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Abstract

Sections

Autoimmune rheumatic diseases, including systemic lupus erythematosus
and antiphospholipid syndrome, arise from interactions between
genetic susceptibility and environmental triggers that drive metabolic
dysregulation. Theliver, a central metabolic and immunological organ,
has akeyroleininitiating and amplifying systemic autoimmunity

and organ damage. It functions as an interface between the gut
microbiome, nutrients, drugs and environmental toxins. The liver
regulates immune cell development, coordinates systemicimmune
responses through metabolite and cytokine production and modifies
self-antigens via oxidation, glycosylation and lipidation. These changes
can transform normal molecules into autoantigens. Hepatocytes also
produce coagulation, complement factors and apolipoproteins, such
as 3,-glycoprotein I, amajor target of antiphospholipid antibodies.
Inaddition, the liver secretes antioxidants such as glutathione, albumin
and paraoxonase-1, which protectlipoproteins from becoming
antigenic and reduce risks of atherosclerosis and thrombosis. Liver
diseases such as steatosis and steatohepatitis have bidirectional
relationships with systemic lupus erythematosus, antiphospholipid
syndrome and other rheumatic conditions. Liver cells can also be direct
targets of autoimmune responses. Delineating the role of the liver in
metabolic control of autoimmunity and inflammation canlead to better
understanding of disease pathogenesis, improved clinical diagnosis
and identification of new therapeutic targets in rheumatic diseases.
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Key points

o The liver functions as an immunometabolic organ that integrates
genetically determined and environmentally influenced metabolic and
immune signalling.

¢ Hepatic mitochondrial oxidative stress and mechanistic target
of rapamycin complex activation precede autoimmunity in
lupus-prone mice.

o Hepatocyte-derived 3,-glycoprotein | (3,GPI), the principal
autoantigen in antiphospholipid syndrome, undergoes oxidative
modification that generates immunogenic epitopes and triggers
antiphospholipid antibody production.

e The liver-derived antioxidant paraoxonase-1 protects (3,GPl and other
lipoproteins from oxidative damage.

o Intrahepatic immunometabolic pathways represent potential
therapeutic targets for autoimmune rheumatic diseases.

Introduction

Autoimmune rheumatic diseases (ARDs) arise through complexinter-
actions between genetic susceptibility, environmental exposures,
immune dysregulation and metabolic perturbations’. Although
research has traditionally focused on abnormalities intrinsic to the
immune system, growing evidence indicates that metabolic organs
have crucial roles in shapingimmune responses and determining sus-
ceptibility to autoimmunity. Among these organs, the liver occupiesa
uniquely important position®.

The liver is the principal metabolic organ of the body and major
immunological hub. It continuously integrates signals derived from
dietary nutrients, the gut microbiome, environmental toxicants and
therapeuticagents, while regulating systemic metabolism, detoxifica-
tion, coagulation and innate immunity. Through its diverse cellular
constituents — including hepatocytes, Kupffer cells, liver sinusoidal
endothelial cells (LSECs) and hepatic stellate cells — the liver orches-
tratesimmune tolerance, cytokine production, complement synthesis
andthegeneration of circulating metabolites that profoundly influence
immune cell function®. The liver is also the primary source of numer-
ous proteins that have direct relevance to autoimmunity, including
B,-glycoprotein I (3,GPI; also known as apolipoprotein H (Apo-H)),
paraoxonase-1(PONI1), complement factors, coagulation proteins and
acute-phase reactants®.

Theliveralsofunctions as a protective barrier against autoimmun-
ity. Through the production of antioxidants, detoxification of xenobiot-
ics, maintenance of redox homeostasis, and regulation of coagulation
and complement pathways, the liver restrainsinflammatory responses
and preservesimmune tolerance’. Metabolic dysfunction-associated
steatoticliver disease (MASLD) and metabolic dysfunction-associated
steatohepatitis (MASH) exhibit bidirectional relationships with rheu-
matic disorders, functioning both as consequences and potential
drivers of systemicimmune dysregulation®.

In systemic lupus erythematosus (SLE) and antiphospholipid
syndrome (APS), hepatic dysfunction can precede overt autoimmunity
bothin patients’® and inmouse models'®". Approximately 20% of indi-
viduals with SLE exhibit liver injury unrelated to immunosuppressive

therapy'>". Experimental models demonstrate that mitochondrial
oxidative stress and activation of mechanistic target of rapamycin
(mTOR) signalling in the liver occur before the onset of lupus-like
autoimmunity”. Moreover, antiphospholipid autoantibodies (aPLs)
frequently emerge before clinical manifestations of disease'". The
primary antigenic target of aPL is 3,GPI, which becomes immunogenic
upon oxidative modification'®”. Circulating 3,GPI is normally pro-
tected by PONI, an antioxidant enzyme that prevents lipid peroxidation
and oxidative modification of lipoproteins and phospholipid-binding
proteins'®". Considerable loss of PON1 activity is observed in APS
and SLE, which could enable the oxidative modification of 3,GPI and
promote autoantibody generation’. Both B,GPl and PON1 are solely
expressed by hepatocytes® and secreted into the bloodstream by
the liver??,

Hepatic metabolic defects canimpair UDP-GIcNAc synthesis and
protein glycosylation, thereby reducing PON1secretion and promot-
ingthe generation of ,GPlautoantibodies, asshownin transaldolase
(TAL) deficiency. These findings suggest a previously underappreciated
liver—f3,GPI-PON1 axis that might initiate systemic autoimmunity™.

Beyond SLE and APS, liver pathology also occurs inmultiple other
rheumatic diseases, including rheumatoid arthritis (RA), systemic
sclerosis, spondyloarthritis, inflammatory bowel disease-associated
arthritis and osteoarthritis. ARDs commonly affect the liver, causing
elevated liver enzymes, fatty liver disease in MASLD and MASH, and,
in rare cases, cirrhosis. These effects can be driven by autoimmune
or antibody-mediated mechanisms or by treatment-induced liver
injury (including biologic drugs)**. Conversely, primary MASLD and
MASH can cause systemic inflammation, immune dysregulation and
autoimmunity®>”. The liver represents a crucial interface between
the host immune system and the gastrointestinal tract that absorbs
nutrients from environment as processed by gut microbiota (Fig. 1).

