
Review
A guide to understanding endoplasmic reticulum
stress in metabolic disorders
Imke L. Lemmer 1,2,5, Nienke Willemsen 1,5, Nazia Hilal 1, Alexander Bartelt 1,2,3,4,*
ABSTRACT

Background: The global rise of metabolic disorders, such as obesity, type 2 diabetes, and cardiovascular disease, demands a thorough
molecular understanding of the cellular mechanisms that govern health or disease. The endoplasmic reticulum (ER) is a key organelle for cellular
function and metabolic adaptation and, therefore disturbed ER function, known as “ER stress,” is a key feature of metabolic disorders.
Scope of review: As ER stress remains a poorly defined phenomenon, this review provides a general guide to understanding the nature, etiology,
and consequences of ER stress in metabolic disorders. We define ER stress by its type of stressor, which is driven by proteotoxicity, lipotoxicity,
and/or glucotoxicity. We discuss the implications of ER stress in metabolic disorders by reviewing evidence implicating ER phenotypes and
organelle communication, protein quality control, calcium homeostasis, lipid and carbohydrate metabolism, and inflammation as key mechanisms
in the development of ER stress and metabolic dysfunction.
Major conclusions: In mammalian biology, ER is a phenotypically and functionally diverse platform for nutrient sensing, which is critical for cell
type-specific metabolic control by hepatocytes, adipocytes, muscle cells, and neurons. In these cells, ER stress is a distinct, transient state of
functional imbalance, which is usually resolved by the activation of adaptive programs such as the unfolded protein response (UPR), ER-
associated protein degradation (ERAD), or autophagy. However, challenges to proteostasis also impact lipid and glucose metabolism and vice
versa. In the ER, sensing and adaptive measures are integrated and failure of the ER to adapt leads to aberrant metabolism, organelle dysfunction,
insulin resistance, and inflammation. In conclusion, the ER is intricately linked to a wide spectrum of cellular functions and is a critical component
in maintaining and restoring metabolic health.
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Keywords Obesity; Endoplasmic reticulum; Inflammation; Autophagy; UPR
1. INTRODUCTION

Metabolism is essential for converting nutrients into biochemical en-
ergy equivalents and building blocks for cellular growth, organismal
development, activity, and health. The pressure to respond to fluctu-
ations in nutrient availability has led to the development of an array of
cellular and molecular mechanisms for metabolic adaptation. Multi-
cellular organisms have an extra layer of complexity with the interplay
of hormonal cues and metabolically active tissues. This allows the
coordination of systemic metabolic adaptation in response to envi-
ronmental challenges, such as changes in nutrient supply, temperature
shifts, and escaping predators. While these evolutionary pressures
have resulted in a remarkable metabolic adaptive capacity of the hu-
man body, modern society is a very different environment in which
overnutrition and sedentary lifestyles are increasingly prevalent. Alto-
gether, in this changed new metabolic world, the global increase in
obesity and associated disorders such as type 2 diabetes mellitus
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(T2DM), non-alcoholic fatty liver disease (NAFLD), cardiovascular
disease, and cancer represents one of the current major public health
challenges. Obesity, the excessive accumulation of white adipose
tissue (WAT), is a major risk factor for an array of pathologies. Obesity
is a condition of chronic metabolic stress in which the conserved
programs of metabolic adaptation fail or become maladaptive, ulti-
mately resulting in a progressive loss of metabolic quality control
mechanisms.
This review focuses on the endoplasmic reticulum (ER) as a central
and universal platform of nutrient sensing, metabolic adaptation, and
stress resistance. The ER is a key organelle with remarkable func-
tional plasticity and structural diversity, regulating proteostasis, lipid
metabolism, gluconeogenesis, and calcium signaling, all of which are
critical components of obesity-linked metabolic disorders. Distur-
bances in ER homeostasis are usually referred to as “ER stress,”
which is transient if mitigated by the activation of adaptive stress
resistance mechanisms originating in the ER itself. Depending on the
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Abbreviations

4-PBA sodium phenylbutyrate
ACAT acyl-coenzyme Acholesterol transferase
AGPAT acylglycerin-3-phosphate-O-acyltransferases
ATF activating transcription factor
ATG autophagy-related proteins
BAT brown adipose tissue
BiP binding immunoglobulin protein
C/EBP CCAAT/enhancer-binding protein
C53 CDK5RAP3-like protein
CALCOCO1 calcium binding and coiled-coil domain 1
CAMK2B calcium/calmodulin-dependent protein kinase II beta
CCL2 CeC motif chemokine ligand 2
CDN cyclic dinucleotides
CE cholesterol esters
cGAMP cyclic guanosine monophosphate-adenosine

monophosphate
cGAS cyclic GMP-AMP synthase
CHOP C/EBP homologous protein
ChREBP carbohydrate-responsive element-binding protein
CANX calnexin
COP2 coat protein complex 2
CP proteasome core particle
CREBH cyclic AMP-responsive element-binding protein 3-like

protein 3
CALR calreticulin
DDI2 DNA damage-inducible 1 homolog 2
DDIT3 DNA damage-inducible transcript 3
DGAT diacylglycerol O-acyltransferase 1
DRP1 dynamin-related protein-1
DUB deubiquitinating enzyme
EIF2AK eukaryotic translation initiation factor 2-alpha kinase
EIF2B eukaryotic translation initiation factor 2B
EIF2a eukaryotic translation initiation factor 2-alpha
ER endoplasmic reticulum
ERAD ER-associated degradation
ERLEC1 endoplasmic reticulum lectin 1
ER-phagy ER-autophagy
FBXO32 F-box only protein 32
FFA free fatty acid
FITM2 fat storage-inducing transmembrane protein 2
FOXO1 forkhead box protein O 1
G6PC1 glucose-6-phosphatase catalytic subunit 1
GCN2 general control non-derepressible 2
GDP guanosine diphosphate
GEF guanine nucleotide exchange factor
GlcNAc N-acetylglucosamine
GP78 E3 ubiquitin-protein ligase GP78
GRP-78 endoplasmic reticulum chaperone BiP
HFD high-fat diet
HMGCR 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
HRD1 hydroxymethylglutaryl reductase degradation protein 1
HRI heme-regulated eIF2a kinase
IDOL inducible degrader of LDL receptor protein
IKK inhibitor of nuclear factor kappa-B kinase
IL interleukin
ITPR inositol triphosphate receptor

