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Integrating stress signals—XBP1 as a novel mediator of
intercellular crosstalk in non-alcoholic steatohepatitis
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Non-alcoholic steatohepatitis (NASH), the most advanced
form of non-alcoholic fatty liver disease (NAFLD), is the
most common chronic liver disease and will soon be the
most common reason for liver transplantation as NASH
has no approved pharmacotherapy. This unmet need is
due in part to an incomplete understanding of mechanistic
determinants of various aspects of NASH pathogenesis, and
uncertain progression between a prevalent pre-NASH state
(lipid accumulation) to the hepatocyte injury, inflammation
and fibrosis that defines NASH (1).

NASH develops in the context of obesity, but people
of similar body weight and adiposity do not have identical
risk of NASH development. This discordance highlights
a genetic component to the disease, well-established for
hepatic lipid accumulation from genome-wide association
studies (GWAS), but less so for liver inflammation and
fibrosis. One possibility is that heterogeneity in NASH
arises from altered transcriptional regulation that may
not be easily uncovered by GWAS, as multiple metabolic
and developmental signaling pathways are preferentially
dysregulated in NASH but not pre-NASH states (2).
These and other studies have suggested that two or more
“hits” are necessary for NASH development (3,4). In this
conceptual framework, lipid accumulation in hepatocytes,
termed steatosis, may (but not necessarily) prompt a
second hit, for example, oxidative stress, which will trigger
hepatocyte death, immune cell activation, and eventually,
the deposition of collagen fibrils by activated hepatic stellate
cells (HSCs). Other work suggests that NASH development
is augmented by extrahepatic mechanisms, including gut-
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and adipose tissue-derived proinflammatory factors, which
may be synergetic. In fact, inflammation may theoretically
precede or even provoke steatosis.

Chronic endoplasmic reticulum (ER) stress is linked
to pathogenesis of multiple diseases (5-7), including
obesity-induced metabolic diseases such as type 2 diabetes
(T2D) and NASH, suggesting a possible pathogenic role.
ER stress is often associated with the accumulation of
unfolded proteins in the ER, which bind to the binding
immunoglobulin protein (BIP), and triggers three, parallel
signaling pathways—inositol-requiring enzyme la IREla),
which activates c-Jun NH2-terminal kinase (JNK), causing
apoptosis, and induces splicing of X-box binding protein
1 (XBP1), leading to transcriptional upregulation of
genes involved in lipogenesis, folding and ER-associated
degradation (ERAD); PKR-like ER kinase (PERK)-induced
phosphorylation of eukaryotic translation initiation factor
2a (elF20), which leads to increased activating transcription
factor (ATF4), and upregulated gene expression associated
with amino acid metabolism, anti-oxidative stress and
apoptosis; and activating transcription factor 6a (ATF6a),
which is further processed to release a transcriptionally
active cytoplasmic domain, leading to increase of ERAD
and protein folding associated gene expression (5).
Collectively, these signaling pathways are thought to
alleviate ER stress through multiple mechanisms, including
degradation of unfolded proteins, inhibition of new
translation, and increase in ER capacity, which collectively
augment likelihood of cellular survival. In chronic,
unresolved ER stress, apoptosis and cell death ensue (5,8).
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Multiple prior studies have evaluated whether ER stress
pathways are altered in liver disease (9,10). In patients
with NASH, for example, several groups have shown
heterogeneous activation of liver ER stress signaling
pathways, with some patients showing a p-JNK/p-elF2a
activity signature while others showing increased spliced
XBP1 (11-13). This led to studies to test potential for
causality using genetically-modified mouse models, with
somewhat mixed results. Constitutive and systemic deletion
of ATF6 provoked excess lipid accumulation in liver (14).
On the other hand, ATF4 knockout mice were protected
from high-fat diet (HFD) induced steatosis (15,16).
Similarly, inducible full knockout XBP1 or hepatocyte-
specific XBP1 knockout mice demonstrated reduced de
novo lipogenesis, leading to relative protection from
steatosis (17,18). Genetic deletion of B-cell lymphoma 2
(BCL2)-associated X protein (Bax) inhibitor-1 (BI-1), a
suppressor of IREla, induced ER stress and hepatic NOD-
like receptor family, pyrin domain containing 3 (NLRP3)
inflammasome activation, leading to hepatocyte death,
inflammation and fibrosis (19). These data suggest that
although often lumped as ER stress pathways, differential
activation may lead to altered disease pathogenesis.