In this Review, we examine the emerging role of the liver as a
central regulator of autoimmunity and inflammation in rheumatic
diseases. We discuss how hepatic metabolism influences immune
function, how oxidative and post-translational modifications gen-
erate autoantigens and how liver-derived proteins shape systemic
immune responses. We review evidence linking hepatic dysfunction
to SLE, APS and other rheumatic diseases and highlight diagnostic
and therapeutic strategies targeting hepatic metabolism, oxidative
stress and the gut-liver axis. Recognizing the liver as a crucial nexus
between metabolism and immunity provides a new framework for
understanding disease pathogenesis and identifying novel biomarkers
and therapies for ARDs.

Liverimmunology

The liver functions as a crucial immune organ that is involved in pri-
mary defence against pathogens entering via the gut while maintaining
immune tolerance to harmless antigens®. Although the gastrointestinal
tractharbours up to 70% of lymphocytes®, the liver contains the largest
population of phagocytic cells, including Kupffer cells*®, which consti-
tute 80-90% of all tissue macrophages in the body and filter bacteria
and cellular debris from portal venous blood™.

Immune system development

During embryogenesis, the liver functions as the principal site of
haematopoiesis®. Beginning in the fetal period, haematopoietic
stem cells (HSCs) migrate from the yolk sac and aorta-gonad-
mesonephros region into the developing liver, where they prolifer-
ate and differentiate into diverse immune cell lineages. The fetal liver
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Fig.1| Theliver asanimmunometabolic hub. The liver is comprised of
thousands of 1-2-mm hexagonal lobules. These structural units or hepatic
lobules are organized around a central vein, whereas portal triads of the bile
duct, portal vein and hepatic artery are located at the corners of the hexagon.
Cellsthatresidein the liver include hepatocytes, liver sinusoid epithelial cells
(LSECs), Kupffer cells and stellate cells. In addition, numerous immune cells
are found in the liver. Hepatocytes or parenchymal cells form plates between
the central vein and portal triads, where they import gut-derived nutrients,
carbohydrates, proteins and lipids, and transform them into organismal fuels
and building blocks. Hepatocytes also metabolize environmental and host-
derived toxins and excrete them via the bile. Hepatocytes produce coagulation
factors and acute-phase proteins and they are the primary source of complement
proteins. LSECs form the wall of the sinusoids or capillaries that run between
the hepatocyte plates. They are highly fenestrated and lack a formal basement
membrane, allowing for fluid movement between blood and hepatocytes.

hepatocyte

Accumulation of
mitochondria and
lipid droplets, loss of
PON1, increased
secretion of CRP, SAA,

Kupffer cells reside within the lumen of the sinusoid, adhered to endothelial cells
and stellate cells are found in the perisinusoidal space of Disse, nestled between
hepatocytes and LSECs. Kupffer cells comprise up to 90% of tissue macrophages,
they phagocytose immune complexes and function as innate immune cells and
antigen-presenting cells. Stellate cells are the primary storage depot for vitamin
Aand its retinoid metabolites, storing 80-90% of the body’s vitamin A as retinyl
estersinlipid droplets®”. Upon activation, stellate cells transdifferentiate into
myofibroblast-like cells, losing their lipid droplets, secrete transforming growth
factor-B (TGFP) and collagen, driving fibrosis and cirrhosis*”. Interactions
withinnate and adaptive immune system cells lead to the accumulation of
mitochondria and lipid droplets in hepatocytes. 3,GPI, 3,-glycoprotein|; CER,
ceruloplasmin; CRP, C-reactive protein; IFN, interferon; PON1, paraoxonase-1;
SAA, serum amyloid A; SAP, serum amyloid P; TCR, T cell receptor; T, cell,
regulatory T cell; T, cell, T helper cell.

microenvironment supports the generation of B cells, T cells, mac-
rophages and dendritic cells, establishing the foundational repertoire
of the immune system® (Fig. 2). Hepatic stromal cells provide crucial
growth factors and cytokines — including stem cell factor, IL-7 and
thrombopoietin — that regulate HSC differentiation®. Hepatocytes
also produce cytokines and chemokines that have key roles in both
innate and adaptive immunity*** (Fig. 2). T cells primarily originate
from the thymus, but HSCs canalso develop into T cells within the fetal
liver®. The fetal liver produces IL-7 and FLT3 ligand to initiate B cell
development from HSCs*"*%, whereas B cell proliferation and differen-
tiation depend onIL-6*° and IL-4*°. Inaddition, hepatocyte-derived IL-15
supports the development of natural killer cells, which have essential
roles in early host defence***. Hepatic stellate cells are prominent
sources of IL-6 and transforming growth factor-f (TGFf3), which drive
inflammation and liver cirrhosis*.

The fetal liver also contributes to immune tolerance. Expo-
sure to maternal antigens and environmental molecules during
this development shapes the immune repertoire and influences
susceptibility to autoimmune diseases later in life*. LSECs are the
major liver cell type responsible for expansion of TGF3-dependent
hepatic CD4*CD25°FOXP3" regulatory T (T,,) cells*® and Kupffer cells
secrete IL-10 in support of T, cell development in the liver* (Fig. 1).
Kupffer cells also produce IL-27 to enable T-bet and eomes-dependent
development of antiviral CD8 T cells***° (Fig. 2).