IRE1a inositol-requiring enzyme 1-alpha
IRF3 interferon regulatory factor 3
IRS1 insulin receptor substrate 1
ISR integrated stress response
JNK c-Jun N-terminal kinase
LDL low-density lipoprotein
MAM mitochondria-associated membranes
MBTPS1 membrane-bound transcription factor site-1 protease
MBTPS2 membrane-bound transcription factor site-2 protease
MFN mitofusin
MLXIPL MLX interacting protein-like
mtDNA mitochondrial DNA
mTORC1 mechanistic target of rapamycin complex 1
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NFE2L1 nuclear factor erythroid 2 related factor-1, also known as Nrf1
NF-kB nuclear factor-kB
NGLY1 peptide-N(4)-(N-acetyl-beta-glucosaminyl) asparagine amidase
NPC1 NPC intracellular cholesterol transporter 1
OGT O-linked N-acetylglucosamine transferase
ORAI1 calcium release-activated calcium channel protein 1
OS9 OS9 endoplasmic reticulum lectin
p38-MAPK p38 mitogen-activated protein kinase
PSME proteasome activator subunit
PERK PKR-like ER kinase
Pik3r1 phosphoinositide-3-kinase regulatory subunit 1
PKR protein kinase RNA-activated
RER respiratory exchange ratio
RETREG1 reticulophagy regulator 1
RIDD regulated IRE1-dependent decay
ROS reactive oxygen species
RP proteasome regulatory particle
Rpn 26S proteasome non-ATPase regulatory subunit
RYR cardiac-type ryanodine receptor
SCAP SREBP-cleavage activating protein
SDF2L1 stromal cell-derived factor 2-like 1
SEL1L SEL1L adaptor subunit of ERAD E3 ubiquitin ligase
SERCA sarco/endoplasmic-reticulum calcium ATPase
SOAT1 sterol O-acyltransferase-1
SOCE store-operated calcium entry-associated regulatory factor
SREBP1 sterol-regulatory element-binding protein-1
STAT3 signal transducer and activator of transcription 3
STIM stromal interaction molecules
STING1 stimulator of interferon response cGAMP interactor 1
T2DM type 2 diabetes mellitus
TAG triacylglycerol
TBK1 TANK-binding kinase 1
TNF-a tumor necrosis factor alpha
TRIM63 E3 ubiquitin-protein ligase TRIM63
ULK1 Unc-51-like autophagy activating kinase 1
UPR unfolded protein response
UPS ubiquitin-proteasome system
VCP valosin-containing protein
VDAC voltage-dependent anion channels
WAT white adipose tissue
WRS Wolcott-Rallison syndrome
XBP1 X-box-binding protein-1
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type of stressor, this is referred to as proteotoxicity, lipotoxicity, or
glucotoxicity. However, it is important to realize that the type of stress
and adaptive programs are intricately linked, dependent on each
other, and occur in concert. Therefore, disturbances in proteostasis,
for example, will impact lipid metabolism in the ER and vice versa.
This is especially true in obesity, where continuous metabolic pres-
sure creates strong challenges to most, if not all, pillars of ER
function. The activation of adaptive stress-resistance mechanisms,
also known as the integrated stress response (ISR), is evident in
many tissues such as the brain, liver, and adipose tissue. In obesity,
ER stress remains unresolved and is associated with ER dysfunction,
which leads to compromised cellular health, tissue inflammation, and
ultimately systemic metabolic collapse. As ER stress is a poorly
defined and obscure term for a variety of diverse challenges to cell
type-specific functions, we systematically review these in the context
of the respective stressor and corresponding adaptive stress-
resistance mechanisms in metabolic health and disease. In addi-
tion, we curated a comprehensive overview table (Supplementary
Table 1) summarizing key regulators of ER stress with their func-
tion, gene/protein designation, and literature reference.

2. ER STRUCTURE

The first key step to understanding the development of ER stress is
acknowledging the highly diverse and complex nature of the ER.
Depending on the organism, cell type, or physiological state, the ER is
structurally and functionally highly dynamic and adaptive. The ER
emerges from the nuclear envelope and consists of a variety of
structural domains that are interconnected and contiguous, forming a
vast network throughout cells. In principle, these structural domains
are categorized as membrane cisternae (“sheets”) and tubules. ER
sheets are mostly found in close proximity to the nucleus and are lined
with ribosomes for protein biosynthesis (“rough ER”), whereas ER
tubules are devoid of ribosomes, branched, and spread throughout the
cytosol (“smooth ER”). Most of the basic principles of ER biology have
been studied in model organisms such as budding yeast or immor-
talized cell lines [1], but in mammalian biology, several extreme and
distinct ER phenotypes are found that deviate from most of the
generalized concepts obtained in model systems. For example, the ER
of exocrine acinar cells of the pancreas, which produce digestive
enzymes, is almost exclusively composed of sheets and is the most
prevalent constituent of these cells. Adipocytes, on the other hand,
contain very little ER, which is mostly tubular. Hepatocytes in the liver
have a mixed phenotype of both sheets and tubules. Muscle cells have
a unique ER, also often known as sarcoplasmic ER, that is specialized
to support contractility. An open gap in understanding ER function in
the metabolism and ER stress in pathophysiology determines the
definition of the structural-functional relationship of these specialized
ER phenotypes. It is very well established that common chemical in-
ducers of ER stress such as tunicamycin [2] or proteasome inhibitors
[3] have a strong impact on the structural phenotype, although this
remodeling is usually transient and once stress is resolved, the ER
returns to its original state. These changes include dilation of the ER
[2], resolution of sheet structures [3], formation of ER whorls [4], and
diminished ER content. ER stress is also associated with lipid droplet
biogenesis [3] and glycogen deposition [5]. In obesity, these ER phe-
notypes are linked to ER stress [2,3,6], but why these structural
changes occur and if they contribute to insulin resistance, for example,
remains largely unclear. The structure of the ER is maintained by
MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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scaffolding proteins and tethers that, in a regulated fashion, connect
the ER to the cytoskeleton and other organelles. It is possible that a
disturbed structural-functional relationship observed in obesity is
caused by a discrete abnormality of the structural apparatus, and
restoration of which might help reduce ER stress and improve meta-
bolic health. Indeed, genetically restoring a “lean” ER phenotype in the
livers of obese mice partially rescues their metabolic dysfunction [7].
Obviously, as the structure of ER is diverse in cell types involved in the
onset of metabolic disease, it is also likely that therapeutic angles to
manage ER deformation are diverse.

3. ER CONNECTIONS

An important factor of ER biology is that the peripheral tubular ER
network forms abundant membrane contact sites with mitochondria,
endosomes, and the plasma membrane, the latter called the cortical
ER [8]. Likewise, the ER has contact sites with lipid droplets, peroxi-
somes, and the Golgi apparatus. These connections start at the point of
organelle biogenesis, as organelles arise from ER membranes and
therefore, at least at some point, share a membrane interface [8].
Membrane contact sites are defined as ribosome-free, 10 nm gaps
between organelles with no direct membranous connection. They are
important exchange platforms of lipids, small molecules, and second
messengers between the ER and other organelles. This includes
cholesterol transfer from endosomes/lysosomes to the ER via NPC
intracellular cholesterol transporter 1 (NPC1) [9], calcium exchange via
the voltage-dependent anion channels (VDACs)/inositol trisphosphate
receptor (ITPRs) complex between the ER and mitochondria [2],
transfer of triglycerides from the ER to lipid droplets via diacylglycerol
O-acyltransferases (DGATs) [10], and exchange of various lipid species
such as phospholipids, sphingolipids, and cardiolipins to the Golgi [11].
Thus, the ER is uniquely placed at the nexus of directing endogenous
biosynthesis and sensing nutrients. As obesity is associated with broad
changes in lipid metabolism, it is conceivable that alterations in the
function of membrane contact sites contribute to the cellular
dysfunction underlying metabolic disorders. Indeed, chronic enrich-
ment of ER-mitochondrial contact sites in hepatocytes leads to mito-
chondrial calcium overload and insulin resistance in obesity [2]. In
addition to this organelle communication, ER contact sites also provide
a scaffold for organelle fusion and fission events. The ER wraps around
mitochondria to facilitate mitochondrial dynamic remodeling and
autophagy [12], key elements of mitochondrial quality control.
Dynamin-related protein-1 (DRP1, encoded by DNM1L) and mitofusins
(MFN1 and MFN2) are found in ER-mitochondria contact sites, and
MFN2 has been shown to play a prominent role in obesity and
metabolism in mice and humans [13]. MFN2 is downregulated in
obesity, and using transgenic mouse models, we have learned that
MFN2 in hepatocytes is necessary for maintaining glucose tolerance
[14], in white adipocytes it controls adiposity [15], and in brown adi-
pocytes it is required for thermogenesis [16,17]. Interestingly, one
hallmark of MFN2 loss and disturbed mitochondrial quality control is
that this defect does not occur in isolation but rather has a broad
impact on organelle dynamics and function, as loss of MFN2 is
associated with ER stress and abnormal lipid droplets [14,18]. In
summary, the structural and connective aspects of ER biology are
intricately linked to cellular metabolism. In the following section, we
discuss the functional diversity of the ER and the fundamental
mechanisms that either prevent or enhance ER stress in metabolic
disorders.
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4. PROTEIN QUALITY CONTROL

