis. If restoration of proteostasis
fails, sustained activation of the UPR results in apoptosis.
ER stresseinduced apoptosis has been implicated to occur
via the transcription factor CHOP, the mitogen activated
protein kinase c-Jun N-terminal kinase (JNK), the death
receptor 5, Bcl-2 family proteins, calcium, redox homeo-
stasis, and caspase activation.30
Lipotoxic ER Stress

Lipotoxicity is defined as a dysregulation of the lipid envi-
ronment and/or intracellular composition that leads to accu-
mulation or transient generation of toxic lipids, resulting in
cell injury or death, described in many cell types including
hepatocytes and pancreatic b-cells.31 Lipotoxicity can be
induced by several toxic lipid species such as saturated fatty
acids (SFA) like palmitate, sphingolipids (C16:0 ceramide),
the phospholipid lysophosphatidylcholine (LPC), and free
cholesterol. By contrast, monosaturated free FAs, such as
oleate and palmitoleate, protect from SFA-induced toxicity.
Although excess palmitate can be incorporated into tri-
glycerides and phospholipids, it can also serve as a substrate
for ceramide synthesis and LPC formation. Ceramide C16
accumulation induced ER stress by causing a disturbance in
the Ca2þ homeostasis, leading to cell death through PERK/
ATF4 and ATF6a arms of the UPR, leading to induction of
CHOP expression.32e34 Ceramides can promote inflamma-
tion in MASH because palmitate induces the release of
proinflammatory extracellular vesicles in an IRE1a/XBP1-
dependent manner via transcriptional activation of the de
novo ceramide synthesis pathway.35,36 Through motifs in the
transmembrane domain, ATF6a can be activated by specific
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Figure 1 The three unfolded protein response transducers. Inositol-Requiring Enzyme 1a (IRE1a), PKR-like ER kinase (PERK), and activating transcription
factor 6a (ATF6a) are the three endoplasmic reticulum (ER) stress sensors that trigger a transcriptional program termed the unfolded protein response (UPR).
GRP78/BiP is an ER chaperone that is associated with all three transducers and inhibits them under normal physiological conditions. When ER stress or
misfolded proteins accumulate, BiP dissociates and allow the initiation of downstream signaling. IRE1a pathway: ER stress induces IRE1a homodimerization
and autophosphorylation, which triggers its RNase activity to splice XBP1. As a transcription factor, X-box binding proteins 1 (XBP1s) activates genes related
to the UPR, ERAD, and chaperones. PERK pathway: The activated PERK phosphorylates the alpha subunit of eIF2a, which attenuates protein translation to
reduce the burden of misfolded proteins. Phosphorylated eIF2 up-regulates ATF4, which increases proapoptotic CHOP and UPR genes. ATF6a pathway: ATF6a is
cleaved by site-1 and site-2 proteases (S1P and S2P) in the Golgi apparatus to produce ATF6N. ATF6N further initiates the transcription of its target UPR genes
in the nucleus. All these pathways collectively aim to improve the protein-folding capacity and decrease the protein-folding burden by shutting down
translation and degrading the ER-bound mRNAs. When this adaptive response fails, upregulated UPR signaling induces apoptosis. This figure was generated
using BioRender.com (Toronto, ON, Canada).

Venkatesan et al
sphingolipids (Figure 2).37 In addition to the role of ceramides
in ER stress, whether nuclear phenotypes associated with
MAFLD orMASH nuclear LDs can be resolved by inhibition
of ceramide synthesis remains to be elucidated.

In addition to ERelipid composition, membrane stiffness
also affects ER function.38 Sterol content is a determinant of
membrane fluidity and is normally maintained at low
amounts in the ER membrane.39 Abnormally increased
sterol and SFA concentrations stretch the membrane,
increasing its stiffness, triggering oligomerization of IRE1a
and PERK (Figure 2) and thus activating UPR.40 Exploring
how UPR transducers detect lipid accumulation in ER
membranes might elicit a physical basis of chronic lipotoxic
ER stress and reveal potentially druggable targets.

LPC is a phospholipid that is an important mediator of
lipotoxicity in MASH.41,42 LPC is a primary lipid species
1890
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of cell membrane bilayers, LD envelope monolayers, and
very low density lipoprotein (VLDL).43 This toxic lipid is
synthesized either intracellularly by the action of phos-
pholipase A2 (PLA2) from phosphatidylcholine (PC) or
extracellularly by the action of plasma lecithin-cholesterol
acyltransferase. Thus, inhibition of PLA2 has shown to
decrease intracellular LPC and palmitate-induced
apoptosis.44 PLA2 activation also depletes membrane PC
resulting in loss of hepatocyte membrane integrity, lip-
otoxic extracellular vesicle (EV) release, inflammation, and
apoptosis.42 Additionally, LPC induces ER stress via eIF2a
phosphorylation, increased CHOP expression, and JNK
activation leading to the induction of the BH3-only protein
PUMA (p53 upregulated modulator of apoptosis).
Increased PUMA results in Bax and caspase 3/7 activation
and thus apoptosis.44,45
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Figure 2 Intersection of the unfolded protein response transducers, lipotoxicity, and lipid metabolism. Inositol-requiring enzyme 1a (IRE1a), PKR-like ER
kinase (PERK), and activating transcription factor 6a (ATF6a) are implicated in lipotoxicity and regulation of lipid metabolism. The IRE1a-XBP1 axis is
important in regulating several aspects of lipid homeostasis including very low density lipoprotein (VLDL) lipidation, lipolysis, and de novo lipogenesis.
Hyperactivation of IRE1a results in regulated IRE1a-dependent decay of RNA (RIDD), which degrades several mRNAs and microRNAs that regulate lipid
metabolism. S-nitrosylation of IRE1a can occur in obesity, leading to a reduction in IRE1a-mediated XBP1 processing. PERK pathway regulates SREBP
activation by inhibition of the translation of INSIG and also by ATF4 mediated effects on lipid synthesis pathways. ATF6a can inhibit SREBP activation and can
directly also activate phospholipid biosynthesis and fatty acid oxidation. This figure was generated using BioRender.com (Toronto, ON, Canada). LD, lipid
droplets; TAG, triacylglycerol.

Lipotoxic ER Stress
Bidirectional Association between Lipotoxic
and Proteotoxic Stress

The ER functions in protein and lipid homeostasis, and
disruption in either process triggers ER stress. This could
be due to unfolded/misfolded protein accumulation detec-
ted by the luminal domain or lipid-induced activation of
UPR sensors, as discussed above. Additionally, SFA
accumulation-induced ER stress changes the integrity and
structure of the ER, leading to a downstream disturbance in
ER proteostasis.46 The bidirectionality between these two
stressors has also been evidenced by SFA-induced lip-
otoxic stress leading to the degradation of ER proteins,
which disrupts normal ER structure and function in a
Saccharomyces cerevisiae ER stress model, where the
gene OPI3 is deleted, inhibiting PC synthesis.47 To
demonstrate that proteotoxicity can occur downstream of
lipotoxic stress, 4-phenylbutyric acid, on binding to ER
misfolded proteins, stabilized and rescued lipotoxic stress-
The American Journal of Pathology - ajp.amjpathol.org
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induced UPR.39 Studies have shown the possible existence
of a threshold, only beyond which one stressor could
trigger the occurrence of the other. In Caenorhabditis
elegans, ablation of mdt-15, a regulator of lipid biosyn-
thesis genes, activated both IRE1a and PERK independent
of proteotoxic stress, possibly due to the lower threshold of
lipotoxic stress. To understand and explore the bidirec-
tional role of lipotoxic and proteotoxic stress in hepato-
cytes in the background of MASLD, more studies are
necessary.