The liver is the primary source of most plasma proteins that
intricately regulate immune homeostasis and inflammation (Sup-
plementary Fig. 1). These acute-phase proteins regulate both innate

and adaptive immune responses. In the bloodstream, C-reactive
protein (CRP) primarily circulates as a stable, water-soluble pen-
tamer (pCRP)*°, which is synthesized by the liver® in response to
pro-inflammatory cytokines*>*. pCRP consists of five non-covalently
linked subunits forming a disc-shaped pentamer withamolecular mass
of 115 kDa. Although circulating pCRP is generally inert or weakly
anti-inflammatory, monomeric CRP (mCRP) can deposit directly
into vascular walls, where it recruits macrophages, activates platelets
and promotes foam-cell formation — accelerating the progression of
atherosclerosis®. mCRP also activates T cells through binding to CD16
and formingabridge with CD32 onmonocytes™ (Supplementary Fig.1).
mCRP mediates the opsonization of bacteria and clearance of apop-
totic cells® and the removal of immune complexes by the liver*®. Thus,
CRPisoforms have complexrolesininflammationand atherosclerosis
in ARDs****, This liver-derived CRP might be essential in conferring
~fivefold increased cardiovascular mortality in ARDs***°, Serum amy-
loid P (SAP, also known as pentraxin 2) stimulates anti-inflammatory
macrophages and limits fibrosis®. Ferritin stimulates the release of
the pro-inflammatory cytokines IL-1B, IL-6 and tumour necrosis fac-
tor (TNF)®'. By contrast, transferrin levels drop during inflammation®
and transferrin supplementation could mitigate anaemia®. Alpha-1
antitrypsin (AAT) is mostly (-90%) produced by hepatocytes®*, mac-
rophages and neutrophils, and renal and intestinal epithelial cells
alsorelease AAT®. AAT deficiency causes uncontrolled inflammation
through deficient neutrophil-derived elastase inactivation, leading to
a predisposition to macrophage-mediated and neutrophil-mediated
tissue injury in the lung and the kidney®*“’. Gene therapy to replace
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Fig.2|Role of theliver inimmune system development. During embryogenesis,
the liver functions as the principal site of haematopoiesis. Haematopoietic
stem cells (HSCs) proliferate and differentiate into diverse immune cell lineages
inthe fetal liver. Hepatic stromal cells produce numerous factors, such as
stem cell factor (SCF), IL-7 and thrombopoietin (THPO). Hepatocytes produce
IL-6, IL-11, IL-33, TNF, TGF 3, MCP-1, IL-8** and IFNa* (which has a role in both
innate and adaptive immunity). Although T cells primarily originate from the
thymus, HSCs can also develop into T cells within the fetal liver®. The fetal liver
produces IL-7 and FLT3 ligand to initiate B cell development from HSCs>"*,
whereas proliferation and differentiation depend on IL-6*° and IL-4*°. In addition,

hepatocytes secrete IL-15in support of the development of natural killer (NK)
cells. Hepatic stellate cells express IL-6 and TGFf3, which drive inflammation
and liver cirrhosis**. Liver sinusoidal endothelial cells are the major liver cell
type responsible for expansion of TGFB-dependent hepatic CD4*CD25'FOXP3*
regulatory T (T,,) cells*. Kupffer cells function as tissue macrophages and
presentantigento T cells** and secrete IL-10 in support of T, cell development
intheliver””. They also produce IL-27 to enable T-bet-dependent and eomes-
dependent development of antiviral CD8 T cells*®*, Kupffer cells and stellate
cells canalso activate CD8 cytotoxic T cells (CTLs) that kill hepatocytes. NKT,
naturalkiller T cells; T, cell, T helper cell; Ty, cell, T follicular helper cell.

AAT has shown promise®® and direct administration of AAT might also
provide clinical benefit in the absence of genetic deficiency in SLE®.
Iron metabolismis dependent on several proteins — ferritin, trans-
ferrinand hepcidin —uniquely produced by the liver (Supplementary
Fig.1). Hepcidin (which is induced by IL-6) is the master regulator of
iron; elevated levels of hepcidin prevent iron mobilization, contrib-
uting to low serum iron despite adequate storage’. This protein is a
marker of disease activity and can ameliorate lupus nephritis in mice
by decreasingrenalinflammation (reduced TNF and IL-6 secretionand
ironrelease from macrophages’). Plasma hepcidinlevels are increased
in SLE”” and hepcidin might contribute to disease pathogenesis by
promoting anaemia (by causing reduced intestinal iron absorption,
which can cause iron-deficiency anaemia’®) and chronicinflammation.
Hepcidin expression requires expression of HFE. Hereditary
haemochromatosisis caused by autosomal recessive mutationsin HFE,
anatypical major histocompatability complex (MHC) class Imolecule
that is primarily expressed in the liver, specifically in hepatocytes™
(Supplementary Fig. 1). HFE inactivation alters iron sensing and

limits hepcidin secretion by hepatocytes”, which causes iron over-
load and induces chondrocalcinosis and inflammatory arthritis in
haemochromatosis”™. HFE deficiency also predisposes to CD8 T cell
hyper-reactivity’”® and expression of this gene is increased in SLE”.
Elevated hepcidin binds to ferroportin, the only known cellular iron
exporter on macrophages andintestinal cells, causingits degradation.
This process leads to iron sequestration in macrophages, preventing
therelease of recyclediron fromold red blood cells, and decreasediron
absorption from diet. Overall, increased hepcidin lowers serum iron
levels, leading to a more severe iron-restricted anaemia, commonly
characterized as microcytic or normocytic anaemia that is resistant
tooralirontherapy’®.InSLE, hepcidin build-up causesiron-deficiency
anaemia”’.

HMG-CoA reductase (3-hydroxy-3-methylglutaryl-coenzyme
A reductase), the rate-limiting, membrane-bound enzyme in the
mevalonate pathway that converts HMG-CoA to mevalonate for cho-
lesterol and isoprenoid biosynthesis®, is primarily expressed in the
liver. HMG-CoA reductase inhibitors primarily target hepatocytes®.
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HMG-CoA reductase inhibitors also induce abnormal expression of
the enzyme in muscle cells and trigger autoantibodies directed to
HMG-CoA expressed in muscles, causing autoimmune myositis®'.

Disruption of hepatic metabolic pathways during fetal develop-
ment can therefore have long-lasting immunological consequences.
Genetic defects that affect hepatic metabolism alter the biochemical
environment of the developing liver and might predispose to autoim-
mune disorders through impaired regulation of oxidative stress and
glycosylation pathways™.

Liver-microbiome immune interplay

Theliver occupiesaunique immunological position between mucosal
surfaces and the host immune system. Receiving approximately 70%
of its blood supply from the portal circulation, the liver is continu-
ously exposed to microbial products, metabolites and dietary antigens
derived from the gut and, indirectly, from the lung and skin microbi-
omes. Through specialized immune cells (Kupffer cells, LSECs, den-
dritic cells, natural killer cells and T, cells), the liver functions as a
major tolerogenic organ that determines whether microbial signals
promote immune tolerance or systemic inflammation®. In turn, the
liver shapes microbial communities and host immunity through the
production of bile acids, complement proteins, acute-phase reactants,
cytokines and metabolic mediators. Consequently, the liver functions
asacentral ‘immune-metabolic hub’ that integrates signals from the
gut, lung and skin microbiomes and translates them into local and
systemicimmune responses®’.