Amino acids are the fundamental building blocks of proteins, including
metabolic enzymes and hormones, which play critical roles in growth,
development, and metabolism throughout life. It is crucial that the
turnover of amino acids and protein production is tightly regulated.
Particularly, folding of the nascent polypeptide chain is a complex and
relatively error-prone process [19]. Hence, this is supported by a large
set of molecular chaperones and carefully safeguarded by cellular
quality control mechanisms. Even under ideal conditions, the pool of
proteins in an organism undergoes a constant turnover due to the
natural half-life or if proteins become damaged or simply obsolete. In
physiological conditions, the rates of protein synthesis and degradation
fluctuate, for example, with fasting and feeding in the liver, which is
controlled by the mechanistic target of the rapamycin complex 1
(mTORC1) pathway (reviewed in [20,21]). Disturbances in this delicate
balance of protein life are managed by the activation of multiple
adaptive mechanisms such as unfolded protein response (UPR), ER-
associated degradation (ERAD), and autophagy, all serving the pur-
pose of restoring cellular protein homeostasis or proteostasis (Figure 1)
[22,23]. The major outcomes of UPR activation are inhibition of protein
translation and increasing the folding capacity of the ER, both effective
at eliminating proteotoxic stress and restoring proteostasis [24].
However, the last resort is suicide, UPR-induced cell death, if the
resolution of ER stress and restoration of homeostasis are unsuc-
cessful. The three classical main arms of the UPR are mediated
through protein kinase R-like ER kinase (PERK, encoded by EIF2AK3),
inositol-requiring enzyme 1-alpha (IRE1a, a serine/threonine protein
kinase/endoribonuclease encoded by ERN1), and activating tran-
scription factor-6 (ATF6), although this is a limited perspective, as
there is evidence that more arms exist. PERK, IRE1a, and ATF6 are
anchored in the ER membrane and activated by the presence of
unfolded proteins. The current leading theories posit that unfolded
proteins are sensed either through direct contact with the luminal
domains of the receptors or indirectly through dissociation of chap-
erones such as binding immunoglobulin protein (BiP, also known as
GRP-78, or HSPA5 encoded by HSPA5) from the receptors [25]. In any
case, sensing luminal unfolded proteins leads to UPR activation and
initiation of downstream events that facilitate the resolution of ER
stress [26].

4.1. Protein production and EIF2a kinases
The first line of ER stress response is halting protein translation
through phosphorylation of eukaryotic translation initiation factor 2-
alpha (EIF2a) by PERK. EIF2a is also phosphorylated by several
other kinases and therefore is a key node on which multiple stress
pathways converge to regulate proteostasis. The EIF2 is a trimer
consisting of three subunits, alpha, beta, and gamma, and phos-
phorylation occurs on serine 51 residue of the alpha subunit. In turn,
this phosphorylation inhibits guanine nucleotide exchange factor (GEF)
of EIF2, namely eukaryotic translation initiation factor 2B (EIF2B), and
thereby traps EIF in its inactive GDP-bound state, which halts protein
translation [27,28]. Ingeniously, phosphorylated EIF2a tolerates
alternative non-AUG translation of transcription factors for protein
chaperones, for example, ATF4 (Figure 1) [29,30]. Disturbances in
EIF2a phosphorylation have detrimental consequences for metabolic
health. In beta cells, EIF2a is baseline highly phosphorylated. The
deletion of PERK leads to loss of beta cells and T2DM [31,32]. Mice
carrying a hepatocyte-specific deletion of PERK display defective
gluconeogenesis among other metabolic abnormalities [33]. Further-
more, patients with Wolcott-Rallison syndrome (WRS), which is a rare
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autosomal recessive disorder characterized by a mutation in the gene
coding for PERK, demonstrate symptoms such as T2DM, multiple
epiphyseal dysplasia, osteoporosis, and growth retardation [34],
emphasizing the importance of PERK and its complex roles in meta-
bolic homeostasis.
Another EIF2a kinase with implications for metabolic regulation is
protein kinase RNA-activated (PKR, encoded by EIF2AK2), which is
named after its activation mechanism by double-stranded RNA intro-
duced, for example, by viral infections [35]. However, PKR does not
solely react to dsRNA derived from pathogens but also responds to
organelle stress and lipotoxicity. In mouse models of obesity, PKR
activity is increased, which is linked to insulin resistance [36].
Correspondingly, small molecule inhibitors of PKR improve both insulin
sensitivity and glucose intolerance in obese mice [37]. However,
whole-body deletion of PKR in mice does not necessarily result in a
phenotype [38], indicating a context-dependent role of PKR. Never-
theless, PKR is a leading example of a kinase that operates at the
nexus of metabolic disorders and pathogen-induced inflammation. The
two other known EIF2a kinases are general control non-derepressible
2 (GCN2, encoded by EIF2AK4), which is induced upon amino acid
deprivation, and heme-regulated EIF2a kinase (HRI, encoded by
EIF2AK1), which is activated by heme deprivation [39,40]. While the
significance of HRI for metabolic disorders remains largely unclear,
GCN2 has multiple roles in nutrient sensing. Mice lacking GCN2
demonstrate a general sensitivity to diets lacking essential amino
acids, for example, leucine [41]. Furthermore, in GCN2-deficient mice,
muscle tissue is extensively degraded in an attempt to sustain amino
acid levels. Also, while lipogenesis is repressed in livers of regular
mice during leucine starvation, this adaptive regulation is absent in
GCN2-deficient mice [42,43]. In summary, these examples highlight
that translational control through eIF2a and its kinases is a key
adaptive mechanism for nutrient sensing and stress resistance with an
impact on metabolic diseases.

4.2. Protein folding via IRE1a-XBP1 and ATF6
The second major arm of the UPR is the activation of IRE1a. This
bifunctional enzyme senses the accumulation of unfolded proteins by
their binding to the luminal domain of IRE1a, which leads to its
dimerization and autophosphorylation. This activates its cytosolic
endoribonuclease activity, initiating two separate events to restore
proteostasis. One is the degradation of mRNAs by regulated IRE1-
dependent decay (RIDD) (Figure 1), by which IRE1a cleaves and de-
stabilizes a set of ER-localized mRNAs, thus reducing the folding
burden created by newly synthesized proteins entering the ER lumen.
The other is the non-canonical-specific splicing of the mRNA of X-box-
binding protein-1 (XBP1) [44]. This mRNA encodes the transcription
factor XBP1s, which controls chaperone gene expression, but also has
non-coding functions [45]. XBP1s is also regulated on the protein level
through phosphorylation by mitogen-activated protein kinase 14
(MAPK14, also known as p38-MAPK) signaling [46] and interaction
with several nuclear proteins with established roles in metabolism
such as forkhead box protein O 1 (FOXO1) [47] and the regulatory
subunits of phosphoinositide-3-kinase regulatory subunit 1 (Pik3r1,
also known as PI3K), p85 alpha, and p85 beta [48]. Mice deficient in
the IRE1a-XBP1 mechanism show multiple metabolic abnormalities
depending on the cell type involved. Mice with hepatocyte-specific
deletion of XBP1 develop insulin resistance [49]. In adipose tissue,
XBP1 is involved in tissue remodeling during lactation [50], but is
dispensable for non-shivering thermogenesis in BAT [3]. Deletion of
the IRE1a-XBP1 pathway in beta cells results in severe cellular
dysfunction, including decreased insulin secretion, diminished insulin
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: Cellular protein quality control. Three major cellular programs are responsible for proteostasis. The UPR is activated by binding of unfolded proteins to chaperone
proteins and the luminal parts of the UPR sensors. The ATF6, PERK, and IRE1a pathways attenuate proteostatic burden by promoting the transcription of folding chaperones and
inhibiting protein translation via EIF2a. In ERAD, misfolded substrates are shuttled from the ER lumen into the cytosol, where they undergo ubiquitination degradation by the
proteasome. During proteostatic stress, the transcription factor Nfe2l1 escapes proteasomal degradation and promotes transcription of proteasome subunits. In autophagy
regulated by mTORC1, redundant proteins and organelles are degraded in autolysosomes.
and proinsulin contents in cells, and less oxidative folding of proinsulin
[51,52]. In the brain, XBP1s in pro-opiomelanocortin neurons mitigates
obesity-induced ER stress with beneficial effects on energy balance
and glucose homeostasis [53]. Clearly, the IRE1a-XBP1 arm of the UPR
is a key element of metabolic homeostasis, but in obesity, this
mechanism is compromised in several ways. The inflammatory envi-
ronment associated with obesity directly impairs the endoribonuclease
activity of IRE1a. This results in lower levels of processed XBP1 and a
reduced activation of UPR target genes in the liver [54]. In addition,
reduced overall p38-MAPK signaling hinders the nuclear translocation
and full activation of XBP1, which prevents the resolution of ER stress
and restoration of glucose homeostasis [46]. Indeed, forced activation
of XBP1 is associated with multiple metabolic benefits [53,55,56], and
pharmacologically targeting IRE1a may help reduce ER stress and
inflammation therapeutically.
The third arm of the UPR is mediated through ATF6. The accumulation
of unfolded proteins leads to ATF6 interaction with coat protein
MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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complex 2 (COP2) vesicles, which then transport ATF6 from the ER to
the Golgi [57,58]. There, ATF6 is cleaved by membrane-bound tran-
scription factor site-1 protease (MBTPS1, also known as S1P) and
membrane-bound transcription factor site-1 protease (MBTPS2, also
known as S2P), creating the active transcription factor (Figure 1) [59].
This ATF6 fragment initiates the transcription of chaperones involved in
protein folding to alleviate ER stress [60]. The ATF6 pathway is acti-
vated in most tissues of obesity, which is most evident in beta cells of
pancreatic islets [61]. However, in mice, genetic deletion of ATF6
shows no apparent major phenotype, unless the mice are bred on a
susceptible background or treated with ER stress-inducing com-
pounds. The role of ATF6 seems to be complex, as treating ATF6-
deficient mice with tunicamycin leads to liver dysfunction and stea-
tosis [62], but in beta cells, ATF6 seems to promote the development of
diabetes [62]. This demonstrates that UPR activation is context- and
cell type-dependent and potentially other UPR arms compensate or
interact with the ATF6 pathway to mitigate ER stress or accelerate
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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maladaptive responses. In summary, UPR is a versatile mechanism for
the resolution of ER stress and tightly linked to metabolic status. While
one major outcome of successful UPR activation is the restoration of
proteostasis by halting synthesis and “fixing” troubled proteins, it may
also lead to elimination of cells once UPR is set in overdrive by trig-
gering apoptosis via DNA damage-inducible transcript 3 (DDIT3, also
known as CHOP) [63,64]. However, in maintaining proteostasis, UPR is
intricately linked to alternative proteostatic mechanisms that operate in
concert and may compensate for each other during the restoration of
ER homeostasis, thus preventing fatal outcomes for cells.