ER Stress Sensors and Lipid Homeostasis

Independent of their roles in ER stress, each UPR sensor
plays a role in regulating lipid metabolism. Although
these roles are independent of canonical ER stress
signaling, proteotoxic or lipotoxic activation of each
sensor is necessary for most of their functions in lipid
homeostasis.
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IRE1a Pathway

Structurally, IRE1a is a transmembrane protein that pos-
sesses serine/threonine kinase and endoribonuclease
(RNase) activity on the cytosolic domain.31 At homeostasis,
it remains inactive because it is bound by the ER chaperone
BiP. Yet once activated, functionally, IRE1a represses lipid
accumulation and maintains lipoprotein secretion, thereby
regulating lipid homeostasis. This has been studied in
hepatocyte-specific deletion of IRE1a, which increased
hepatic steatosis and expression of transcriptional genes and
enzymes involved in lipid metabolism.48 Studies have also
demonstrated that IRE1a deletion impairs VLDL assembly
and secretion by reducing protein disulfide isomerase, an
enzyme that aids in delivery of lipids to the smooth ER
lumen, thus highlighting the role of IRE1a in attenuating
hepatic steatosis via repressed lipolysis and export of
VLDL.49

Manipulating transcription downstream of IRE1a by
XPB1 deletion in mice resulted in IRE1a hyperactivation,
which induced regulated IRE1-dependent decay of mRNA
(RIDD), reduced plasma triglycerides, cholesterol and de
novo hepatic lipogenesis by gene down-regulation (DGAT2,
SCD, and ACAA1).50 When nitric oxide synthaseemediated
nitrosylation of IRE1a occurs, there is a resultant reduction
in XBP1-mediated splicing causing impaired glucose ho-
meostasis and decreased PPARa and deacetylase sirtuin
1emediated FA oxidation and lipolysis.51

Recent data suggest that IRE1a activation leads to release
of proinflammatory extracellular vesicles from hepato-
cytes.35 This ties into the understanding that IRE1a acti-
vation promotes hepatic inflammation. Factors that
determine the fate of IRE1a are Bax inhibitor 1 (BI-1), a
negative regulator of IRE1a activation, and the degree of
RIDD. BI-1 deletion accelerates MASH by hyperactivation
of IRE1a and subsequent XBP1 activation. Concomitantly,
IRE1a hyperactivation results in greater RIDD with acti-
vation of inflammasome, inflammation, and liver injury.52

PERK Pathway

The PERK pathway’s role in hepatic lipid metabolism is
well documented. Knockdown of PERK gene expression
significantly inhibited palmitate-induced apoptosis.38

Downstream of PERK, drug-induced eIF2a phosphoryla-
tion resulted in increased steatosis via SREBP-1c and
SREBP-2 activation, likely due to decreased protein syn-
thesis of INSIG.53 Mice resistant to eIF2a activation
showed exacerbation of LD coat proteins in response to
drug-induced ER stress.54 Overexpression of GADD34
compromises eIF2a phosphorylation, resulting in protection
from high-fat dieteinduced hepatic steatosis in mice.55

Deletion of the transcription factor ATF4 attenuated lipid
accumulation and suppressed expression of SCD1, SREBP-
1c, ACC, and FA synthase.56 Additionally, ATF4-activated
CHOP contributes to disruption of FA oxidation and
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lipoprotein secretion through C/EBPa suppression. CHOP
deletion showed reduced C/EBPa, PPARa, SREBP-1, and
PPARg coactivator 1a.57
ATF6a Pathway

There are several unique aspects to the intersection of lipid
metabolism and ATF6a. The activation of ATF6a shares
some of the machinery employed by SREBP, including
translocation to the Golgi and cleavage by site-1 protease
and site-2 protease. ATF6a can also interact with PPARa to
regulate FA oxidation. In keeping with these observations,
ATF6 knockout mice showed hepatic steatosis secondary to
increased SREBP-1c expression and blockage of FA b-
oxidation. Overexpression of active ATF6a up-regulates the
transcription of genes involved in PC biosynthesis, inde-
pendent of XBP1. Uniquely, ATF6a, is the only UPR
sensor that can be activated directly by two sphingolipid
species, dihydrosphingosine and dihydroceramide, acti-
vating a downstream transcriptional program. This activa-
tion is mediated by the transmembrane domain of ATF6a;
mutations in the transmembrane domain abolish
sphingolipid-induced activation while retaining
proteotoxicity-induced activation of ATF6a via its luminal
domain, and vice-versa. Proteotoxic activation of ATF6a
led to predominant transcriptional up-regulation of chaper-
ones, whereas sphingolipid-induced activation of ATF6a
induced lipid metabolism genes, including ACOX1, LRP1,
and PPARA, reflecting nonspecific up-regulation of multiple
pathways that affect lipid homeostasis.37 The specificity of
activation of ATF6a by dihydro-species of sphingolipids
and activation of a distinct transcriptional signature suggest
that there may be an ATF6a-mediated lipo-stasis pathway
similar to the canonical proteostasis mediated by all of the
UPR sensors.
EVs as a Language of ER Stress

EVs are being studied intensely with growing interest in the
development of minimally invasive biomarkers for MASLD
diagnosis and prognostication. EVs are a heterogenous
group of membranous structures, which are released by
multiple cell types and have a diverse repertoire of bioactive
compounds and metabolites, including RNA, surface pro-
teins, and cytosolic constituents.58 EVs can be derived from
endosomal compartments where intraluminal vesicles of
multivesicular bodies are released upon multivesicular body
fusion with the plasma membrane. The resultant EVs are
termed exosomes. Alternatively, EVs released by direct
blebbing from the plasma membrane are termed micro-
vesicles.59 The need for disease-specific EV biomarkers is
justified given the evidence from recent studies that
demonstrate an increase in circulating EVs in patients with
MASH, alcoholic liver disease, and cirrhosis.60e62 In an
earlier study, the authors demonstrated that plasma levels of
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hepatocyte-derived small and large EVs correlate with
steatosis in MASLD patients and steatosis and inflammation
in MASH patients with a decrease in levels following
MASLD resolution secondary to bariatric surgery.63

Mechanistic studies demonstrated that lipotoxic hepato-
cytes release EVs that are proinflammatory by virtue of
signaling molecules such as damage-associated molecular
patterns and chemokines contained within the EVs. The
formation of EVs from palmitate-stimulated hepatocytes
was mediated by IRE1a.35 Examination of the mechanism
of biogenesis of EVs in MASH demonstrated that lipotoxic
EVs, enriched in S1P, are released following the activation
of IRE1a leading to XBP1-mediated transcriptional up-
regulation of de novo ceramide synthesis.36 At a patho-
physiological level, proinflammatory S1P-containing EVs
from hepatocytes mediate liver inflammation in MASH by
recruiting monocyte-derived macrophages into the liver.35,36

Others have demonstrated the release of misfolded proteins
and chaperones in EVs.64,65 Thus, ER stress could be
communicated to the extracellular milieu by the release of
EVs.

EVs from other cell types can also communicate and
elicit stress or salutary responses in hepatocytes by regu-
lating ER function. EVs isolated from the supernatant of
LPS-stimulated macrophages can induce expression of in-
flammatory genes and ER stress in hepatocytes through the
PERK pathway. Additionally, treated hepatocytes exhibit
altered lipid metabolism, where de novo ceramide synthesis
enzyme serine palmitoyltransferase expression decreases,
whereas cholesterol synthesis gene expression increases.
However, the composition of these EVs that activate the
UPR when co-cultured with hepatocytes remains un-
known.66 Additionally, adipocyte-derived EVs have been
shown to induce hepatic steatosis due to their abundance in
resistin. Resistin, by inhibiting phosphorylation of 50-aden-
osine monophosphate-activated protein kinase a (pAMPKa)
on Thr172, generates ER stress and ultimately contributes to
the development of MASLD/MASH.67 Melatonin treatment
led to an increase in the transcription factor brain and
muscle Arnt-like protein-1, which can reduce cellular
resistin levels and content in EVs and has thus been
explored as a therapeutic modality as discussed in later
sections. Mesenchymal stem cells have therapeutic poten-
tial; one postulated mechanism is via mitigation of ER stress
in an ischemia reperfusion injury model.68