Liver-gut microbiome-immune axis. Microbial signals from the gut
affect the development of autoimmune liver diseases and rheumatic
diseases®"®. Bacterial products, such as lipopolysaccharide, pep-
tidoglycan fragments, long-chain fatty acids and short-chain fatty
acids (SCFAs), amino acid metabolites and bile acid derivatives, enter
the portal circulation and interact with hepatic Kupffer cells, LSECs,
dendritic cells and hepatocytes®. In turn, the liver responds by main-
taining tolerance to commensal microbial antigens, secreting comple-
ment proteins and acute-phase reactants, regulating systemic innate
immunity®*® and controlling T cell differentiation through bile acid
metabolism®,

Several bile acids can regulate dendritic cell development and
function, but the strongest evidence for effects on dendritic cell
differentiation from monocytes involves taurochenodeoxycholic
acid (TCDCA) binding to the bile acid receptor TGR5%. TCDCA drives
human monocytes to differentiate into a distinct population of
IL-12-hypo-producing dendritic cells via activation of the TGR5-cAMP
pathway. These dendritic cells exhibit a tolerogenic phenotype with
reduced capacity to promote inflammatory T helper 1 (T,,1) cell
responses®’.

The microbiota-derived secondary bile acid deoxycholic acid
regulates dendritic cell function through the TGR5-cAMP-protein
kinase A (PKA) pathway, attenuating inflammatory responses and
autoimmune disease in experimental models®. This mechanism is
particularly relevant to autoimmune diseases as dendritic cells are
the principal antigen-presenting cells that determine whether naive
CD4* T cells become T, cells or inflammatory T,1 or T,17 cells®.
Hepatocyte-derived primary bile acids, such as chenodeoxycholicacid,
are converted by intestinal bacteria into secondary bile acid metabo-
lites of lithocholic acid (LCA), including 3-oxoLCA and isoalloLCA,
which regulate T cell differentiation by suppressing T,;17 cells and

promoting T, cell development. Thus, bile acid metabolism provides

amechanisticlink between hepatocytes, gut microbiota and systemic
immune tolerance®.

Liver-lung microbiome-immune axis. The liver can influence the
lung microbiome and pulmonary immunity through systemicimmune
and metabolic pathways®®. Specifically, the microbiota-generated
isolithocholic acid is derived from liver-synthesized primary bile
acids and directly suppresses pro-inflammatory cytokine produc-
tion from pulmonary macrophages and moderates lung inflammation
invivo’. Gut-derived lipopolysaccharides and SCFAs, which circulate
viatheliver, regulateIL-1B, FFAR2 and FFAR3 expressionin pulmonary
macrophages®. Evidence for a direct effect of the liver on the lung
microbiome s currently lacking.

Liver-skin microbiome-immune axis. Skin immunity is influenced
by systemic metabolites, bile acids, cytokines and complement pro-
teins produced or regulated by the liver. Changes in gut microbial
composition can alter hepatic metabolism, resulting in changes in
circulating metabolites that affect keratinocyte function, skin-resident
dendritic cells, T,17 cell-T,, cell balance® and antimicrobial peptide
production. Microbiota-driven alterations in bile acid composition can
directly affect keratinocyte metabolism through farnesoid X receptor
signalling, providing mechanistic evidence thatbile acids can regulate
epidermalbarrier functionand thereby influence the skin microenviron-
ment that shapes microbial colonization in rosacea” and psoriasis™. Bile
acidsand microbiota-derived bile acid metabolites regulate epithelial
expression of antimicrobial peptides, including cathelicidin, vianuclear
receptor and G-protein-coupled receptor signalling pathways* and, as
keratinocyte-derived antimicrobial peptides are key determinants of
cutaneous microbial ecology?, these findings provide a mechanistic
framework for bile acid-mediated modulation of skin host defence®.

The skin microbiome is increasingly recognized as a contributor
to systemic immune regulation®. Commensal skin organisms edu-
cate local immune cells and maintain epidermal tolerance. Dysbiosis
promotes activation of dendritic cells, T, 17 cells and autoreactive
Bcells.

Although the skin does not directly communicate with the liver
through a portal circulation analogous to the gut, pro-inflammatory
mediators and microbial metabolites generated in the skin enter the
systemic circulation and are subsequently processed by the liver®.
The liver responds through complement, iron transporter, antioxi-
dant and acute-phase protein synthesis (Supplementary Fig. 1). In
turn, liver-regulated complement factors’ and iron regulate the skin

microbiome'’.

Therole of the liver inimmune system function

In adult life, the liver continues to influence immune function
through multiple mechanisms. Hepatocytes synthesize numerous
proteins involved inimmunity, including complement components,
acute-phase proteins, coagulation factors and lipoproteins. Theliver,
mainly hepatocytes, synthesizes over 90% of plasma complement
components, including C3, C4, C5,C6, C8, C9, factor B, factor H, factor |
and Clq inhibitor. Complement factors Clq, factor D, properdin and
C7arelargely produced outside the liver by monocytes, macrophages
and other cell types'”’. During systemic inflammation, hepatocytes
respond to cytokines such as IL-6 by producing acute-phase reac-
tants including CRP, SAA and SAP'®, fibrinogen and other clotting
factors'®. CRP and SAP are members of the pentraxin family, an evo-
lutionarily conserved superfamily of multifunctional proteins'®*.
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Although CRP is generally considered as pro-inflammatory'®, it can
have anti-inflammatory properties via the clearance of apoptotic
(but not necrotic) cells®. SAA binds to several cell-surface recep-
tors, including formyl peptide receptor 2, Toll-like receptor 2 (TLR2)
and TLR4, P2X purinoceptor 7 and scavenger receptor class B type,
which triggers the activation of neutrophils, macrophages and
dendritic cells'*® (Supplementary Fig. 1).

