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Non-alcoholic steatohepatitis (NASH) is characterised by 
hepatocellular lipid accumulation, lipotoxicity-mediated 
hepatocellular injury and subsequent liver inflammation (1).  
One cell population particularly involved in NASH 
pathogenesis are liver macrophages, i.e., liver-resident 
Kupffer cells and monocyte-derived macrophages. Liver 
macrophages are recognised as central regulators of the 
hepatic microenvironment, and under healthy conditions 
they display a restorative, immune-suppressive phenotype to 
uphold homeostasis. However, they acquire an inflammatory 
phenotype upon metabolic stress  and subsequent 
hepatocellular injury induced by increased abundance of 
free fatty acids and insulin resistance in NASH. In these 
conditions, macrophages release inflammatory cytokines 
like tumour necrosis factor alpha (TNF-α) and interleukin-1 
beta (IL-1β), which can perpetuate hepatocellular injury by 
providing feedback signals to hepatocytes. Furthermore, 
macrophage-derived transforming growth factor beta 
(TGF-β) drives fibrogenesis through the activation 
and trans-differentiation of hepatic stellate cells into 
myofibroblasts (2). In a significant proportion of patients, 
these processes ultimately lead to liver fibrosis and its 
clinically relevant outcomes of liver failure or hepatocellular 
carcinoma.

One central mechanism linking hepatocellular steatosis 
and the hepatic inflammatory response is endoplasmic 
reticulum (ER) stress in hepatocytes. In NASH, ER 

function is impaired by oxidative stress, accumulation of 
free fatty acids, hyperglycaemia and subsequent lipotoxicity, 
resulting in the accumulation of unfolded proteins. These 
unfolded proteins, in turn, activate conserved sensors of 
the unfolded protein response (UPR), namely activating 
transcription factor 6 (ATF-6), protein kinase RNA-
like endoplasmic reticulum kinase (PERK) and inositol-
requiring-enzyme 1 alpha (IRE1α), which instigate the ER 
stress response via distinct signalling pathways (3). IRE1α is 
highly conserved and has dual enzymatic activity: it activates 
JNK and NFκB through its serine/threonine kinase, 
and the endoribonuclease activity digests and inactivates 
mRNAs and miRNAs, in a process coined regulated IRE1α-
dependent decay (RIDD). IRE1α endoribonuclease also 
targets the mRNA of the UPR regulator X-box binding 
protein-1 (XBP1) and catalyses the unconventional splicing 
to the transcriptionally active form XBP1s. XBP1s then 
acts as a transcription factor and enhances gene expression 
related to protein folding, lipid synthesis and ER-associated 
degradation (ERAD). First and foremost, ER stress is a 
physiologic adaptive cellular stress response. It aims to 
restore ER function by reducing protein translation and 
upregulating ER protein folding capacity, autophagy and 
the ERAD pathway. However, prolonged and overwhelming 
activation of ER stress plays a role in the development 
of many diseases, including cancer, type 2 diabetes and 
the metabolic syndrome (4). In NASH, ER stress drives 
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hepatocellular de novo lipogenesis, lipid accumulation and 
disturbed cholesterol metabolism. Upon overwhelming 
cellular stress, it promotes hepatocellular injury and liver 
inflammation via activating pro-apoptotic signalling 
pathways and RIDD (3). Pharmacological inhibition of 
IRE1α endoribonuclease activity or Caspase-2 downstream 
of IRE1α has shown beneficial effects in transgenic, ER-
stress and high-fat diet (HFD)-induced pre-clinical models 
of NASH, resulting in reduced lipid accumulation and liver 
inflammation (5,6). ER stress, and the IRE1α-XBP1 axis 
in particular, are directly involved in pro-inflammatory 
activation of macrophages (4), but the role of myeloid XBP1 
in non-alcoholic fatty liver disease (NAFLD) and NASH 
had not been studied.