4.3. ER-associated protein degradation
Instead of “repairing” proteins by assisting their folding via the UPR,
there is also the alternate possibility of directly degrading troubled
proteins to avoid their accumulation and ER stress. ERAD is a pro-
tective mechanism facilitating the elimination of these proteins through
the UPS, which is highly evolutionarily conserved from yeast to
humans. In yeast, it is well established that if UPR fails, ERAD is
activated and will compensate to restore proteostasis [65]. In
mammalian systems, failure of ERAD has detrimental effects on
metabolism. Human genetic studies have found associations between
ERAD gene variations and metabolic disease, such as familial hyper-
cholesterolemia and diabetes as well as neurological and autoimmune
disorders [66]. In particular, beta cells can be severely affected by
changes in ERAD, as the precursor of insulin, and proinsulin, which is
prone to misfolding with up to 20% of proteins failing to reach
conformation, is concomitantly eliminated by ERAD [67]. As germline
deletion of any of the key ERAD genes in mice is lethal [68], most
studies used cell models or at best tissue-specific and/or inducible
knock-out models to gain in vivo insight. ERAD follows a complex
series of events that extends from the ER into the cytoplasm. First,
unfolded or misfolded proteins in the ER lumen or membrane are
recognized by lectins, such as OS9 endoplasmic reticulum lectin (OS9),
endoplasmic reticulum lectin 1 (ERLEC1, also known as XTP3-B), and
chaperones such as BiP [69]. Second, ERAD substrates undergo active
retro-translocation across the lipid bilayer through adaptoredislocon
complexes, for example, through the SEL1L adaptor subunit of ERAD
E3 ubiquitin ligase (SEL1L) and hydroxymethylglutaryl reductase
degradation protein 1 (HRD1, encoded by SYVN1, also known as
synovolin) complex [68,70]. Third, ATPase valosin-containing protein
(VCP, also known as p97) translocates substrates out of the ER
membrane, breaking up their tertiary structure [71].

4.4. Ubiquitin-proteasome system
After transferal to the cytosol, ERAD substrates concomitantly enter the
ubiquitin-proteasome system (UPS) machinery, where they undergo
polyubiquitination by E3 ubiquitin ligases and subsequent degradation
by the proteasome [72]. Of note, most of the knowledge about the
mechanisms of ERAD and UPS is built on experiments using cellular
models and compared to UPR, but very little is known about the actual
mammalian biology of ERAD. This highlights the unmet need to explore
the molecular basis of ERAD and UPS in a tissue-specific and
physiology-focused manner. In that vein, while it was long assumed
that the structure, regulation, and function of the proteasome is rela-
tively static and generalizable to all mammalian cells, we know that
proteasomes form microdomains within cells, for example, in the
nucleus [73] or in close proximity to rough ER [74]. The relevance of
these microdomains for ERAD and proteostasis, especially in tissues
linked to metabolic disorders, is unknown. In many cell lines, the
proteasome is a macromolecular complex that consists of a 20S core
particle (CP) and one or two 19S regulatory particles (RPs) that close off
6 MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. T
access to the CP [75]. The nature of how proteasomes exist in vivo
remains largely unclear. However, there is recent evidence that both
the structure and activity of the proteasome might be acutely regulated
by hormonal and metabolic status, for example, by the cAMP level and
glucagon stimulation in brown adipocytes, hepatocytes, and muscle
cells [3,76]. During this process, ubiquitinated proteins are recognized
by ubiquitin receptors on the RP, namely Rpn1, Rpn10, and Rpn13
[77]. Deubiquitinating enzymes (DUBs) remove ubiquitin and may also
undo the recognition of substrates by the proteasome [72], providing
an extra layer of regulation with potential roles in metabolic disorders.
Once the substrate is irreversibly bound to the proteasome, it is
translocated into the proteolytic chamber of the CP, where it then
degrades. While we have outlined several distinct layers of potential
regulation herein, the prevailing view is that the UPS is mainly driven by
the activity of ubiquitin E3 ligases, enzymes that catalyze the final step
of ubiquitination. There are few examples of global E3 ubiquitin-protein
ligase TRIM63 (TRIM63, also known as MURF1), F-box only protein 32
(FBXO32, also known as MAFbx) in muscle atrophy [78], and targeted
HMGCR by HRD1 [79] and GP78 [80,81] or the LDL receptor by IDOL
[82] protein degradation in metabolism. However, how cells respond to
global changes in ubiquitination upon fluctuations in metabolism is less
understood.