Kupffer cells have crucial rolesin pathogen clearance, phagocyto-
sisand immune surveillance throughout life'””. Kupffer cells are the pri-
mary effectors of the mononuclear phagocytic system, formerly called
the reticuloendothelial system. They are central to both the hepatic
and systemic response to pathogens'”” and are also important for the
clearance ofimmune complexes'®®, which accumulate pathologically
in diseases such as with SLE and vasculitis'**"°, Kupffer cells detect
microbial products via pattern recognitionreceptors suchas TLRs and
NOD-like receptors, triggering the production of pro-inflammatory
cytokines including TNF, IL-1B and IL-6™. These signals can propagate
systemic inflammation and influence adaptive immune responses,
including T, cell development™” (Figs. 1and 2).

The liver also regulates systemic immunity through metabolic
signalling'™. Nutrient availability and metabolic intermediates influ-
enceimmune cell activation through pathwaysincludingmTOR, AMPK
and hypoxia-inducible factors™. For example, increased hepatic
lipid accumulation can promote systemic inflammation through
Kupffer cells releasing pro-inflammatory cytokines and lipid media-
tors (suchas the prostaglandins PGD2"° and PGE2"""). LSECs possess
specialized antigen-presenting capabilities and contribute to tolerance
induction through expression of inhibitory molecules such as PDL1"%,

In addition to its immunological functions, the liver is the pri-
mary site of lipid metabolism, gluconeogenesis and detoxification,
whichinfluence immune cell function by controlling the availability of
metabolites suchas glucose, fatty acids and amino acids'’. Metabolic
intermediates, such as lipid hydroperoxides, polyols and kynurenine
(KYN), can modulate immune signalling pathways including mTOR,
AMPK and reactive oxygen species (ROS)-dependent pathways'>*'?',
Dysregulation of these pathways has been implicated in multiple
autoimmune diseases'?.

Evidence suggests that hepatic metabolic stress can precede and
potentially trigger systemic autoimmunity'>. In lupus-prone mice,
mitochondrial oxidative stress and activation of mTOR signalling
within hepatocytes occur before the onset of autoantibody production
and clinical disease", highlighting that hepatic metabolic dysfunc-
tion could be an upstream driver of autoimmune responses'*. Impor-
tantly, hepatocytes secrete multiple proteins that modulate immune
responses beyond the liver itself. Among these the liver-derived pro-
teins B,GPI**?* and PON1* have central roles in the pathogenesis of
APS and SLE™'>,

Extensive post-translational modifications of endogenous and
exogenous carbohydrates, proteins and lipids occur in the liver®®'*¢,
which canalter the structure and immunogenicity of molecules, poten-
tially converting self-antigens into autoantigens that are recognized
by the immune system.

Oxidative modifications. Oxidative stress is a central feature of
ARDs'”. ROS generated during mitochondrial metabolism or inflam-
matory responses can modify proteins, lipids and nucleic acids. Oxi-
dized molecules often acquire new antigenic epitopes that can trigger
autoimmune responses. For example, under physiological conditions,
B,GPI circulates in a closed conformation that masks immunogenic

epitopes'”®; oxidative modification of B,GPl exposes cryptic epitopes
recognized by aPLs'*, These antibodies form immune complexes that
promote thrombosis and inflammation, hallmark features of APS'®’.

Oxidative modifications of DNAinhepatocytes, primarily drivenby
ROS during chronicliver inflammation, create neoantigens that trigger
antinuclear antibodies (ANAs)"*°. The most prominent modifications
are 8-hydroxy-2’-deoxyguanosine (8-OHdG) and 5-hydroxymethylcy-
tosine (ShmC)"°*2, TET2 is a dioxygenase enzyme that functions as
a key epigenetic regulator by converting 5-methylcytosine to ShmC
(Supplementary Fig. 2). TET2-driven 5ShmC production is increased
in CD4" T cells in people with SLE', In mice, high-fat diet and glu-
tathione (GSH) deficiency stimulate TET2 expression by hepatocytes'™.
Notably, itaconate reduces ShmC-induced inflammation®**. Hepatic
oxidative stress might therefore facilitate the generation of autoan-
tigens. Mitochondrial dysfunction and increased ROS production in
theliver can precede the generation of autoantibodies in lupus-prone
mice". Interventions that reduce oxidative stress, such as treatment
with antioxidants, can attenuate autoimmune responses in these
models (Table1).

Overexpression of RAB4A underlies increased mitochondrial
mass and ROS production in the liver of MRL-Ipr mice". Constitutive
activation of RAB4A alone elicits oxidative stress as evidenced by the
depletion of NADPH and NADH, and reduced ratios of NADPH-NADP*
and NADH-NAD" in the liver™.

Glycosylation. Protein glycosylation is essential for proper folding,
stability and secretion of many proteins'®®. Hepatocytes perform exten-
sive N-linked and O-linked glycosylation during protein synthesis'”.
Alterations in 3,GPI glycosylation in hepatocytes can profoundly
influence its function and immune recognition”*. Glycosylation of
B,GPl enables interaction with mannose-binding lectin (MBL), which
mediates binding to vascular endothelial cells and triggering ischaemic
stroke™’.

Glycosylation is important for the secretion of PON1'°. Owing to
carbontrappinginthe non-oxidative branch of the pentose phosphate
pathway (PPP)'**°, TAL deficiency leads to depletion of UDP-GIcNAc,
a key substrate required for protein glycosylation. Reduced glyco-
sylation impairs the secretion of PON1 from hepatocytes, leading to
decreased circulating PON1 activity'®. As PON1 protects 3,GPI from
oxidative modification, impaired PON1 secretion can indirectly pro-
mote the formation of immunogenic 3,GPI species, thus possibly
linking hepatic metabolic dysfunction (which involves both glycosyla-
tion and oxidative stress) to the development of aPL (Supplementary
Fig. 2). Glycosylation is crucial for correct folding, secretion, stabil-
ity and enzymatic interactions of complement factors**’. Glycosyla-
tion of AAT is required for its function, including the breakdown of
immune complexes'*?, which has broad relevance forimmune complex
formationin ARDs.