EVs are a heterogenous population released from
different sites and under various cellular states, both of
which influence their physical and biological characteristics.
This and the inherent complexities of biological fluids in-
crease the difficulty of isolating EVs and identifying
candidate prognostic and diagnostic biomarkers. Further-
more, there are no standardized techniques for isolating
EVs; studies rely on a general consensus, but many varia-
tions in isolation methods exist.59 These variations
contribute to inconsistencies in the literature and pose a
challenge to biomedical applications. Nonetheless, it is
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important to identify the different populations of EVs to
better understand whether the EV number, cargo, or phys-
ical characteristics are altered in disease. Characterization of
EVs is limited to population-based assays, which hinders
the identification of relevant subpopulations. Although sin-
gle particle analysis of EV size and number is possible using
nanoparticle tracking analysis, quantitative analysis of EV
cargo on a single particle analysis remains an area for
growth. In summary, EVs are a heterogenous population
that contributes to health and disease with diagnostic,
prognostic, and therapeutic potential. However, there are
technological hindrances to identifying and isolating rele-
vant populations for their use. A greater understanding of
their origin and characteristics may help in overcoming
these difficulties.
EReMitochondria Contact Sites

ER membranes make contact with the mitochondria
(Figure 3); these contact sites are termed mitochondria-
associated membranes, or MAMs. MAMs are dynamic
protein bridges that tether the mitochondria to the ER and
integrate cellular processes that require an interfacing plat-
form for efficient execution. These processes include Ca2þ

homeostasis, lipid metabolism, autophagy, NOD-like re-
ceptor protein 3 (NLRP3) inflammasome activation, and
apoptosis, all of which are relevant to the pathogenesis of
fatty liver.69 Proteomics studies have identified greater than
1000 proteins in isolated MAM fractions, many of which
play structural roles. The ER proteins MOSPD2, ORP5,
ORP8, VAPB, and PDCD8 are associated with MAMs.
MOSPD2 and VAPB interact with the mitochondrial protein
PTPIP51. Additionally, inositol 1,4,5-triphosphate receptors
(IP3R1s) in the ER membrane form a MAM by binding
VDAC1 and GRP75 harbored in the outer mitochondrial
membrane. These interactions facilitate lipid exchange and
Ca2þ transport, respectively.70,71 The UPR sensors IRE1a
and PERK are both present at MAMs where they are linked
to canonical, noncanonical, and regulatory properties.
Deletion of tethering proteins can activate the UPR, for
example, mitofusin 2 (mfn2) represses PERK activation,
such that deletion of mfn2 leads to activation of PERK,
IRE1a, and ATF6a.72 ER stress is communicated to mito-
chondria via MAMs, and this communication helps
ameliorate ER stress. Studies have shown that ER stress
causes mitochondria to relocate toward the perinuclear ER.
These mitochondria are different as they have an increased
transmembrane potential and calcium uptake resulting in
higher ATP production, reductive power, and oxygen con-
sumption. This increase in ATP is needed to buttress the
prosurvival ER stress transcriptional factors that lead to an
increase in chaperones. An increase in ERemitochondrial
MAMs is reported in fatty liver and correlates with the
severity of hepatic steatosis and inflammation.73

Conversely, disruption of ERemitochondrial MAMs is
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Figure 3 Tethering proteins at endoplasmic reticulum (ER) membrane contact sites with other organelles. Representative illustration of the membrane
contact sites (MCSs) of the ER with mitochondria, endosomes, and lipid droplet (LD). ER-Lipid droplet: Three proteins highlighted are Seipin, Sorting Nexin 14
(SNX14), and Rab18. ER-Mitochondria-Associated Membrane: ER membrane protein IP3R1 interacts with proteins on the mitochondrial membrane such as
VDAC1 for lipid transport and GRP75 for calcium transport. PTPI51 on the mitochondrial membrane interacts with MOSPD2, VAP-B, ORP, and PDC8 in the ER
membrane. ER-Endosomes: Annexin A1 and its ligand S100A11 in the endosomal compartment interact with the phosphatase PTP1B for EGFR down-regulation.
ORP1L, STARD3, and STARD3NL in the endosomal compartment interacts with VAP-A on ER membranes to aid cholesterol transfer from ER to the endosomes.
This figure was generated using BioRender.com (Toronto, ON, Canada).
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noted to be an early event in high-fat dietefed mice.74 In
other models, NLRP3 activation, which is a prominent
feature of fatty liver, occurs at MAMs. Future functional
studies are necessary to determine how lipotoxic ER
stresseassociated MAMs regulate cellular fate and
inflammation.
Lipid Droplets

LD are dynamic, ER-derived, regulatory organelles of lipid
homeostasis that are encircled by a phospholipid monolayer
peppered with an array of proteins, and a hydrophobic core
composed of neutral lipids such as triglycerides and sterol
esters.20,75 This arrangement allows for the storage of lipids
at the core and their use for signaling pathways, membrane
biosynthesis, and energy while preventing lipotoxic dam-
age. Defects in either their formation or breakdown have
been shown to contribute to disease pathogenesis in obesity,
1894
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fatty liver, diabetes, and atherosclerosis, among others.76

Although in-depth mechanistic understanding of LD
biogenesis remains elusive, it has been established that
many of the constituents of LDs are formed in the ER
membrane from which LD budding occurs (Figure 3).77

Several protein constituents of LDeER contact sites have
been identified, including seipin, sorting nexin 14, and
Rab18.78e80 Given this intimate structural and functional
relationship, it is not surprising that LDs are affected by ER
stress. ER stress leads to LD formation; indeed, when
IRE1a function is intact, LD formation is attenuated under
conditions of ER stress.48 Conversely, failure of LD for-
mation can lead to ER stress, and free FA esterification into
triglyceride and LD formation mitigate lipotoxic ER
stress.73

In addition to the cytoplasm, LDs have been observed in
the nucleus of various cell types including hepatocytes.81

Nuclear LDs arise from Apo-B free ER luminal LDs, and
LDs increase in pathologic conditions including high fat diet
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feeding. Liver-specific deletion of the nuclear envelope
proteins TorsinA and lamina-associated polypeptide 1
(LAP1) lead to impaired VLDL secretion, increased nuclear
LDs, and steatosis.82 Thus, these data suggest an interde-
pendence in VLDL biogenesis and nuclear LD formation,
such that increased flux in this pathway or accumulation of
VLDL precursors, both increase nuclear LDs. The physio-
logical function of nuclear LDs and their role in MASH
remain unknown. Several LD proteins determine MASH
progression.83 Mechanosensing by LDs plays a role in he-
patocyte function.84 It remains to be determined whether
nuclear LDs contribute to cellular injury in MASH or
represent a spillover phenomenon. Studies in yeast have
demonstrated a role for LDs in the clearance of misfolded
protein inclusion bodies by supplying a sterol-based
metabolite.85 In mammalian cells, LDs are involved in
proteasomal degradation, as demonstrated for ApoB100 and
3-hydroxy-3-methylglutrayl CoA reductase.86,87 LD and LD
proteins play a key role in fatty liver, reviewed in detail
elsewhere.83 Many of the susceptibility loci for fatty liver
also occur in LD proteins. Collectively, the findings from
these studies provide evidence that LDs play a crucial role
in mediating the interplay between lipotoxicity and proteo-
toxicity. As a result, they are likely to impact the outcome of
ER stress in the context of fatty liver.