4.5. NFE2L1 links UPR, ERAD, and UPS
The first clues to understanding how global ubiquitination is sensed
and controlled came from studying proteasome inhibitors, which are in
clinical use for the treatment of multiple myeloma. Cells possess an
ingenious mechanism by which global levels of ubiquitinated proteins
in an elegant bounce-back mechanism are transcriptionally coupled to
proteasomal activity [83]. When levels of ubiquitinated proteins exceed
the capacity of proteasomes, cells increase the synthesis of protea-
somal subunits to overcome this relative deficiency, for example, upon
treatment with proteasome inhibitors [83]. This adaptive proteostatic
mechanism is mediated by nuclear factor erythroid 2 related factor-1
(NFE2L1) transcription factor. NFE2L1 is anchored in the ER membrane
and heavily post-translationally modified before being transcriptionally
active. In a complex process, NFE2L1 undergoes deglycosylation by
peptide-N(4)-N-acetyl-beta-glucosaminyl) asparagine amidase NGLY1
[84], translocates across the ER membrane by VCP [85], ubiquitination
by HRD1 [86], and proteolytic cleavage by protein DNA damage-
inducible 1 homolog 2 (DDI2) [87], which generates a b-ZIP-DNA-
binding domain-containing fragment of NFE2L1 (Figure 1). Under
normal cellular circumstances, when proteasomal activity is sufficient,
this fragment is virtually absent as it is immediately degraded by the
proteasome as it forms. However, when ubiquitin levels rise above the
proteasomal capacity, NFE2L1 escapes degradation and initiates
transcription of proteasome subunits and other ERAD components in
the nucleus [3,88]. Interestingly, there is recent evidence that this
adaptive component of proteasomal activity is an important regulator of
proteostasis and ER stress in physiology and obesity. In brown adi-
pocytes, NFE2L1-mediated proteasomal activity is induced during cold
acclimatization but dispensable at thermoneutrality [3], matching the
cold-induced increase in global brown fat ubiquitination that could
partly be mediated by HRD1 [89]. Disruption of NFE2L1-mediated
proteasomal activity either by loss of NFE2L1 or proteasome in-
hibitors causes cellular hyperubiquitination, ER stress, tissue inflam-
mation, diminished non-shivering thermogenesis, and insulin
resistance [3]. Similarly, adipose tissue browning [3] and white
adipocyte function [3,90] are also affected by the loss of NFE2L1-
mediated proteasomal activity, but the relevance in obesity, espe-
cially in humans, remains unclear. Next to adipose tissue, the liver
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ERAD/UPS play a prominent role in metabolic regulation. Proteasome
dysfunction through deleting the proteasome activator subunit 3
(PSME3) results in hyperubiquitination, ER stress, steatosis, and he-
patic insulin resistance [91]. A similar NASH phenotype has been
described in hepatic NFE2L1 deficiency [92,93]. Particularly, NFE2L1
links proteasomal activity to fasting and feeding cycles [94] as well as
the response to certain nutrients in the liver [93]. Another noteworthy
player linking ERAD, ER stress, and metabolism is stromal cell-derived
factor 2-like 1 (SDF2L1), an ER-localized protein with a potential
function in ERAD substrate recognition [95]. Suppression of SDF2L1 in
the liver results in ER stress, steatosis, and insulin resistance [96]. In
summary, deficiency of ERAD-related genes compromises proteostasis
and disrupts systemic metabolic health. Interestingly, several studies
have suggested that inhibition of specific ERAD-related genes could be
beneficial for treating metabolic disorders. Inhibition of hepatic HRD1
[97] or full-body deletion [98] protects against obesity in mice. How-
ever, it is important to distinguish between the ERAD process, which is
adaptive in nature, and the effects of removing an essential component
of the machinery. While many projects claim to have studied ERAD
itself, they only analyzed the secondary effects of ERAD loss, which
may or may not have overlapping relevance. In this light, it is not
surprising that liver-specific disruption of ERAD compromises liver
function and even a “beneficial” effect on body weight regulation and
protection from obesity in these models [97e101], reflecting a general
sickness of the organism. Any future approaches aimed at exploiting
ERAD as a therapeutic should therefore focus on the adaptive
component of ERAD, which is mediated by NFE2L1 [3,83,93,94], as it
has a unique and diverse biology with multiple angles for molecular
targeting [102].

4.6. Autophagy
Macroautophagy (hereafter autophagy) is a highly conserved cellular
adaptation process discovered in yeast as a survival mechanism in
response to starvation [103,104]. The recycling of endogenous cellular
parts during nutrient deprivation is an ancient and powerful ability for
the maintenance and preservation of organismal life. Autophagy in-
volves several different autophagy-related (ATG) proteins and is initi-
ated by activation of the unc-51-like autophagy activating kinase 1
(ULK1/ATG1 in yeast), which forms the phagophore [105,106]. This
has a double membrane structure that further expands to engulf
cytoplasmic material and finally evolves into a closed structure, the
autophagosome. Subsequently, autophagosomes fuse with lysosomes
to form autolysosomes and enzymatically “digest” their cargo into their
building blocks, such as amino acids, lipids, and carbohydrates
(Figure 1). Aside from regulating energy levels and cellular proteo-
stasis, autophagy also plays a critical role in cellular stress responses
[107,108], which are often induced by the accumulation of unwanted
materials. Failure to eliminate this “protein waste” is associated with
several storage diseases with relevance for human disease, including
metabolic derangements. A critical key node on which autophagy and
most proteostatic pathways converge is mTORC1, which is a multi-
component kinase complex that is regulated by insulin, growth factors,
amino acid levels, oxygen, and energy levels. The biology of mTORC1
and its implications for metabolic disease are vast and were reviewed
in detail elsewhere [109]. In healthy cells in a nutrient-rich environ-
ment and unstressed conditions, mTORC1 represses autophagy and
stimulates biosynthesis, cell cycle progression, and growth (Figure 1).
However, upon nutrient stress, mTORC1 is inactivated and autophagic
gene transcription increases [105,110]. Interestingly, mTORC1 is also
connected to transcriptional activation of NFE2L1 and proteasomal
protein degradation via sterol-regulatory element binding protein-1
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(SREBP1) [94,111]. This SREBP1-related arm of mTORC1 activity
also regulates lipogenesis [112], linking nutrient sensing by mTORC1
to multiple relevant sources of ER stress. This crosstalk of autophagic
flux and ER stress has been demonstrated in many cell types critical for
metabolic disorders, for example, in pancreatic beta cells, adipocytes,
and cardiomyocytes [113]. In principle, in most tissues, obesity is a
state of relative autophagic deficiency, as autophagy is downregulated
in genetic and dietary models of obesity, which is particularly caused
by autophagy-related-7 protein (ATG7) levels, a critical component in
the initiation of the autophagosome formation. Suppression of ATG7 in
the liver results in defective insulin signaling and elevated ER stress
[114]. However, when ATG7 expression is restored, ER stress is
alleviated, enhancing hepatic insulin action and systemic glucose
tolerance in obese mice [114]. Furthermore, deletion of ATG7 disturbs
lipid metabolism by decreasing triglyceride breakdown, which results
in aberrant lipid accumulation and compromised metabolic function
[115]. In contrast to most other tissues, in pancreatic beta cells,
autophagy is upregulated in insulin resistance, and deletion of ATG7 in
beta cells impairs insulin secretion and inhibits the compensatory in-
crease in beta cell mass in obesity [116]. Another important link be-
tween the autophagic machinery and ER function is the process of so-
called ER-phagy, by which parts of the ER network are engulfed by
autophagosomes through specific ER-phagy receptors, for example,
reticulophagy regulator 1 (RETREG1) [117] and then removed by
lysosomal degradation. ER-phagy contributes to the adaptive remod-
eling of the ER and has been connected to the ER stress response,
specifically to the UPR [118,119], and ribosome stalling via the newly
discovered CDK5RAP3-like protein (C53) [120]. The soluble ER-phagy
receptor calcium binding and coiled-coil domain 1 (CALCOCO1) has
recently been identified to be induced by IRE1 and helps degrade
tubular ER during ER stress [121]. Mutant prohormones, such as the
insulin-deficient Akita proinsulin mutant, forms aggregates that are
degraded by ER-phagy [122,123]. Aside from this anecdotal obser-
vation of ER-phagy, its role in physiology and metabolic disorders is
relatively unexplored. In summary, autophagy is a major pillar of
proteostasis and intricately linked to ER function and stress through
multiple signaling key nodes and physical interactions.