Lipidation. Lipid metabolismis one of the primary physiological func-
tions of the liver, which is a central hub for fatty acid synthesis, lipid
storage and systemic lipid circulation'*. Hepatocytes synthesize and
secrete lipoproteins, including very-low-density lipoprotein, which
transport triglycerides and cholesterol throughout the circulation
and influence membrane composition and cellular signalling pathways
in peripheral tissues'*. Oxidative modification of lipoproteins can
generate immunogenic lipid structures that activate innate immune
receptorsand trigger pro-inflammatory CD4 and CD8T cell responses,
implicated in autoimmune disease mechanisms'*>**¢,
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B,GPIbinds to negatively charged phospholipids, especially phos-
phatidylserine and cardiolipin exposed on apoptotic or activated cell
membranes'”*® (Supplementary Fig. 2). Cardiolipin is amitochondrial
membrane protein that becomes antigenic when apoptosis and oxi-
dative stress are increased in the liver of lupus-prone mice™*, Thus,
lipid oxidation products generated during hepatic oxidative stress can
alter phospholipid composition and facilitate $,GPI binding, further
promoting autoantibody formation™°. Binding of 3,GPI to acidic and
negatively charged phospholipids such as cardiolipin, demonstrates
how (3,GPI anchors to and interacts with these membrane lipids and

potentially triggers vasculitis and thrombosis™".

Other post-translational modifications. Additional post-translational
modifications, includingcitrullination, acetylation, carbonylation and
phosphorylation, can generate neoantigens that are recognized by
autoreactive lymphocytes'. Although many of these modifications
occurinperipheraltissues, the liver contributes to systemic metabolic
conditions thatinfluence these processes. For example, alterationsin
hepatic metabolism can affect the availability of substrates required
for enzymatic modifications such as citrullination and acetylation™”.
These metabolic changes can indirectly influence the generation of
autoantigens associated with diseases such as RA™*. Notably, hepatic
stellate cells express peptidylarginine deiminase 2 (PAD2)™. Individu-
als with autoimmune hepatitis also develop anti-cyclic citrullinated
peptide antibodies, which can affect the development of RA™®.

Histone citrullination by PAD4 is involved in neutrophil extracel-
lular trap (NET) formation and NETosis, a process whereby neutrophils
release DNA coated with citrullinated histones, promotingautoantibody
formation towards post-translationally modified nuclear antigens™’.
Loss of TNFAIP3 (which encodes the deubiquitinase enzyme, A20)
leads to PAD4 overexpression in individuals with SLE*’. Notably,
TNFAIP3 is expressed by hepatocytes and its loss also predisposes
to MASH"™®,

The liver is important for NAD precursor processing and sys-
temic NAD homeostasis. NAD functions as a cofactor for hundreds
of enzymes™, it carries out key biosynthetic steps, including de novo
synthesis from tryptophanand generation of circulating nicotinamide,
which functions as a principal NAD precursor for many extra-hepatic
tissues. As approximately 95% of circulating nicotinamide is released
by the liver, it functions as a key source for other tissues'’. Thus,
liver-derived NAD probably has profound effects on immune cell
metabolism, including mitochondrial electron transport, glycoly-
sis, NADPH generation via the PPP, post-translational modifications
of proteins and epigenetic imprinting via histone deacetylation by
sirtuins'. Carbon trapping in the non-oxidative branch of the PPP
has profoundimplications for NADPH production and substrate avail-
ability for glycosylation. Carbon trappingin the PPPin TAL deficiency
mimics SLE*. Accordingly, TAL deficiency causes carbon trapping, GSH
depletion''* and KYN accumulation'®® mimicking metabolome dis-
tortionin SLE'®>, Along this line, carbon trapping in the non-oxidative
branch of the PPP and oxidative stress induce the expression of
acute-phase proteins and cytokines'®* (Supplementary Fig. 2) and
confer metabolic risks for development of ARDs*.

The role of the liver as a protective barrier

Theliver functions as afrontlineimmune barrier, filtering blood from
the gastrointestinal tract removing pathogens, toxins and foreign anti-
gens before they enter systemic circulation. Hepatocytes, Kupffer cells,
LSECs, hepatic stellate cells, natural killer cells, natural killer T cells

Table 1]| Liver-directed therapeutic targets in
rheumatic diseases

Drug Target Pathway Disease Refs.
HCQ Lysosomal mTOR and RA and SLE 382
v-ATPases autophagy
Rapamycin FKBP1 mTOR SLE 383-389
Mitoquinone ETC ROS SLE 325
Metformin ETC AMPK, mTOR SLE 343,344
Ursodiol Bile acid mTOR PBC, AIH 367-370
excretion and SLE
Glucocorticoids Glucocorticoid  Apoptosis SLE and AIH 372-374
receptors, NF-kB
Mycophenolate GTP synthesis STAT3 SLEand lupus 346,347
blockade nephritis
Azathioprine Guanine Autophagy SLE 348-350
metabolism
3-PEHPC GGTase-ll RABA4A, SLE and lupus 329
RAB5A, nephritis
PON1 3,GPI, HDL Antioxidant SLE, APS, 326-328
cholesterol and CVD
LDL cholesterol
GLP-1RA GLP-1R PKA and mTOR  SLE, lupus 290,356,
nephritis, 357
RA and CVD
Pioglitazone PPARY PKA and mTOR SLE and RA 293-295
Silymarin NF-kB MAPK and RA 360
mTOR
Curcumin NF-kB mTORC1 SLE 359,361,
362
AAT Elastase Elastin SLE, APS and 69
retention vasculitis
FMT Gut microbiome AhRand mTOR SLE and APS 200
Low tryptophan TDO, IDO mTOR SLE 199

AAT, alpha-1 antitrypsin; AhR, aryl hydrocarbon receptor; AlH, autoimmune hepatitis; AMPK,
AMP-activated protein kinase; APS, antiphospholipid syndrome; CVD, cardiovascular
disease; ETC, electron transport chain; FMT, faecal microbiota transplantation; GGTase-ll,
geranyl-geranyl transferase type Il; GLP-1R, glucagon-like peptide-1 receptor; GLP-1RA,
glucagon-like peptide-1 receptor agonists; HCQ, hydroxychloroquine; IDO, indoleamine
2,3-dioxygenase; mTORC1, mechanistic target of rapamycin complex 1; NF-kB, nuclear
factor-kB; PBC, primary biliary cholangitis; PKA, protein kinase A; PON1, paraoxonase-1;
PPARY, proliferator-activated receptor-y; RA, rheumatoid arthritis; ROS, reactive oxygen
species; SLE, systemic lupus erythematosus; STAT3, signal transducer and activator of
transcription 3; TDO, tryptophan 2,3-dioxygenase; B,GPI, B,-glycoprotein I.

and T cells coordinate metabolic and immune functions, balancing
pathogen clearance withimmune tolerance to harmless food antigen
and commensal microorganisms.