In their recent paper in the Journal of Hepatology, Wang 
and colleagues provided a novel angle on the role of XBP1 
in NASH (Figure 1). They found increased expression of 
XBP1s in human liver macrophages and hepatocytes in 
NASH and hypothesised that myeloid XBP1 is important 
for shaping liver macrophage function, hepatic lipid 
metabolism, inflammation and fibrosis in NASH (7). 
To study the role of macrophage XBP1, they generated 
myeloid-specific XBP1 knockout (XBP1ΔMf) mice and 
subjected these to HFD and methionine-choline-deficient 
diet (MCD) models of NASH. In both HFD and MCD, 
macrophage XBP1 deficiency attenuated lipid accumulation, 
liver inflammation and fibrosis, and improvements in liver 
histology were accompanied by a shift of liver macrophage 
polarisation towards a more restorative phenotype. These 
findings agree with previous reports that the IRE1α-XBP1 
pathway drives inflammatory macrophage polarisation (8).  
However, how the XBP1 knockout prevents sustained 
inflammatory activation of liver macrophages remained 
obscure. Changes in macrophage function are characterised 
by shifts in immune cell metabolism, and lipogenic 
pathways are prominently regulated by IRE1α-XBP1. Thus, 
it would be interesting to study how XBP1 knockout affects 
macrophage metabolism and how this translates into altered 
cell function. Furthermore, the authors present the changes 
in macrophage polarisation as a clear-cut switch from ‘M1’ 
to ‘M2’. However, such “black-or-white” macrophage 
phenotypes (M1 vs. M2) do not exist in the liver or 
in NASH (9). The complex biology of macrophages 
warrants further detailed investigation, and single-cell 
technologies offer the opportunity to gain insights into the 
heterogeneity of such functional changes and get a picture 
of the overall immune landscape in response to myeloid 
XBP1 deletion (10).

ER stress and its IRE1α-XBP1 branch are potent 
activators of the Nlrp3 inflammasome (11,12), and indeed, 
XBP1ΔMf resulted in dampened hepatic Nlrp3 inflammasome 
activity. Using myeloid-specific knockout and lentiviral 
overexpression of Nlrp3, Wang et al. (7) showed that 
Nlrp3 links XBP1s to hepatocellular injury. In primary 
hepatocytes co-cultured with wild-type bone-marrow- or 
liver-derived macrophages, palmitate treatment increased 
lipogenic gene expression and decreased the expression of 
beta-oxidative genes, leading to a net lipid accumulation. 
This effect on lipid metabolism was abrogated by replacing 
wild-type with XBP1ΔMf or Nlrp3ΔMf macrophages. Notably, 
lentiviral overexpression of Nlrp3 in XBP1ΔMf macrophages 
restored the changes in lipid metabolism to wild-type 
levels. This suggests that the Nlrp3 inflammasome 
mediates the effects of myeloid XBP1 on hepatocellular 
lipid metabolism (Figure 1). However, further investigation 
needs to address how exactly macrophage IRE1α-XBP1s-
induced Nlrp3 mediates hepatocellular lipid accumulation. 
Nlrp3 activity leads to the release of macrophage-derived 
IL-1β, which is the major downstream effector cytokine 
of the Nlrp3 inflammasome and alters lipid metabolism in  
hepatocytes (13). Thus, IL-1β is a candidate for mediating 
macrophage XBP1s effects on hepatocellular steatosis.

Similar to the myeloid cell-specific knockout, improved 
hepatocellular lipid metabolism, inflammation and fibrosis 
were also seen in hepatocellular XBP1 knockout (XBP1Δhep) 
mice (7). Thus, cell-type specific XBP1 seems to have a 
non-redundant role in the development and perpetuation 
of NASH. In principle, this could make XBP1 an attractive 
therapeutic target, potentially affecting steatotic and 
inflammatory mechanisms in different cell types at the 
same time. However, ER stress is a physiologic response 
to cellular stress, and complete suppression of the IRE1α-
XBP1 pathway might be harmful in a therapeutic setting, 
as indicated by previous studies that reported increased 
hepatocellular injury upon hepatocellular XBP1 knockout 
in fructose- or high-fat-high-fructose-feeding (14,15), 
thioacetamide-induced acute liver injury (16) and partial 
hepatectomy (17). Other studies observed similar effects 
for hepatocyte-specific deletion of IRE1α, which result 
in increased hepatocellular injury upon tunicamycin-
induced ER stress (18) while attenuating liver injury in 
high-fat, high-fructose, high-cholesterol-induced murine  
NASH (19). These findings raise concerns of hepatotoxicity, 
and we need to understand better the mechanisms causing 
such deleterious effects to define the true potential of 
NASH treatments targeting IRE1α-XBP1s.
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ER stress is a central regulator of cellular function not 
restricted to the liver, and consequently, myeloid XBP1 
deletion led to extrahepatic effects. Therefore, lower body 
weight, visceral adipose tissue mass and attenuated visceral 
adipose tissue inflammation may well have contributed to 
the improved liver phenotype in XBP1ΔMf mice (7). While 
future studies need to address the relative contribution 
of liver-specific myeloid XBP1 in the development and 
progression of NASH, targeting ER stress in extrahepatic 
tissues might be beneficial. ER stress is involved in the 
pathogenesis of metabolic syndrome, type 2 diabetes 
and atherosclerosis (4), and these diseases are common 
comorbidities and significant determinants of all-cause 
mortality in patients with NASH. Therefore, blocking 
IRE1α could possibly target both the liver and metabolic 
disease. Conversely, transient and low-grade activation 
of IRE1α is an important adequate adaptive response to 
obesity (20), and any therapeutic strategies will need to 
avoid blocking the beneficial effects of ER stress.