EReEndosome Contact Sites

The presence of EReendosome contact sites contributes to
various aspects of endosomal function, including fission,
maturation, and the formation of late endosomes. These
contact sites become more abundant as late endosomes are
established.88 Perturbations of proteins that form endosomal
ER contact sites are associated with diseases, such as muta-
tions in Niemann-Pick type C protein 1 (NPC1), which
mediates cholesterol transport. Endosomal heterogeneity is
reflected in the several types of contacts formed and the
functions they serve. For example, annexin A1 and its ligand
S100A11 form EReendosome membrane contact sites upon
epidermal growth factor receptor (EGFR) stimulation, facil-
itating the interaction with ER-localized phosphatase PTP1B,
which dephosphorylates EGFR on the endosomal mem-
brane.89 Annexin A1 treatment improves injury and inflam-
mation in fatty liver without impacting steatosis.90 It is
unknown whether annexin A1’s role as EReendosome
contact site plays a role in MASLD progression in addition
to its role in inflammatory signaling. S100A11 is up-
regulated in MASH and may also perturb endosomal func-
tion.91 Cholesterol transfers from the ER to the endosomes
via formation of contacts between endosomal proteins such
as ORP1L, STARD3, and STARD3NL with the ER protein,
VAP-A.88 The ER membrane contact sites with LDs and
endosomes contribute to lipid transfer between the tethered
organelles; how these membrane contact sites participate in
lipotoxic ER stress is an opportunity for future studies.
The American Journal of Pathology - ajp.amjpathol.org
Descargado para Anonymous User (n/a) en National Library of Health and Socia

uso personal exclusivamente. No se permiten otros usos sin autorización.
Therapeutic Opportunities

ER stress and the UPR cascade are implicated in multiple
liver pathologies, owing to which, therapeutic targets that
modulate these pathways have gained importance.92 Both
naturally occurring compounds and pharmaceutical agents
have been studied in the background of ER stress in
MASLD. A selection of the naturally occurring compounds
or supplements are discussed here. Vitamin C ameliorates
murine hepatic steatosis by way of down-regulation of
ATF6a, eIF2a, HSPA5, and XBP1. Taurine suppresses ER
and oxidative stress via caspase 3 activation and inducing
apoptosis in diet-induced MASLD models. Curcumin has
been shown to reduce ER stress markers [BiP, PERK, IRE1,
TRAF2, tumor necrosis factor (TNF), IL1B, MAPK14,
MAP3K5, and CEBPB] in diabetic rat liver. Quercetin re-
solves ER stress, oxidative stress, and hepatotoxicity by
reducing IRE1a and MAPK8 levels in rat livers subjected to
lead. Berberine, a naturally occurring plant alkaloid found in
Coptis chinensis, has been studied in oriental medicine for
its glucose-lowering and LDL-lowering effects. In vitro
studies have shown the berberine-reversed ER
stresseactivated lipogenesis via the ATF6/SREBP-1c
pathway. Additionally, it reduces protein aggregation, and
FA-induced lipid accumulation and tunicamycin-induced
triglyceride and collagen deposition, altogether reducing
hepatic inflammation, fibrosis, and lipid peroxides.93 Obe-
ticholic acid, an agonist of farnesoid X receptor, in
advanced clinical trials for MASH reduces ER stress, likely
via regulating lipid metabolism.94

Several pharmaceutical agents, including empagliflozin,
liraglutide, metformin, pioglitazone, and rapamycin, are
associated with a reduction in ER stress, likely indirectly
given their mechanisms of action are not direct components
of the ER stress response.22 Among the multiple small
molecule compounds that have been discovered, few have
been studied in the context of MASLD and warrant future
studies in this direction. 4m8C binds to the IRE1a endor-
ibonuclease domain and thereby inhibits the RIDD activity
and XBP-1 splicing.95 In studies that explored the interplay
of stellate cells, neoplastic hepatocytes, and ER stress in mice
with fibrotic hepatocellular carcinoma, 4m8C reduced tumor
burden and collagen deposition by blocking IRE1a-induced
stellate cell activation.96 Additionally, 4m8C has also shown
to reduce carbon tetrachloride (CCl4)-induced liver injury
and fibrosis.97 A modulator of the PERK pathway, salubrinal
prevents eIF2a dephosphorylation and improves HepG2 cell
viability in response to tunicamycin-induced ER stress.98

Ursodeoxycholic acid (UDCA), a chemical chaperone
that promotes protein folding and its appropriate assembly is
US Food and Drug Administrationeapproved to treat pri-
mary biliary cholangitis.99 Additionally, tauroursodeox-
ycholic acid (TUDCA) reduces apoptosis and mitochondrial
depolarization, and enhances insulin sensitivity. A com-
pound with similar mechanism of action, 4-PBA is also
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approved for treatment of urea-cycle disorders. 4-PBA
lowers the eIF2a phosphorylation and inhibits ER
stressemediated apoptosis and hepatic inflammation, evi-
denced by a reduction in plasma TNFa and MPO levels.22

Outside of its protein folding ability, 4-PBA also increases
the secretion of mutant alpha 1 antitrypsin (AAT) protein,
allowing for its use in reduction of lung and liver injury in
AAT deficiency.100

These studies suggest that reducing the overall burden of
lipotoxic species leads to an improvement in ER
stresseinduced deleterious signaling outcomes. Addition-
ally, therapies that improve ER proteostasis and optimize
ER lipo-stasis may serve to mitigate lipotoxicity. For
example, selective transmembrane-domainemediated acti-
vation of ATF6a may serve to increase FA oxidation.
Finetuning IRE1a activation to avoid deleterious conse-
quences of hyperactive IRE1a may benefit steatosis. Inhi-
bition of de novo ceramide synthesis, which is activated
downstream of IRE1a in MASH, is efficacious in mouse
models, yet remains untested in humans. Exploiting the
PERK pathway by increasing ATF4 activation while
inhibiting CHOP activation may also be of benefit in lip-
otoxic diseases.
Summary and Conclusions

Obesity and insulin resistance have increased the rates of
MASLD at an epidemic scale, both in the United States and
worldwide. The interconnectedness of the ER to other
membranous organelles allows it to function as a stress-
sensing platform. Lipotoxic stress in fatty liver is sufficient
to activate the UPR sensors with downstream effects on
multiple membrane-defined organelles. This orchestra of
intracellular communication is incompletely understood,
and further experimental testing is needed to expand
mechanistic understanding and therapeutic opportunities of
the structureefunction relationship under conditions of
lipotoxic ER stress.
Acknowledgment

We thank Courtney Hoover for her excellent administrative
support.

Disclosure Statement

None declared.
References

1. Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE,
Swain MG, Congly SE, Kaplan GG, Shaheen AA: The prevalence
and incidence of NAFLD worldwide: a systematic review and meta-
analysis. Lancet Gastroenterol Hepatol 2022, 7:851e861
1896
Descargado para Anonymous User (n/a) en National Library of Health and So

uso personal exclusivamente. No se permiten otros usos sin autorizació
2. Parthasarathy G, Revelo X, Malhi H: Pathogenesis of nonalcoholic
steatohepatitis: an overview. Hepatol Commun 2020, 4:478e492

3. Rada P, Gonzalez-Rodriguez A, Garcia-Monzon C, Valverde AM:
Understanding lipotoxicity in NAFLD pathogenesis: is CD36 a key
driver? Cell Death Dis 2020, 11:802

4. Malhotra JD, Kaufman RJ: Endoplasmic reticulum stress and
oxidative stress: a vicious cycle or a double-edged sword? Antioxid
Redox Signal 2007, 9:2277e2293

5. Xu C, Bailly-Maitre B, Reed JC: Endoplasmic reticulum stress: cell
life and death decisions. J Clin Invest 2005, 115:2656e2664

6. Hotamisligil GS: Endoplasmic reticulum stress and atherosclerosis.
Nat Med 2010, 16:396e399

7. Hotamisligil GS: Endoplasmic reticulum stress and the inflammatory
basis of metabolic disease. Cell 2010, 140:900e917

8. Hummasti S, Hotamisligil GS: Endoplasmic reticulum stress and
inflammation in obesity and diabetes. Circ Res 2010, 107:579e591

9. Xiong X, Kuang H, Ansari S, Liu T, Gong J, Wang S, Zhao X-Y,
Ji Y, Li C, Guo L, Zhou L, Chen Z, Leon-Mimila P, Chung MT,
Kurabayashi K, Opp J, Campos-Pérez F, Villamil-Ramirez H, Cani-
zales-Quinteros S, Lyons R, Lumeng CN, Zhou B, Qi L, Huertas-
Vazquez A, Lusis AJ, Xu XZS, Li S, Yu Y, Li JZ, Lin JD: Landscape
of intercellular crosstalk in healthy and NASH liver revealed by
single-cell secretome gene analysis. Mol Cell 2019, 75:644e660.e5