Production and secretion of antioxidants

Theliveristhe primary source of several critical antioxidant molecules
thatit produces and secretes directly into the bloodstream to maintain
systemic redox balance (Supplementary Fig. 1). The liver is the main
producer of GSH, a tripeptide that functions as the master antioxidant
in the body'®. GSH is synthesized in hepatocytes and exported into
the sinusoidal blood, making the liver the primary regulator of circu-
lating GSH'®. Albumin, the most abundant protein in human plasma,
originates exclusively from the liver'®®. It provides approximately 80%
ofthe total thiol poolinthe blood viaits free cysteine residue (Cys34),

Nature Reviews Rheumatology


http://www.nature.com/nrrheum

Review article

which enables it to directly scavenge ROS and bind transition metals
such as copper and iron'*”'*%, Although often viewed as a metabolic
waste product, bilirubin is a potent endogenous antioxidant pro-
duced in the liver during haem catabolism. Bilirubin is secreted into
the bloodstream, where it circulates bound to albumin and protects
lipids and endothelial cells from oxidative damage'®. Selenoprotein
Pis aspecialized transport protein synthesized primarily by the liver
and secreted into the plasma. It contains multiple selenium residues
and functions as an antioxidant by supplying seleniumto other tissues
for the synthesis of glutathione peroxidases and by directly reduc-
ing phospholipid hydroperoxides and protecting from ferroptosis of
neutrophils, keratinocytes and renal tubular epithelial cells in lupus
nephritiskidneys”°"72, Ceruloplasmin is secreted by the liver into the
circulationwhereit carries over 95% of plasma copper. It functions asan
antioxidant by preventing iron-mediated radical formation by oxidizing
toxic ferrousiron (Fe?) to the less reactive ferric form (Fe")">'*, Ceru-
loplasmin deficiency (also called Wilson disease) has been associated
with SLE>"7¢, MBL facilitates the clearance of apoptotic cells,and MBL
deficiency predisposes to SLE””"7°, However, circulating MBL levels
are oftenincreased in SLE™?, possibly as a compensatory response to
ongoing inflammation and apoptosis.

PONI1and PON3 are primarily synthesized intheliver and secreted
into the bloodstream, where they protect against lipid peroxidation
and vascular inflammation, although the concentration of PON3 in
the circulationis100-fold lower than PON1'*"%%2, PON1 mainly protects
low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
cholesterol from oxidative modification by hydrolysing specific oxi-
dized phospholipids and lipid peroxides'®*, PON3 also associates with
HDL and prevents the oxidation of LDL'. In contrast to PON1 and
PON3, PON2 is an intracellular protein and its expression is not con-
fined to the liver, it protects membrane integrity of mitochondria
and other organelles' (Fig. 3). Diminished plasma levels of PON1
are associated with atherosclerosis in SLE'*'®” and RA™®®, PON1 also
hydrolyses homocysteine thiolactone and its deficiency promotes

7>
4 O/Vg

',,,

Mitochondria

Capillary vessel

N-homocysteinylation of serum proteins, which is also implicated in
atherosclerosis in RA'®. PON1 deficiency cause N-homocysteinylation
of positively charged lysines of fibrinogen and other coagulation fac-
tors, which promotes thrombosis™° (Fig. 3). PON1 deficiency was also
independently associated with cognitive impairment™' and suscepti-
bility to Alzheimer disease'”>. PON1 deletion causes mTOR activation,
limits autophagy and induces amyloid beta accumulation in mice'”.
InSLE and type1diabetes mellitus, PON3 expressionisreduced and is
associated with cardiovascular disease'”.

Processing of nutrients and environmental toxicants

Theliver processes nutrients absorbed from the gastrointestinal tract,
converting them into metabolites that influence immune function'**
Aminoacids, fatty acids and glucose derivatives function as signalling
molecules that regulate immune cell metabolism™>'**'*, For example,
hepatic lipid metabolism determines the composition of circulating
lipoproteins, which can modulate inflammatory pathways. Alterations
in lipid metabolism associated with MASLD can promote systemic
inflammation and immune dysregulation”. KYN, adegradation prod-
uct of the essential amino acid tryptophan, is the most accumulated
metabolite in SLE*'® and Sjogren disease'®.

KYNis amajordriver ofinflammatory T cell development in SLE'*
but the primary source of its build-up remains unclear. However, five
potentially synergistic mechanisms have been implicated: TAL defi-
ciency causes KYN accumulation'® mimicking metabolome distortion
in SLE'®% liver-resident Enterococcus gallinarum can metabolize trypto-
phaninto KYN*°’; overexpression of RAB4A in the livers of lupus-prone
mice" might promote KYN and tryptophan build-up through CD98-
mediated uptake®”; dietary tryptophan consumption might cause KYN
accumulation, mTOR-dependent T,17 cell development and nephritis
inlupus-prone mice'’; and increased expression of endogenous tryp-
tophan 2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygenase (IDO)
couldbeinvolved. TDOis mainly expressed in the liver and is the major
enzyme controlling the flux of tryptophan downstream of the KYN

Homeostatic PON1
« Unmodified fibrinogen lysines
(low N-homocysteinylation)

% . | * Fibrinogen function maintained |
3 \— PONT secretion PON1 PONIS---——— - S - -1 PON1depletion ;
i - m i ' e High N-homocysteinylation of !
! ) L>—HDL ! fibrinogen lysines ;
3 PONS secretion _ PON3) (PON3) i | e Increaseql thrombqsis and !
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Fig. 3 | Expression and secretion of paraoxonases by hepatocytes.
Paraoxonase-1(PON1) and paraoxonase-3 (PON3) are primarily synthesized
inthe liver and secreted into the bloodstream, where they protect against
lipid peroxidation and vascular inflammation. PON1 mainly protects LDL
and HDL cholesterol from oxidative modification by hydrolysing specific

oxidized phospholipids and lipid peroxides. PON1 protects fibrinogen from
N-homocystenylation, thus preventing thrombosis. PON2 is an intracellular
protein thatis more widely expressed, it protects the membrane integrity of
mitochondria and other organelles. LSEC, liver sinusoid epithelial cell.
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pathway*?>, TDOis responsible for most plasma tryptophan degrada-
tionunder physiological conditions®®. IDO also converts tryptophan
toKYN, which can be expressed by hepatocytes and Kupffer cellsinthe
liver’®, IDO isozymes 1 and 2 can also be expressed in extra-hepatic
tissues during inflammation®**%,