5. CALCIUM HOMEOSTASIS

Obesity and metabolic disease are associated with disturbances in ER-
calcium homeostasis [124,125], which have severe consequences for
ER function and proteostasis. Calcium is an intracellular signaling
molecule that is implicated in a wide spectrum of processes, including
energy metabolism and protein synthesis. The ER is the largest
intracellular calcium store; it has Ca2þ luminal concentrations of 100e
800 mM compared to 100 nM Ca2þ in the cytosol (Figure 2) [126]. This
steep gradient is maintained by several mechanisms (see [126,127]).
Intraluminal chaperones, such as calnexin (CANX), calreticulin (CALR),
and BiP, act as buffers by directly binding to calcium [128]. Luminal
calcium is essential for protein folding and maturation [126,129], as
calcium binds to ER folding chaperones and is required for their activity
[126]. Aberrant calcium levels prevent proper folding of proteins and
consequently activate the UPR and ERAD pathways [130]. In particular,
folding of the already-vulnerable proinsulin is disturbed by calcium
depletion, which can lead to insulin secretion deficiencies [131,132].
Calcium is continuously imported into the ER by sarco/endoplasmic-
reticulum Ca2þ ATPase (SERCA) proteins. Obesity and high levels of
free fatty acids (FFA) reduce SERCA activity, which results in ER-
calcium depletion (Figure 2) [125,133,134]. Store-operated calcium
entry-associated regulatory factor (SOCE) regulates ER-calcium uptake
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in response to decreased luminal calcium levels by allowing the direct
flux of calcium ions from the extracellular space into the ER lumen
through direct membrane connection between the ER and plasma
membrane. Stromal-interaction molecules (STIMs) sense luminal
calcium depletion and facilitate SOCE by forming plasma membrane-
ER bridges with calcium release-activated calcium channel proteins
(ORAI1). SERCA inhibition by thapsigargin leads to a decrease in
luminal calcium, immediate experimental ER stress, and SOCE. Obesity
is associated with alterations in the SOCE machinery in hepatocytes,
which contributes to ER stress and causes glucose intolerance in
mouse models [135]. Pharmacological blocking of SOCE also impairs
pancreatic insulin secretion [136]. Conversely, in response to high
luminal calcium levels, calcium is released from the ER by ryanodine
receptors (RYRs) and ITPR channels. ITPR in the liver is found in
mitochondrial-associated membranes (MAMs) and facilitates ER-
mitochondrial communication and lipid droplet formation [137]. ITPR
has different isoforms and is generally overactivated in obesity, which
results in higher cytosolic Ca2þ, inflammation and insulin resistance
[7]. In general,@@ ER-calcium mediates inter-organelle communi-
cation, as BiP and other chaperones reside close to ER membrane
contact sites and facilitate calcium transfer between organelles
[8,138]. However, excessive and uncontrolled flux of calcium into
mitochondria stimulates ATP production, leading to increased reactive
oxygen species (ROS) levels, and pro-apoptotic pathways. Obesity,
T2DM, and high-fat diet (HFD) all modulate MAM sites, which disturbs
calcium metabolism and can aggravate insulin resistance [2,139,140].
Through these mechanisms, the ER also controls cytosolic calcium
levels and high levels of calcium in the cytosol induce stress response
pathways, which may result in apoptosis. Sorcin is a calcium sensor
protein involved in maintaining ER-calcium by inhibiting RYR activity,
thus terminating calcium-induced calcium release into the cytosol
[141]. In the liver, obesity-induced lipotoxicity promotes calcium efflux
[142] and by stimulating calcium/calmodulin-dependent protein kinase
II beta (CAMK2B) [143], chronic cytosolic calcium overload is linked to
inflammation and insulin resistance [143,144]. Lipotoxicity, on which
we elaborate in the following chapter, also disturbs ER-calcium ho-
meostasis [133]. In summary, disturbances in ER-calcium levels
compromise metabolic function, and, conversely, metabolic disorders
enhance cellular stress through disturbing calcium homeostasis
through multiple mechanisms.

6. LIPID METABOLISM

The ER is the primary site of cellular lipid synthesis, coordinates
transfer of lipids to the cytoplasm and other organelles, and is the
origin of lipid droplet biogenesis (Figure 3) [10,145e147]. It is
important to note that total plasma or tissue lipidome analysis might be
misleading as there are compartmentalized changes in lipid compo-
sition in physiology and obesity that take place at the cellular or
organelle level [148e150]. It is well established that ER dysfunction is
a pivotal driver on the road to aberrant lipid metabolism associated
with obesity and metabolic disorders. Excess lipid exposure leads to ER
stress and, conversely, ER stressors disrupt lipid metabolism, even-
tually overpowering the protective mechanisms of the ER [49,151]. A
major link between metabolic disorders, lipid metabolism, and ER
stress is the response to modern diets that are rich in processed
nutrients and unhealthy fats. Chronic overnutrition and excess lipid
exposure impose significant challenges on the adaptive mechanism of
the ER. First, this is manifested in whole-body nutrient utilization, as
diurnal shifts in the respiratory exchange ratio (RER) are lost and
obesity is associated with low RER, indicating chronic lipid over
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carbohydrate utilization. Second, nutrient homeostasis during fasting
and feeding cycles are lost. Surprisingly, obesity is a state of relative
fasting and incomplete nutrient utilization. Third, the body weight gain
associated with a chronic positive energy balance eventually over-
whelms the storage capacity of adipose tissue, resulting in adipose
tissue dysfunction and ectopic lipid deposition, which are strongly
linked to insulin resistance and diabetes. Chronic consumption of HFDs
is associated with lipotoxicity, which is the exposure to high levels of
cholesterol and FFAs [93,132,152e157]. While these potentially
harmful lipids are usually safely stored in adipocytes or lipid droplets in
other cells, obesity is a condition in which lipids escape and overflow in
other organelles, cells, and tissues. Particularly, saturated FFAs such
as palmitate are lipotoxic in high amounts [154,155,157] because
biophysically they have a high packing density and usually cells very
tightly control the amount of palmitate and other saturated fatty acids
in all lipid classes. Similar biochemical and biophysical considerations
apply to cellular cholesterol, the concentration of which is also tightly
regulated. One regulatory mechanism is the esterification of choles-
terol by sterol O acyltransferase-1 (SOAT1, also known as ACAT),
enabling safe storage of cholesterol fatty acid esters in lipid droplets
[158]. In response to low cholesterol levels, sterol regulatory element-
binding protein (SREBP) and SREBP cleavage-activating protein (SCAP)
are liberated from the ER, processed in the Golgi, and initiate tran-
scription of cholesterol synthesis genes in the nucleus [159]. Studies
found that ER stress increases the expression of SREBP-dependent
lipogenesis markers through the UPR [160,161] and reduces choles-
terol efflux by lowering the expression of lipoprotein receptors in the
liver [162]. ER stress initiated by these lipid imbalances is a funda-
mental driver of lipotoxicity and related pathologies [160e164]. Pro-
longed lipotoxicity in hepatocytes contributes to non-alcoholic fatty
liver disease (NAFLD) [165] and in the pancreas drives beta cell
dysfunction and insulin insufficiency [132,155]. These pathologies are
intricately linked to the UPR and in most cases activation of the UPR is
protective against these HFD-induced disorders [166e168]. In addi-
tion to direct diet-induced lipotoxicity arising from nutrients, obesity is
also associated with aberrant de novo lipogenesis, which is reduced in
adipose tissue but increased in the liver, where lipogenesis results in
lipotoxicity [148,169e171]. Somewhat paradoxically, lipogenesis in
the liver is linked to a phenomenon referred to as selective insulin
resistance, as particularly SREBP and MLX interacting protein-like
(MLXIPL, also known as ChREBP)-mediated lipogenesis pathways
are upregulated in obesity, while other insulin-responsive mechanisms
are not [171]. However, lipogenesis is functionally diverse, as the ER
both senses and synthesizes structural lipids, including phospholipids,
sphingolipids, and cholesterol. Obesity is associated with a disrupted
phospholipid ratio of the ER membrane lipids, which interferes with
SERCA function, induces ER stress, and exacerbates liver dysfunction
[133]. However, most lipids are stored in lipid droplets, including those
for the storage of chemical energy and triacylglycerols (TAGs) [145].
DGAT1 and DGAT2 play essential roles in TAG biogenesis and transfer
to lipid droplets [172]. In times of energetic needs, ER is involved in
lipolysis, buffering liberated fatty acids from TAGs, which naturally
causes a transient ER stress response via IRE1-XBP1. Failure in re-
esterification by DGAT1 or inactivation of the UPR to respond under
these conditions causes chronic ER stress and cellular dysfunction
[173]. Another emerging player is fat storage-inducing transmembrane
protein 2 (FITM2), an ER membrane fatty acid-CoA diphosphatase that
is involved in lipid droplet biogenesis and ER structure [174]. In par-
allel, the ER has other UPR-independent mechanisms in place to
attenuate lipotoxicity in cells. These are related to the UPS and
cholesterol regulation. First, key enzymes of lipogenesis such as
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Figure 2: Calcium homeostasis in the ER. The high calcium-ion gradient across the ER membrane between lumen and the cytosol is maintained through several mechanisms.
SOCE allows calcium transfer from the extracellular environment to the ER. SERCA continuously “pumps” calcium into the ER lumen. RyR reduces high levels of ER-calcium. ITPR
shuttles calcium to the mitochondria through MAM. Obesity leads to ER-calcium depletion, which disrupts ER homeostasis and hinders proper folding of proteins. These dis-
turbances promote ER stress and cellular dysfunction.
HMGCR or AGPATs underlie regulated turnover by the UPS [3]. In
addition, there is an extra layer of regulation through NFE2L1. Above a
certain cholesterol concentration in the ER membrane, NFE2L1 pro-
teolytic cleavage is inhibited and less NFE2L1 is found in the nucleus.
This leads to de-repression of important genetic cholesterol detoxifi-
cation programs and hepatic cholesterol excretion, thus serving as a
complementary player in the SREBP system [93]. In the liver and BAT,
NFE2L1 promotes proteostasis and prevents lipotoxicity [3,93]. In
conclusion, lipotoxicity and aberrant lipid metabolism disrupt cellular
and tissue health. When discussing ER stress and metabolic disease,
lipotoxicity and proteostasis should be acknowledged as interacting
factors.