10. Terasaki M, Shemesh T, Kasthuri N, Klemm RW, Schalek R,
Hayworth KJ, Hand AR, Yankova M, Huber G, Lichtman JW,
Rapoport TA, Kozlov MM: Stacked endoplasmic reticulum sheets
are connected by helicoidal membrane motifs. Cell 2013, 154:
285e296

11. Schwarz DS, Blower MD: The endoplasmic reticulum: structure,
function and response to cellular signaling. Cell Mol Life Sci 2016,
73:79e94

12. Staehelin LA: The plant ER: a dynamic organelle composed of a
large number of discrete functional domains. Plant J 1997, 11:
1151e1165

13. Parlakgul G, Arruda AP, Pang S, Cagampan E, Min N, Guney E,
Lee GY, Inouye K, Hess HF, Xu CS, Hotamisligil GS: Regulation of
liver subcellular architecture controls metabolic homeostasis. Nature
2022, 603:736e742

14. Walter P, Blobel G: Translocation of proteins across the endoplasmic
reticulum. II. Signal recognition protein (SRP) mediates the selective
binding to microsomal membranes of in-vitro-assembled polysomes
synthesizing secretory protein. J Cell Biol 1981, 91:551e556

15. Walter P, Ibrahimi I, Blobel G: Translocation of proteins across the
endoplasmic reticulum. I. Signal recognition protein (SRP) binds to
in-vitro-assembled polysomes synthesizing secretory protein. J Cell
Biol 1981, 91:545e550

16. Meyer DI, Krause E, Dobberstein B: Secretory protein translocation
across membranes-the role of the ‘docking protein. Nature 1982, 297:
647e650

17. Ruggiano A, Foresti O, Carvalho P: Quality control: ER-associated
degradation: protein quality control and beyond. J Cell Biol 2014,
204:869e879

18. Jacquemyn J, Cascalho A, Goodchild RE: The ins and outs of
endoplasmic reticulum-controlled lipid biosynthesis. EMBO Rep
2017, 18:1905e1921

19. Promlek T, Ishiwata-Kimata Y, Shido M, Sakuramoto M, Kohno K,
Kimata Y: Membrane aberrancy and unfolded proteins activate the
endoplasmic reticulum stress sensor Ire1 in different ways. Mol Biol
Cell 2011, 22:3520e3532

20. Olzmann JA, Carvalho P: Dynamics and functions of lipid droplets.
Nat Rev Mol Cell Biol 2019, 20:137e155

21. Östlund C, Hernandez-Ono A, Shin JY: The nuclear envelope in lipid
metabolism and pathogenesis of NAFLD. Biology (Basel) 2020, 9:
338

22. Ajoolabady A, Kaplowitz N, Lebeaupin C, Kroemer G, Kaufman RJ,
Malhi H, Ren J: Endoplasmic reticulum stress in liver diseases.
Hepatology 2023, 77:619e639
ajp.amjpathol.org - The American Journal of Pathology
cial Security de ClinicalKey.es por Elsevier en diciembre 11, 2023. Para 
n. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0002-9440(23)00314-0/sref1
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref1
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref1
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref1
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref1
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref2
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref2
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref2
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref3
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref3
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref3
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref4
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref4
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref4
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref4
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref5
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref5
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref5
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref6
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref6
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref6
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref7
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref7
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref7
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref8
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref8
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref8
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref9
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref10
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref10
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref10
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref10
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref10
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref10
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref11
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref11
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref11
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref11
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref12
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref12
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref12
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref12
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref13
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref13
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref13
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref13
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref13
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref14
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref14
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref14
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref14
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref14
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref15
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref15
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref15
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref15
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref15
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref16
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref16
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref16
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref16
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref17
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref17
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref17
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref17
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref18
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref18
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref18
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref18
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref19
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref19
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref19
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref19
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref19
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref20
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref20
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref20
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref21
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref21
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref21
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref22
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref22
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref22
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref22
http://ajp.amjpathol.org


Lipotoxic ER Stress
23. Credle JJ, Finer-Moore JS, Papa FR, Stroud RM, Walter P: On the
mechanism of sensing unfolded protein in the endoplasmic reticulum.
Proc Natl Acad Sci U S A 2005, 102:18773e18784

24. Amin-Wetzel N, Saunders RA, Kamphuis MJ, Rato C, Preissler S,
Harding HP, Ron D: A J-protein co-chaperone recruits BiP to mon-
omerize IRE1 and repress the unfolded protein response. Cell 2017,
171:1625e1637.e13

25. Behnke J, Feige MJ, Hendershot LM: BiP and its nucleotide ex-
change factors Grp170 and Sil1: mechanisms of action and biological
functions. J Mol Biol 2015, 427:1589e1608

26. Santiago AM, Goncalves DL, Morano KA: Mechanisms of sensing
and response to proteotoxic stress. Exp Cell Res 2020, 395:112240

27. Harding HP, Zhang Y, Ron D: Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature 1999,
397:271e274

28. Malhi H, Kaufman RJ: Endoplasmic reticulum stress in liver disease.
J Hepatol 2011, 54:795e809

29. Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R,
Brown MS, Goldstein JL: ER stress induces cleavage of membrane-
bound ATF6 by the same proteases that process SREBPs. Mol Cell
2000, 6:1355e1364

30. Brancolini C, Iuliano L: Proteotoxic stress and cell death in cancer
cells. Cancers (Basel) 2020, 12:2385

31. Malhi H, Gores GJ: Molecular mechanisms of lipotoxicity in nonal-
coholic fatty liver disease. Semin Liver Dis 2008, 28:360e369

32. Aflaki E, Doddapattar P, Radovic B, Povoden S, Kolb D, Vujic N,
Wegscheider M, Koefeler H, Hornemann T, Graier WF, Malli R,
Madeo F, Kratky D: C16 ceramide is crucial for triacylglycerol-
induced apoptosis in macrophages. Cell Death Dis 2012, 3:e280

33. Epstein S, Kirkpatrick CL, Castillon GA, Muñiz M, Riezman I,
David FPA, Wollheim CB, Riezman H: Activation of the unfolded
protein response pathway causes ceramide accumulation in yeast and
INS-1E insulinoma cells. J Lipid Res 2012, 53:412e420

34. Pettus BJ, Chalfant CE, Hannun YA: Ceramide in apoptosis: an
overview and current perspectives. Biochim Biophys Acta 2002,
1585:114e125

35. Kakazu E, Mauer AS, Yin M, Malhi H: Hepatocytes release
ceramide-enriched pro-inflammatory extracellular vesicles in an
IRE1alpha-dependent manner. J Lipid Res 2016, 57:233e245

36. Dasgupta D, Nakao Y, Mauer AS, Thompson JM, Sehrawat TS,
Liao CY, Krishnan A, Lucien F, Guo Q, Liu M, Xue F,
Fukushima M, Katsumi T, Bansal A, Pandey MK, Maiers JL,
DeGrado T, Ibrahim SH, Revzin A, Pavelko KD, Barry MA,
Kaufman RJ, Malhi H: IRE1A stimulates hepatocyte-derived extra-
cellular vesicles that promote inflammation in mice with steatohe-
patitis. Gastroenterology 2020, 159:1487e1503.e17

37. Tam AB, Roberts LS, Chandra V, Rivera IG, Nomura DK, Forbes DJ,
Niwa M: The UPR Activator ATF6 responds to proteotoxic and lip-
otoxic stress by distinct mechanisms. Dev Cell 2018, 46:327e343.e7

38. Cao J, Dai D-L, Yao L, Yu H-H, Ning B, Zhang Q, Chen J, ChengW-H,
Shen W, Yang Z-X: Saturated fatty acid induction of endoplasmic re-
ticulum stress and apoptosis in human liver cells via the PERK/ATF4/-
CHOP signaling pathway. Mol Cell Biochem 2012, 364:115e129