However, most work thus far has been on mouse models
of hepatocyte-specific manipulation or systemic deletion
of these key regulators. As such, whether these signals
also regulate behavior of liver non-parenchymal cells
(NPCs) that define NASH pathogenesis i vivo is less well-
understood. To address this question, in a recent issue of
Journal of Hepatology, Wang et al. showed increased mRNA
expression of spliced XBP1 (XBP1s) in patients with as
compared to without NASH (20). This led to a significant
increase in XBP1s protein in whole liver, and a dramatic
increase in both hepatocyte and NPC XBP1s, especially
macrophages. Next, the authors generated cell-type-
specific XBP1 knockout mice to determine if increase in
XBP1Is in hepatocytes, myeloid cells or both may contribute
to liver injury induced by long-term HFD-feeding or
methionine-choline deficient (MCD) diet-feeding. This
particular choice of modeling was perhaps intentionally
complementary. HFD-feeding mimics pre-NASH
phenotypes, causing profound obesity (and subsequent
insulin resistance — increased de novo lipogenesis —
steatosis), but only mild inflammation and fibrosis. MCD-
feeding is a more toxic liver injury, leading to rapid
hepatocyte death, liver inflammation and fibrosis that
pathologically resembles human NASH, despite progressive
weight loss that does not mimic the human condition. But
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intriguingly, hepatocyte-specific XBP1 knockout mice were
protected from both HFD- and MCD-induced hepatic
steatosis, attributed to inhibition of de novo lipogenesis and
increased lipid oxidation, consistent with prior studies using
other XBP1-deficient mouse models (17,18).

The authors simultaneously generated myeloid-specific
XBP1 knockout mice, which were similarly protected from
both HFD- and MCD-induced hepatic lipid accumulation.
Intriguingly, both hepatocyte and myeloid-specific XBP1
knockout mice gained less weight than control mice
when fed HFD, resulting in less visceral fat. Food intake
was reportedly unchanged, suggesting increased energy
expenditure, but this was not experimentally verified.
The mechanism attributed to this finding was altered
macrophage polarization, as knockout animals showed
a shift in liver macrophage populations, with a decrease
in so-called M1 (or classically activated) and increased
M2 (alternatively activated) macrophages. This shift was
accompanied by a decrease in NLRP3 inflammasome levels,
which in turn reduced expression of multiple inflammatory
markers and, through a somewhat less clear mechanism,
inhibited hepatocyte lipogenesis. Notably, the M1/M2
ratio proposed to explain differential inflammatory nature
of tissue macrophage populations may be less revealing
than originally thought. For example, patients with NASH
show higher levels of both M1 and M2 macrophage marker
genes, suggesting that after liver injury, a subset of M2
macrophages may be involved in tissue remodeling, which
may increase the risk of fibrosis (21,22). Indeed, in this
study, the authors sorted peripheral blood mononuclear
cells in NASH patients and found increase of both M1 and
M2 macrophage populations, and a similar increase in livers
of NASH patients. More refined evaluation of these cells,
for instance by fluorescence-activated cell sorting (FACS) or
single-cell RNA (scRNA) sequencing, may help determine
impact of XBP1 in macrophage biology, in particular to
help determine XBP1 expression in different myeloid
populations in patients with NASH.

Collectively, results from Wang et al. suggest that
activation of XBP1 in hepatocytes and myeloid cells
cooperatively determine multiple aspects of NAFLD/
NASH pathology (Figure 1). Simultaneously, or perhaps
as a result, liver fibrosis was decreased, postulated by the
authors as due to reduced TGFp signaling to HSCs, the
cell type responsive for collagen deposition in response to
liver injury (23). These mouse data are on the backdrop of
a clear increase in XBP1 expression in patients with NASH
patients, which was associated with markers of liver injury
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Figure 1 XBP1 activity in hepatocytes and myeloid cells regulates hepatic lipid accumulation, inflammatory cytokine production and HSC

activation, leading to inflammation and fibrosis. HSC, hepatic stellate cell; NASH, non-alcoholic steatohepatitis.

and lipogenic/proinflammatory gene expression. A striking
finding of this study is that XBP1"¢" patients have more
liver fibrosis, which is the major determinant of morbidity
and mortality in patients with NASH. This data may
reconcile uneven associations between XBP1 and patient
characteristics in other studies (11-13), if as described,
XBP1 levels correlate with NASH severity. Further patient
cohorts may be helpful to clarify these associations.

Mechanism of higher XBP1 expression in these cell types
is not known. For example, activation of toll-like receptors
(TLRs) induced XBP1 expression even in the absence of
ER stress (24), notable as deficiency of hepatocyte TLR4
markedly reduced liver fibrosis in mice (25). Future work
is necessary to determine if other ER stress pathways in
myeloid cells lead to similar phenotypes, and/or if XBP1
represents a new gut-liver axis. The potential translational
relevance of this finding may be quite significant. For
example, authors used two chemical inhibitors (toyocamycin
and TUDCA) that have been reported to inhibit XBP1 in
HFD fed mice, both of which reduced liver injury, lipid
accumulation and a-SMA staining, and decreased ratio of
M1/M2 macrophage marker gene expression. Although
both of these chemical compounds have been reported to
inhibit other pathways as well, the studies presented here
may provide impetus to generate specific XBP1 inhibitors
that may have application for NAFLD/NASH.
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