7. CARBOHYDRATE METABOLISM AND GLYCOSYLATION

Carbohydrates are important nutrients and a vital energy source with
critical roles for metabolic disorders. Balanced glucose levels are
crucial for proper metabolic function. Uptake and utilization of this
metabolite depend on multiple factors such as dietary intake, glyco-
genolysis, and gluconeogenesis in the liver, kidney, and intestine. The
latter is designed to generate glucose from non-carbohydrate
MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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precursors such as amino acids, lipids, pyruvate, and lactate during
fasting. The upregulation of gluconeogenesis in the liver of patients
with T2DM is considered a major contributor to hyperglycemia and
subsequent diabetic organ damage, which is also caused by glycation.
Next to glucagon and incretins, insulin is a key hormone in glucose
metabolism, so insulin resistance results in uncontrolled gluconeo-
genesis and diminished glucose clearance [175]. Gluconeogenesis is
linked to ER function on several levels. For example, hepatocytes
harbor an ER-located transcription factor, the cyclic AMP-responsive
element-binding protein 3-like protein 3 (CREBH, encoded by
CREB3L3), which has structural and mechanistic similarities to ATF6
[176]. This protein is activated through intramembrane proteolysis
under a variety of cellular stress signals, most notably nutrient
deprivation. Upon activation, CREBH transits from the ER to the Golgi
apparatus, where it is processed to release transcription factor CREB
that drives expression of key genes encoding metabolic regulators or
enzymes involved in glucose metabolism [60]. Furthermore, the final
step of gluconeogenesis, the formation of glucose from glucose-6-
phosphate by the glucose-6-phosphatase catalytic subunit 1
(G6PC1), is carried out in the ER lumen. G6PC is a multimeric protein
complex embedded in the ER membrane with its catalytic site facing
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the ER lumen. It makes sense that glucose is produced in the ER
lumen, as complex carbohydrate structures are not just nutrients but
also critical post- or co-translational modifications of proteins and
lipids. More than half of the eukaryotic proteome carries carbohydrate
residues in various structures and quantities. This post-translational
modification is important for protein folding, binding affinity, and
signal transduction pathways. Folding of these glycoproteins in the ER
is closely regulated by chaperones and enzymes to maintain cellular
homeostasis [177]. Tunicamycin is a well-established chemical
inducer of ER stress by inhibiting N-linked glycosylation. N-linked
glycosylation starts with the formation of dolichol-linked N-acetylglu-
cosamine (GlcNAc), which then is transferred to folded proteins on the
luminal side of the ER. Upon transferring the completed glycan onto the
nascent polypeptide, two glucose residues are removed from the
structure by exoglycosidases. This glycosylation serves as a quality
control step in the ER, and once the protein is properly folded, the
removal of the final third glucose residue signals that the cargo is ready
for transit to the Golgi for further processing and cellular distribution.
Thus, glucose metabolism is linked to protein folding, translocation,
and overall proteostasis. Therefore, an imbalance in glucose levels is
linked to ER stress and UPR activation. All three main UPR branches
have been linked to glucose metabolism. One of the first findings in
genetic models of UPR deficiency was defective gluconeogenesis in
the livers of PERK-deficient mice or animals harboring a homozygous
mutation that eliminates EIF2a phosphorylation on serine 51 [29,33].
Moreover, the UPR and glucose homeostasis in pancreatic beta cells
Figure 3: ER lipid metabolism in obesity. As a result of high-fat diet consumption, ce
membrane fatty acids and cholesterol change the membrane composition and lead to ER s
acids and ACAT esterifies cholesterol for safe storage in lipid droplets as triglycerides or cho
cholesterol, high levels of ER cholesterol block NFE2L1 proteolytic cleavage and lead to f

10 MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. T
are closely connected to insulin regulation [178]. For example, IRE1a
phosphorylation not only activates the UPR but also promotes insulin
biosynthesis in beta cells [179]. These are only highlights of the
complex interaction of glucose, glycosylation, and UPR activation.
Post-translational glycosylation is also directly involved in the regula-
tion of proteostasis through NFE2L1, which undergoes glycosylation
while anchored in the ER membrane. Deglycosylation by NGLY1 and
cleavage by protease DDI2 are necessary steps in the maturation of
active NFE2L1, which controls the adaptive component of proteasomal
activity [87]. Mutants mimicking the deglycosylated state of NFE2L1
result in enhanced transcriptional activity of the protein [64] and
increased proteostasis. Another direct regulation of glycosylation is the
hexosamine signaling pathway, in which the nutrient-dependent
synthesis of UDP-GlcNAc is coupled to O-GlcNAc modification of Ser/
Thr residues of key nuclear and cytoplasmic targets. O-GlcNAc
modification has emerged as a versatile cellular mechanism modu-
lating signaling during growth, metabolism, stress, circadian rhythm,
and hostepathogen interactions. This is especially evident in neurons
and adipocytes, as O-linked N-acetylglucosamine transferase (OGT)
has been shown to modulate energy balance and obesity through
multiple cellular effector mechanisms [180e182]. In summary,
healthy ER function depends on homeostasis of all three major classes
of nutrients, proteins, lipids, and glucose. In metabolic disorders, a
critical hallmark of ER stress-associated cellular dysfunction is the
activation of inflammatory signaling pathways and chronic tissue
inflammation.
lls are exposed to high levels of (saturated) fatty acids and cholesterol. High levels of
tress. Cells have several mechanisms to attenuate lipotoxicity: DGAT1 re-esterifies fatty
lesterol esters, respectively. While the SREBP/SCAP system responds to low levels of ER
ewer proteasome genes and de-repression of inflammation genes.
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8. INFLAMMATION