39. Pineau L, Colas J, Dupont S, Beney L, Fleurat-Lessard P,
Berjeaud JM, Berges T, Ferreira T: Lipid-induced ER stress: syner-
gistic effects of sterols and saturated fatty acids. Traffic 2009, 10:
673e690

40. Radanovic T, Ernst R: The unfolded protein response as a guardian of
the secretory pathway. Cells 2021, 10:2965

41. Han MS, Park SY, Shinzawa K, Kim S, Chung KW, Lee J-H,
Kwon CH, Lee K-W, Lee J-H, Park CK, Chung WJ, Hwang JS,
Yan J-J, Song D-K, Tsujimoto Y, Lee M-S: Lysophosphatidylcholine
as a death effector in the lipoapoptosis of hepatocytes. J Lipid Res
2008, 49:84e97

42. Song MJ, Malhi H: The unfolded protein response and hepatic lipid
metabolism in non alcoholic fatty liver disease. Pharmacol Ther 2019,
203:107401
The American Journal of Pathology - ajp.amjpathol.org
Descargado para Anonymous User (n/a) en National Library of Health and Socia

uso personal exclusivamente. No se permiten otros usos sin autorización.
43. Neuschwander-Tetri BA: Hepatic lipotoxicity and the pathogenesis of
nonalcoholic steatohepatitis: the central role of nontriglyceride fatty
acid metabolites. Hepatology 2010, 52:774e788

44. Kakisaka K, Cazanave SC, Fingas CD, Guicciardi ME, Bronk SF,
Werneburg NW, Mott JL, Gores GJ: Mechanisms of
lysophosphatidylcholine-induced hepatocyte lipoapoptosis. Am J
Physiol Gastrointest Liver Physiol 2012, 302:G77e84

45. Cazanave SC, Elmi NA, Akazawa Y, Bronk SF, Mott JL, Gores GJ:
CHOP and AP-1 cooperatively mediate PUMA expression during
lipoapoptosis. Am J Physiol Gastrointest Liver Physiol 2010, 299:
G236eG243

46. Borradaile NM, Han X, Harp JD, Gale SE, Ory DS, Schaffer JE:
Disruption of endoplasmic reticulum structure and integrity in lip-
otoxic cell death. J Lipid Res 2006, 47:2726e2737

47. Shyu P Jr, Ng BSH, Ho N, Chaw R, Seah YL, Marvalim C,
Thibault G: Membrane phospholipid alteration causes chronic ER
stress through early degradation of homeostatic ER-resident proteins.
Sci Rep 2019, 9:8637

48. Zhang K, Wang S, Malhotra J, Hassler JR, Back SH, Wang G,
Chang L, Xu W, Miao H, Leonardi R, Chen YE, Jackowski S,
Kaufman RJ: The unfolded protein response transducer IRE1alpha
prevents ER stress-induced hepatic steatosis. EMBO J 2011, 30:
1357e1375

49. Wang S, Chen Z, Lam V, Han J, Hassler J, Finck BN, Davidson NO,
Kaufman RJ: IRE1alpha-XBP1s induces PDI expression to increase
MTP activity for hepatic VLDL assembly and lipid homeostasis. Cell
Metab 2012, 16:473e486

50. Lee AH, Scapa EF, Cohen DE, Glimcher LH: Regulation of hepatic
lipogenesis by the transcription factor XBP1. Science 2008, 320:
1492e1496

51. Wang JM, Qiu Y, Yang Z, Kim H, Qian Q, Sun Q, Zhang C, Yin L,
Fang D, Back SH, Kaufman RJ, Yang L, Zhang K: IRE1alpha pre-
vents hepatic steatosis by processing and promoting the degradation
of select microRNAs. Sci Signal 2018, 11:eaao4617

52. Lisbona F, Rojas-Rivera D, Thielen P, Zamorano S, Todd D,
Martinon F, Glavic A, Kress C, Lin JH, Walter P, Reed JC,
Glimcher LH, Hetz C: BAX inhibitor-1 is a negative regulator of the
ER stress sensor IRE1alpha. Mol Cell 2009, 33:679e691

53. Lauressergues E, Bert E, Duriez P, Hum D, Majd Z, Staels B,
Cussac D: Does endoplasmic reticulum stress participate in APD-
induced hepatic metabolic dysregulation? Neuropharmacology
2012, 62:784e796

54. Rutkowski DT, Wu J, Back SH, Callaghan MU, Ferris SP, Iqbal J,
Clark R, Miao H, Hassler JR, Fornek J, Katze MG, Hussain MM,
Song B, Swathirajan J, Wang J, Yau GD, Kaufman RJ: UPR path-
ways combine to prevent hepatic steatosis caused by ER stress-
mediated suppression of transcriptional master regulators. Dev Cell
2008, 15:829e840

55. Oyadomari S, Harding HP, Zhang Y, Oyadomari M, Ron D:
Dephosphorylation of translation initiation factor 2alpha enhances
glucose tolerance and attenuates hepatosteatosis in mice. Cell Metab
2008, 7:520e532

56. Xiao G, Zhang T, Yu S, Lee S, Calabuig-Navarro V, Yamauchi J,
Ringquist S, Dong HH: ATF4 protein deficiency protects against high
fructose-induced hypertriglyceridemia in mice. J Biol Chem 2013,
288:25350e25361

57. Wang Y, Zhang L, Wu X, Gurley EC, Kennedy E, Hylemon PB,
Pandak WM, Sanyal AJ, Zhou H: The role of CCAAT enhancer-
binding protein homologous protein in human immunodeficiency
virus protease-inhibitor-induced hepatic lipotoxicity in mice. Hep-
atology 2013, 57:1005e1016

58. Ye J, Liu X: Interactions between endoplasmic reticulum stress and
extracellular vesicles in multiple diseases. Front Immunol 2022, 13:
955419

59. van Niel G, D’Angelo G, Raposo G: Shedding light on the cell
biology of extracellular vesicles. Nat Rev Mol Cell Biol 2018, 19:
213e228
1897
l Security de ClinicalKey.es por Elsevier en diciembre 11, 2023. Para 

 Copyright ©2023. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0002-9440(23)00314-0/sref23
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref23
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref23
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref23
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref24
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref24
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref24
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref24
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref24
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref25
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref25
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref25
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref25
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref26
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref26
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref27
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref27
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref27
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref27
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref28
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref28
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref28
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref29
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref29
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref29
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref29
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref29
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref30
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref30
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref31
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref31
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref31
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref32
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref32
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref32
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref32
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref33
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref33
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref33
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref33
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref33
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref34
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref34
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref34
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref34
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref35
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref35
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref35
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref35
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref36
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref37
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref37
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref37
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref37
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref38
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref38
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref38
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref38
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref38
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref39
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref39
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref39
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref39
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref39
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref40
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref40
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref41
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref41
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref41
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref41
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref41
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref41
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref42
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref42
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref42
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref43
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref43
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref43
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref43
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref44
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref44
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref44
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref44
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref44
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref45
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref45
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref45
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref45
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref45
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref46
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref46
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref46
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref46
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref47
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref47
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref47
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref47
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref48
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref48
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref48
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref48
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref48
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref48
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref49
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref49
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref49
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref49
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref49
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref50
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref50
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref50
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref50
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref51
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref51
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref51
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref51
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref52
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref52
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref52
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref52
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref52
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref53
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref53
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref53
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref53
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref53
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref54
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref55
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref55
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref55
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref55
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref55
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref56
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref56
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref56
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref56
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref56
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref57
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref57
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref57
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref57
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref57
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref57
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref58
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref58
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref58
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref59
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref59
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref59
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref59
http://ajp.amjpathol.org