In addition, IRE1α-XBP1 is critical for normal macrophage 
function and host response to bacterial infection (4),  
raising concerns of potential immunosuppressive side effects 
of IRE1α/XBP1 inhibition. Notably, increased rates of fatal 
infections were reported in the CANTOS trial, which tested 
an anti-IL-1β monoclonal antibody for treating patients 
with high cardiovascular risk (21). Additionally, such anti-
inflammatory effects could impact tumour biology and 
theoretically increase the risk of (hepato-)carcinogenesis. 
However, immune cell IRE1α-XBP1 promotes the 
immunosuppressive cancer microenvironment and is 
generally recognised as a driver of tumour development and 
progression (22). Still, studies need to address the specific 
effects of IRE1α-XBP1 inhibition on hepatocarcinogenesis 
in NASH to ascertain the safety or even anti-tumour 
effectiveness of such a therapeutic approach.

Wang et al. addressed the need for novel therapeutic 
approaches by studying the effects of two different 
inhibitors of ER stress: toyocamycin as an experimental 
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Figure 1 Hepatocellular and myeloid IRE1α and XBP1s are central regulators of NASH pathophysiology. Activated by metabolic stress-
induced hepatocellular injury, they disturb lipid metabolism and activate inflammatory and apoptotic signalling pathways. The products of 
injured hepatocytes then activate liver-resident and infiltrating macrophages. Macrophage activation requires ER stress and IRE1α-induced 
unconventional splicing of XBP1u to XBP1s, which in turn triggers myeloid NLRP3 activation. NLRP3, in turn, mediates the effects of 
myeloid XBP1s on hepatocellular lipid metabolism. In addition, macrophage XBP1s promotes the secretion of TGFβ1, which activates 
quiescent HSC and induces HSC trans-differentiation into myofibroblasts. SFA, saturated fatty acids; EVs, extracellular vesicles; DAMPs, 
damage-associated molecular patterns; a/qHSC, activated/quiescent hepatic stellate cell; NASH, non-alcoholic steatohepatitis; HSC, hepatic 
stellate cell. 
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specific IRE1α endoribonuclease inhibitor and the chemical 
chaperone tauroursodeoxycholic acid (TUDCA). While 
the effectiveness of such treatments in transgenic ER-
stress-induced models of NASH has been demonstrated 
before (5,6), the authors are the first to study the effects in 
a genuine diet-induced model. In agreement with existing 
evidence, they observed a reduction in transaminases, liver 
steatosis, inflammation and αSMA-positive area, and—
consistent with an effect on myeloid ER stress—this was 
accompanied by a shift in macrophage polarisation towards 
iNOS−CD206+ cells (7). While IRE1α appears to represent 
an attractive therapeutic target, other components of the ER 
stress pathway are also worth consideration. Acetyl-CoA-
carboxylase (ACC) and ketohexokinase (KHK) inhibitors 
do not target ER stress directly, but are in clinical testing 
already and potently inhibit de novo lipogenesis (23,24). 
Therefore, one can speculate that ACC and KHK inhibitors 
may alleviate ER stress through attenuated lipotoxicity, 
although this link is not fully established yet. Inhibition of 
Caspase-2 downstream of IRE1α-XBP1 reduces steatosis 
and inflammation in ER-stress-induced steatohepatitis (6),  
and other investigational compounds targeting ATF-6  
and PERK branches of ER stress are available for pre-
clinical testing and are discussed in detail elsewhere (3,25). 
The future will tell which, if any, approach to target ER 
stress is suitable for the treatment of NASH. Ideally, such 
a treatment would target liver disease and extrahepatic 
manifestations of the metabolic syndrome as well.
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