Obesity is a state of chronic low-grade inflammation that is charac-
terized by aberrant production of cytokines and infiltration of immune
cells in metabolic organs [49,175,183]. What is the cause of inflam-
mation in this metabolic context? This is a major topic of “immuno-
metabolism” or “metaflammation” research [184], which unlike
proposals by some in the field does not directly relate to the meta-
bolism of immune cells during inflammation (which is simply meta-
bolism, not immunometabolism) but rather studies the intersection
where metabolic and inflammatory pathways converge to regulate
cellular function. Inflammation is normally a complex reaction of the
body to cope with pathogens, dying cells, and other harmful irregu-
larities, but in metaflammation, this process is sterile and driven by
aberrant metabolism. One of the first conceptual formulations that
metabolic disorders are in fact inflammatory diseases was the notion
that atherosclerosis is an inflammatory response to the lipid-driven
injury of the vessel wall. It is well established that obesity and asso-
ciated disorders including type 1 diabetes have a strong inflammatory
component. A classic example is the impact of cytokines such as
tumor necrosis factor alpha (TNF-a) on metabolic function. TNF-alpha
leads to activation of c-Jun N-terminal kinase (JNK), which inhibits
insulin receptor signaling through serine phosphorylation of insulin
receptor substrate 1 (IRS1). This modification inactivates IRS1, which
ultimately contributes to insulin resistance [185]. In this immunome-
tabolic context, ER stress has various effects on cellular function in
isolated cells and an impact on systemic metabolism [49]. This directly
involves altered utilization of nutrients by parenchymal cells and
endocrine regulation of metabolism, most notably insulin resistance. In
metabolic disorders, ER stress is unresolved despite the activation of
proteostatic countermeasures. This chronic stress response is closely
linked to inflammation and the immune response, and in turn, chronic
inflammation hampers the resolution of ER stress [54]. ER stress in
parenchymal and immune cells leads to the production of cytokines
and an anti-inflammatory response, as the UPR is linked to the acti-
vation of cytosolic stress kinases such as JNK [186], PKR [187], and
IkBa kinase (IKK) [188]. Each of these key signaling nodes has been
implicated in obesity and associated disorders as explained as follows.
While whole-body JNK deficiency protects from weight gain [189],
there are isoform and cell type-specific differences in the impact of
JNK signaling on metabolic disorders [190e195], although JNK acti-
vation principally aggravates tissue inflammation. PKR is activated by
double-stranded RNA and modulates metabolic homeostasis, although
the outcome of genetic PKR deletion depends on the mouse model and
background [36e38,196,197]. In addition, the IKK family is implicated
in inflammatory signaling and IKK-e and TBK1 have been shown to
impact metabolic homeostasis [198,199]. Downstream of these
immunometabolic key nodes is the inflammatory transcriptional
response. For instance, the UPR is extensively involved in the signal
transduction of inflammatory responses. Signal transducer and acti-
vator of transcription 3 (STAT3) is a transcription factor activated via
phosphorylation upon cytokine signaling and has been linked to the ER
stress response. In mouse hepatocytes, STAT3 is activated after it is
bound by IRE1 and subsequent phosphorylation to promote tissue
repair in response to liver damage (Figure 4) [200]. PERK-mediated
eIF2a phosphorylation halts protein synthesis and favors nuclear
factor-kB (NFkB) activation to induce pro-inflammatory genes
[60,201]. A key event on the road to tissue inflammation in metabolic
disorders is the infiltration of the tissue with immune cells, especially
macrophages. This is evident almost everywhere in the body, most
prominently in adipose tissue, the liver, and vessel walls. It is important
MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
to note that the processes described here in the context of athero-
sclerosis principally also take place in adipose tissues and the liver, as
these are fundamental principles of immunometabolic stress.
Atherogenesis is driven by the formation of foam cells from infiltrating
macrophages that engulf modified LDL particles in the subintimal
space. Foam cells are macrophages loaded with cholesterol esters (CE)
that are formed by cholesterol esterification through ACAT, an ER
membrane enzyme (Figure 4) [202e204]. While the storage of CE in
lipid droplets is safe, free cholesterol accumulation in the ER mem-
brane leads to calcium-related ER stress and engages PERK-mediated
apoptosis. By treating mice with phenylbutyrate (4-PBA), a chemical
chaperone, PERK activation in macrophages is inhibited, apoptosis
prevented, and their function preserved, ultimately resulting in reduced
atherosclerosis [205]. IRE1a is then activated by pattern-recognition
receptors of macrophages, leading to a pro-inflammatory response
[206]. Depletion of IRE1a from the macrophages in obesity leads to a
shift from pro-inflammatory toward anti-inflammatory tissue pheno-
types [183]. Moreover, the IRE1a pathway strongly influences the
production of several proatherogenic cytokines, chemokines, and their
receptors, including interleukin (IL)-1b or CeC motif chemokine ligand
2 (CCL2). By inhibition of IRE1 in vivo, hyperlipidemia-induced IL-1b
and IL-18 production decreases, which leads to a reduction in
atherosclerotic plaque size. IRE1 inhibition also alters the cellular
composition of plaque by reducing the numbers of macrophages in
atherosclerotic lesions. Most likely this effect is due to the reduction of
the strong macrophage chemoattractant CCL2 [207]. Interestingly,
inflammation-induced protein nitrosylation also impairs IRE1 function
directly, which has consequences for UPR activation and the resolution
of ER stress in the context of NAFLD [54]. This can be interpreted as a
vicious circle of inflammation and ER stress. Another important link
between inflammation and ER stress is via the NFE2L1 pathway. In
brown fat, NFE2L1-mediated proteasomal protein quality control is
required to mitigate cold-induced ER stress [3]. Small molecule pro-
teasome inhibitors and lack of NFE2L1 induce ER stress, chemokine
and cytokine production, and ultimately result in severe brown fat
inflammation, so much so that even the plasma inflammatory medi-
ators such as TNFɑ are elevated [3]. However, these outcomes
strongly depend on environmental challenges, as they are not observed
at thermoneutrality and only lead to insulin resistance when mice are
fed a HFD. This highlights the adaptive and dynamic nature of this
NFE2L1-dependent immunometabolic mechanism [3]. Another
important link of ER function and inflammation is the cGAS-cGAMP-
STING pathway, which is also upregulated in adipose tissue of ro-
dents on a HFD. In obesity, mitochondrial DNA (mtDNA) is sensed by
cyclic GMP-AMP synthase (cGAS) and triggers its oligomerization and
activation. Activated cGAS catalyzes the formation of cyclic di-
nucleotides, most notably cyclic guanosine monophosphate-adenosine
monophosphate (2030-cGAMP), which in turn bind to the ER-localized
stimulator of interferon response cGAMP interactor 1 (STING1).
STING1 dimerizes and activates and recruits interferon regulatory
factor 3 (IRF3) and NF-kB, thus initiating the production of type 1 in-
terferons and other inflammatory cytokines, which results in insulin
resistance [208]. Interestingly, STING1 activity is modulated by cellular
ROS levels [209], which could have important implications as ROS is a
feature of aberrant metabolism. In summary, these examples
demonstrate that one major outcome of ER stress is cellular and tissue
inflammation. In the absence of pathogens, pathways and cells of the
immune system are activated by aberrant metabolism in obesity. This
intimate relationship of ER stress and inflammation is involved in the
restoration of cellular homeostasis, but also leads to metabolic dis-
eases if sustained unresolved and chronic.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Figure 4: Immunometabolic interplay in obesity. In obesity, immune cells and parenchymal cells are in crosstalk as they infiltrate metabolic tissues. Excess fatty acids and
glucose are sensed by TLRs on macrophages and trigger an IREa response, which releases pro-inflammatory cytokines. Metabolic disorders are also characterized by the
formation of foam cells, which carry a surplus of cholesterol esters and other lipids. Cytokines produced by the immune cells are sensed by parenchymal cells and trigger the
activation of stress kinases such as JNK, which are directly linked to insulin resistance. IREa in parenchymal cells is also activated by cytokines and leads to transcription of pro-
inflammatory mediators. The cGAS-cGAMP-STING pathway is triggered by HFD and enhances inflammatory responses via NF-kB.

Review
9. SUMMARY AND TRANSLATIONAL PERSPECTIVE

The ER is a dynamic and diverse organelle that is in close physical
and functional connection with all critical parts of cells. Hence, the ER
is the central platform for coordinating nutrient homeostasis and
orchestrating stress responses arising from within and outside the
ER. This ER stress is a very complex phenomenon triggered by
environmental challenges that is usually resolved by the adaptive
programs of the integrated stress response, including proteostatic,
lipidostatic, and glycostatic countermeasures. Neither these ER
stress phenotypes nor the adaptive programs occur in isolation but
rather are intricately connected and depend on each other. In the
context of obesity and associated metabolic disorders, excessive
exposure to high-calorie nutrients such as lipids and glucose is
associated with the chronic activation of adaptive stress resistance
mechanisms, but these fail to restore ER homeostasis, resulting in
tissue inflammation and endocrine dysregulation. In light of the global
epidemic of overweight and obesity, understanding the fundamental
biology of metabolic adaptation in the ER may hold novel therapeutic
approaches for metabolic disorders. While natural compounds and
toxins have helped discover mechanisms of ER function, applying
aspects of this knowledge pharmacologically to treat human disease
is hampered by several roadblocks. These challenges include the
pleiotropic nature of ER stress manipulation, as pharmacological
12 MOLECULAR METABOLISM 47 (2021) 101169 � 2021 The Author(s). Published by Elsevier GmbH. T
targeting with compounds may come with undesired off-target side
effects. In addition, ER homeostasis is maintained by delicately
balanced programs as outlined in this review and targeting one arm
might lead to maladaptive activation of ER stress pathways. However,
we have made important steps toward exploiting key regulators of ER
function. There is progress in preclinical animal models, for example,
small targeting of ER stress in the liver or beta cells alleviates
metabolic dysfunction. We are optimistic that the next decade will
bring more discoveries and therapeutic breakthroughs for resolving
ER stress and curing metabolic disorders.
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