Venkatesan et al
60. Payance A, Silva-Junior G, Bissonnette J, Tanguy M, Pasquet B,
Levi C, Roux O, Nekachtali O, Baiges A, Hernandez-Gea V,
Laouenan C, Lebrec D, Albuquerque M, Paradis V, Moreau R,
Valla D, Durand F, Boulanger CM, Garcia-Pagan JC, Rautou PE:
Hepatocyte microvesicle levels improve prediction of mortality in
patients with cirrhosis. Hepatology 2018, 68:1508e1518

61. Povero D, Yamashita H, Ren W, Subramanian MG, Myers RP,
Eguchi A, Simonetto DA, Goodman ZD, Harrison SA, Sanyal AJ,
Bosch J, Feldstein AE: Characterization and proteome of circulating
extracellular vesicles as potential biomarkers for NASH. Hepatol
Commun 2020, 4:1263e1278

62. Sehrawat TS, Arab JP, Liu M, Amrollahi P, Wan M, Fan J, Nakao Y,
Pose E, Navarro-Corcuera A, Dasgupta D, Liao C-Y, He L,
Mauer AS, Avitabile E, Ventura-Cots M, Bataller RA, Sanyal AJ,
Chalasani NP, Heimbach JK, Watt KD, Gores GJ, Gines P,
Kamath PS, Simonetto DA, Hu TY, Shah VH, Malhi H: Circulating
extracellular vesicles carrying sphingolipid cargo for the diagnosis
and dynamic risk profiling of alcoholic hepatitis. Hepatology 2021,
73:571e585

63. Nakao Y, Amrollahi P, Parthasarathy G, Mauer AS, Sehrawat TS,
Vanderboom P, Nair KS, Nakao K, Allen AM, Hu TY, Malhi H:
Circulating extracellular vesicles are a biomarker for NAFLD reso-
lution and response to weight loss surgery. Nanomedicine 2021, 36:
102430

64. Yang J, Xu H, Wu W, Huang H, Zhang C, Tang W, Tang Q, Bi F:
Ferroptosis signaling promotes the release of misfolded proteins via
exosomes to rescue ER stress in hepatocellular carcinoma. Free Radic
Biol Med 2023, 202:110e120

65. Cherrier F, Cherrier P, Ray B, Neimann JL: [Lipid abnormalities in
209 coronary patients subjected to selective coronary arteriography.
First part: occurrence]. Coeur Med Interne 1974, 13:223e228

66. Galindo-Hernández O, Córdova-Guerrero I, Díaz-Rubio LJ, Pulido-
Capiz Á, Díaz-Villanueva JF, Castañeda-Sánchez CY, Serafín-
Higuera N, García-González V: Protein translation associated to
PERK arm is a new target for regulation of metainflammation: a
connection with hepatocyte cholesterol. J Cell Biochem 2019, 120:
4158e4171

67. Rong B, Feng R, Liu C, Wu Q, Sun C: Reduced delivery of
epididymal adipocyte-derived exosomal resistin is essential for
melatonin ameliorating hepatic steatosis in mice. J Pineal Res 2019,
66:e12561

68. Wang Y, Liu T, Jiao G, Lv Y, Piao C, Lu X, Ma H, Wang H:
Exosomes from adipose-derived mesenchymal stem cells can atten-
uate liver injury caused by minimally invasive hemihepatectomy
combined with ischemia-reperfusion in minipigs by modulating the
endoplasmic reticulum stress response. Life Sci 2023, 321:121618

69. Missiroli S, Patergnani S, Caroccia N, Pedriali G, Perrone M,
Previati M, Wieckowski MR, Giorgi C: Mitochondria-associated
membranes (MAMs) and inflammation. Cell Death Dis 2018, 9:329

70. Anastasia I, Ilacqua N, Raimondi A, Lemieux P, Ghandehari-
Alavijeh R, Faure G, Mekhedov SL, Williams KJ, Caicci F, Valle G,
Giacomello M, Quiroga AD, Lehner R, Miksis MJ, Toth K, de Aguiar
Vallim TQ, Koonin EV, Scorrano L, Pellegrini L: Mitochondria-
rough-ER contacts in the liver regulate systemic lipid homeostasis.
Cell Rep 2021, 34:108873

71. Harper CS, White AJ, Lackner LL: The multifunctional nature of
mitochondrial contact site proteins. Curr Opin Cell Biol 2020, 65:
58e65

72. Munoz JP, Ivanova S, Sanchez-Wandelmer J, Martinez-Cristobal P,
Noguera E, Sancho A, Diaz-Ramos A, Hernandez-Alvarez MI,
Sebastian D, Mauvezin C, Palacin M, Zorzano A: Mfn2 modulates
the UPR and mitochondrial function via repression of PERK. EMBO
J 2013, 32:2348e2361

73. Chitraju C, Mejhert N, Haas JT, Diaz-Ramirez LG, Grueter CA,
Imbriglio JE, Pinto S, Koliwad SK, Walther TC, Farese RV Jr: Tri-
glyceride synthesis by DGAT1 protects adipocytes from lipid-
induced ER stress during lipolysis. Cell Metab 2017, 26:407e418.e3
1898
Descargado para Anonymous User (n/a) en National Library of Health and So

uso personal exclusivamente. No se permiten otros usos sin autorizació
74. Beaulant A, Dia M, Pillot B, Chauvin MA, Ji-Cao J, Durand C,
Bendridi N, Chanon S, Vieille-Marchiset A, Da Silva CC,
Patouraux S, Anty R, Iannelli A, Tran A, Gual P, Vidal H, Gomez L,
Paillard M, Rieusset J: Endoplasmic reticulum-mitochondria
miscommunication is an early and causal trigger of hepatic insulin
resistance and steatosis. J Hepatol 2022, 77:710e722

75. Brown DA: Lipid droplets: proteins floating on a pool of fat. Curr
Biol 2001, 11:R446eR449

76. Krahmer N, Farese RV Jr, Walther TC: Balancing the fat: lipid
droplets and human disease. EMBO Mol Med 2013, 5:973e983

77. Guo Y, Cordes KR, Farese RV Jr, Walther TC: Lipid droplets at a
glance. J Cell Sci 2009, 122:749e752

78. Grippa A, Buxo L, Mora G, Funaya C, Idrissi FZ, Mancuso F, Gomez R,
Muntanya J, Sabido E, Carvalho P: The seipin complex Fld1/Ldb16
stabilizes ER-lipid droplet contact sites. J Cell Biol 2015, 211:829e844

79. Ozeki S, Cheng J, Tauchi-Sato K, Hatano N, Taniguchi H,
Fujimoto T: Rab18 localizes to lipid droplets and induces their close
apposition to the endoplasmic reticulum-derived membrane. J Cell
Sci 2005, 118:2601e2611

80. Datta S, Liu Y, Hariri H, Bowerman J, Henne WM: Cerebellar ataxia
disease-associated Snx14 promotes lipid droplet growth at ER-droplet
contacts. J Cell Biol 2019, 218:1335e1351

81. Sołtysik K, Ohsaki Y, Tatematsu T, Cheng J, Fujimoto T: Nuclear
lipid droplets derive from a lipoprotein precursor and regulate phos-
phatidylcholine synthesis. Nat Commun 2019, 10:473

82. Shin J-Y, Hernandez-Ono A, Fedotova T, Östlund C, Lee MJ,
Gibeley SB, Liang C-C, Dauer WT, Ginsberg HN, Worman HJ:
Nuclear envelopeelocalized torsinA-LAP1 complex regulates hepatic
VLDL secretion and steatosis. J Clin Investig 2019, 129:4885e4900

83. Mashek DG: Hepatic lipid droplets: a balancing act between energy
storage and metabolic dysfunction in NAFLD. Mol Metab 2021, 50:
101115

84. Loneker AE, Alisafaei F, Kant A, Li D, Janmey PA, Shenoy VB,
Wells RG: Lipid droplets are intracellular mechanical stressors that
impair hepatocyte function. Proc Natl Acad Sci U S A 2023, 120:
e2216811120

85. Moldavski O, Amen T, Levin-Zaidman S, Eisenstein M, Rogachev I,
Brandis A, Kaganovich D, Schuldiner M: Lipid droplets are essential
for efficient clearance of cytosolic inclusion bodies. Dev Cell 2015,
33:603e610

86. Ohsaki Y, Cheng J, Suzuki M, Fujita A, Fujimoto T: Lipid droplets
are arrested in the ER membrane by tight binding of lipidated
apolipoprotein B-100. J Cell Sci 2008, 121:2415e2422

87. Hartman IZ, Liu P, Zehmer JK, Luby-Phelps K, Jo Y, Anderson RG,
DeBose-Boyd RA: Sterol-induced dislocation of 3-hydroxy-3-
methylglutaryl coenzyme A reductase from endoplasmic reticulum
membranes into the cytosol through a subcellular compartment
resembling lipid droplets. J Biol Chem 2010, 285:19288e19298

88. Raiborg C, Wenzel EM, Stenmark H: ER-endosome contact sites:
molecular compositions and functions. EMBO J 2015, 34:
1848e1858

89. Eden Emily R, Sanchez-Heras E, Tsapara A, Sobota A, Levine
Tim P, Futter Clare E: Annexin A1 tethers membrane contact sites
that mediate ER to endosome cholesterol transport. Dev Cell 2016,
37:473e483

90. Gadipudi LL, Ramavath NN, Provera A, Reutelingsperger C,
Albano E, Perretti M, Sutti S: Annexin A1 treatment prevents the
evolution to fibrosis of experimental nonalcoholic steatohepatitis.
Clin Sci (Lond) 2022, 136:643e656

91. Zhang L, Zhang Z, Li C, Zhu T, Gao J, Zhou H, Zheng Y, Chang Q,
Wang M, Wu J, Ran L, Wu Y, Miao H, Zou X, Liang B: S100A11
promotes liver steatosis via FOXO1-mediated autophagy and lipo-
genesis. Cell Mol Gastroenterol Hepatol 2021, 11:697e724

92. Maly DJ, Papa FR: Druggable sensors of the unfolded protein
response. Nat Chem Biol 2014, 10:892e901

93. Zhang Z, Li B, Meng X, Yao S, Jin L, Yang J, Wang J, Zhang H,
Zhang Z, Cai D, Zhang Y, Ning G: Berberine prevents progression
ajp.amjpathol.org - The American Journal of Pathology
cial Security de ClinicalKey.es por Elsevier en diciembre 11, 2023. Para 
n. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref60
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref61
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref61
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref61
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref61
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref61
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref61
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref62
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref63
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref63
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref63
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref63
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref63
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref64
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref64
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref64
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref64
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref64
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref65
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref65
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref65
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref65
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref66
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref67
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref67
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref67
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref67
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref68
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref68
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref68
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref68
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref68
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref69
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref69
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref69
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref70
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref70
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref70
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref70
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref70
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref70
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref71
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref71
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref71
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref71
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref72
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref72
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref72
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref72
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref72
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref72
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref73
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref73
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref73
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref73
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref73
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref74
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref75
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref75
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref75
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref76
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref76
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref76
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref77
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref77
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref77
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref78
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref78
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref78
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref78
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref79
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref79
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref79
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref79
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref79
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref80
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref80
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref80
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref80
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref81
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref81
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref81
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref82
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref82
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref82
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref82
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref82
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref82
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref83
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref83
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref83
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref84
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref84
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref84
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref84
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref85
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref85
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref85
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref85
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref85
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref86
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref86
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref86
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref86
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref87
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref87
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref87
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref87
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref87
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref87
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref88
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref88
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref88
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref88
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref89
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref89
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref89
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref89
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref89
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref90
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref90
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref90
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref90
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref90
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref91
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref91
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref91
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref91
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref91
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref92
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref92
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref92
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref93
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref93
http://ajp.amjpathol.org


Lipotoxic ER Stress
from hepatic steatosis to steatohepatitis and fibrosis by reducing
endoplasmic reticulum stress. Sci Rep 2016, 6:20848

94. Parafati M, Kirby RJ, Khorasanizadeh S, Rastinejad F, Malany S: A
nonalcoholic fatty liver disease model in human induced pluripotent
stem cell-derived hepatocytes, created by endoplasmic reticulum
stress-induced steatosis. Dis Model Mech 2018, 11:dmm033530

95. Cross BC, Bond PJ, Sadowski PG, Jha BK, Zak J, Goodman JM,
Silverman RH, Neubert TA, Baxendale IR, Ron D, Harding HP: The
molecular basis for selective inhibition of unconventional mRNA
splicing by an IRE1-binding small molecule. Proc Natl Acad Sci U S
A 2012, 109:E869eE878

96. Pavlovi�c N, Calitz C, Thanapirom K, Mazza G, Rombouts K,
Gerwins P, Heindryckx F: Inhibiting IRE1alpha-endonuclease activ-
ity decreases tumor burden in a mouse model for hepatocellular
carcinoma. Elife 2020, 9:e55865

97. Wu T, Zhao F, Gao B, Tan C, Yagishita N, Nakajima T, Wong PK,
Chapman E, Fang D, Zhang DD: Hrd1 suppresses Nrf2-mediated
The American Journal of Pathology - ajp.amjpathol.org
Descargado para Anonymous User (n/a) en National Library of Health and Socia

uso personal exclusivamente. No se permiten otros usos sin autorización.
cellular protection during liver cirrhosis. Genes Dev 2014, 28:
708e722

98. Vandewynckel YP, Laukens D, Bogaerts E, Paridaens A, Van den
Bussche A, Verhelst X, Van Steenkiste C, Descamps B, Vanhove C,
Libbrecht L, De Rycke R, Lambrecht BN, Geerts A, Janssens S, Van
Vlierberghe H: Modulation of the unfolded protein response impedes
tumor cell adaptation to proteotoxic stress: a PERK for hepatocellular
carcinoma therapy. Hepatol Int 2015, 9:93e104

99. Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E,
Smith RO, Görgün CZ, Hotamisligil GS: Chemical chaperones
reduce ER stress and restore glucose homeostasis in a mouse model
of type 2 diabetes. Science 2006, 313:1137e1140

100. Burrows JA, Willis LK, Perlmutter DH: Chemical chaperones
mediate increased secretion of mutant alpha 1-antitrypsin (alpha 1-
AT) Z: a potential pharmacological strategy for prevention of liver
injury and emphysema in alpha 1-AT deficiency. Proc Natl Acad Sci
U S A 2000, 97:1796e1801
1899
l Security de ClinicalKey.es por Elsevier en diciembre 11, 2023. Para 

 Copyright ©2023. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0002-9440(23)00314-0/sref93
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref93
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref94
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref94
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref94
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref94
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref95
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref95
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref95
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref95
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref95
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref95
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref96
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref96
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref96
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref96
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref96
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref97
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref97
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref97
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref97
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref97
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref98
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref99
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref99
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref99
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref99
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref99
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref100
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref100
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref100
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref100
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref100
http://refhub.elsevier.com/S0002-9440(23)00314-0/sref100
http://ajp.amjpathol.org

	The Role of Endoplasmic Reticulum in Lipotoxicity during Metabolic Dysfunction–Associated Steatotic Liver Disease (MASLD) P ...
	ER Structure
	ER Function
	The Unfolded Protein Response
	Lipotoxic ER Stress
	Bidirectional Association between Lipotoxic and Proteotoxic Stress
	ER Stress Sensors and Lipid Homeostasis
	IRE1α Pathway
	PERK Pathway
	ATF6α Pathway

	EVs as a Language of ER Stress
	ER–Mitochondria Contact Sites
	Lipid Droplets
	ER–Endosome Contact Sites
	Therapeutic Opportunities
	Summary and Conclusions
	Acknowledgment
	Disclosure Statement
	References