Environmental toxicants such as heavy metals, pesticides and air
pollutants are metabolized by hepatic enzymes, including cytochrome
P450 oxidases**®. Although these processes typically detoxify xenobi-
otics, reactive intermediates generated during metabolism can also
induce oxidative stress and cellular damage®””. Exposure to environmen-
tal toxicants has been implicated in the development of autoimmune
diseases including SLE**® and progressive systemic sclerosis®®.

Metabolism of drugs

Drugs can induce autoimmunity and rheumatic diseases, such as
SLE?°, Procainamide (an antiarrhythmic agent) and hydralazine
(an antihypertensive vasodilator) can trigger drug-induced SLE and
RA by causing DNA hypomethylation®”. Procainamide is metabolized
by hepatic N-acetylation. Individuals with a slow-acetylator pheno-
type have prolonged exposure to the parent drug and are atincreased
(-4-fold higher) risk of developing ANAs and SLE?"%. The acetylated
metabolite, N-acetyl-procainamide, has little propensity toinduce SLE
compared with the parent compound, consistent with liver metabolism
affecting autoimmunity®”. Oxidized procainamide mightalso function
asaneoantigen®. Similarly, although having a slow-acetylator pheno-
type predisposes to hydralazine-induced SLE?”, hydralazine might also
functionas aneoantigen®®. Understanding hepatic drug metabolism s
therefore essential for interpretingimmune responsesin patients with

autoimmune diseases receiving pharmacological therapy?®”.

Therole of the liver in coagulation

Hepatocytes produceessential coagulationfactorsincludingfibrinogen,
prothrombinandfactorsV, VI, IX, X, XI, XIland XIII. Key liver-derived anti-
coagulantsinclude antithrombin, protein C, protein Sand protein Z*'%,
Productionof antibodies that target these liver-derived anticoagulants
are associated with thrombosis in individuals with SLE**%,

Hepatic y-glutamyl carboxylase (GGCX) mediates gamma-
carboxylation, a crucial chemical modification that enables certain
clotting factors to bind to calcium and phospholipid surfaces dur-
ing clot formation. The reaction converts glutamic acid residues
(-CH,CH,COOH) into y-carboxy-glutamic acid residues, introducing a
second carboxyl group (-COO") onto the y-carbon of the glutamate side
chain (-CH,CH(COOH),). The creation of two carboxyl groups enables
the chelation of Ca®* ions, whichiis essential for the function of vitamin
K-dependent clotting factor II, VII, IX and X**2. Vitamin K antagonism
with warfarin remains the optimal preventative treatment for people
with APS with or without underlying SLE******, GGCX mutations can
impact efficacy of vitamin K antagonism in APS?>?%,

The liver produces thrombopoietin, the primary hormone that
stimulates the bone marrow to produce platelets*”. Autoantibodies to
thrombopoietin and its receptor (c-Mpl) occur in one-third of people
with SLE, particularly those with thrombocytopenia, and contribute to
immune-mediated platelet destruction and decreased platelet produc-
tion (megakaryocytic hypoplasia)?*>**. Thus, liver product-directed
autoimmunity can cause concurrent APS and thrombocytopeniainSLE.

Therole of the liver in ARDs
Theliver hasacomplexrolein ARDs, functioning as a source of metab-
olites, cytokines, complement factors and other regulators for the

immune system and a target organ of autoimmune-mediated damage
and drug toxicity. Evidence suggests that liver disease might precede
the onset of autoimmunity in mice and individuals with rheumatic
diseases”*’. CRP, MBL2 and AAT are examples of proteins exclusively
or primarily synthesized by hepatocytes, genetic variations of these
proteins directly influence ARDs.

Genetic polymorphisms that confer reduced CRP expression pre-
dispose to SLE** and RA?*?, AAT is mainly expressed in hepatocytes®?,
andits deficiency promotes anti-citrullinated protein antibody (ACPA)
production and disease severity in RA”**. ACPA can also be detected in
individuals with SLE?*>***, Hepatocytes are the main source of MBL2>¥,
andits deficiency contributes to autoantibody production and devel-
opment of SLE***%*° and juvenile RA?*". Deficiency of PON1 causes
oxidationand antigenicity of B,GP1in TAL deficiency'’, SLEand APS'”.
Genetic deficiency of PON1is also associated with psoriasis®*.

Inherited deficiencies of hepatocyte-derived classical comple-
ment components, particularly C2 and C4, markedly increase suscepti-
bility to autoimmune diseases, especially SLE, demonstrating a crucial
role for liver-produced complement proteins in the maintenance of
self-tolerance?. Collectively these studies suggest that liver dysfunc-
tion contributes to the development of autoimmune diseases through
theloss of acomplex array of synergistic protective mechanisms.

Rolein SLE
Hepatic abnormalities are frequently observed inindividuals with SLE
and require careful clinical evaluation (Fig. 4). Approximately 20% of
patients exhibit elevated liver enzymes independent of medication or
viralinfection'”", Lupus hepatitis can represent aninitial manifestation
of SLE***, Histological findings include steatosis, portal inflammation,
hepatitis and cirrhosis?*>***. Inflammation in lupus hepatitis is generally
considered milder thanin autoimmune hepatitis (AIH). Lupus hepatitis
typically presents as nonspecific reactive hepatitis with mild portal and
lobular lymphocytic inflammation, little or no interface activity and a
paucity of plasma cells*”. Substantial fibrosis and cirrhosis are uncom-
mon. Histologic findings often correlate with overall SLE activity rather
than representing a primary autoimmune liver disease. By contrast,
analysis of biopsy-obtained AlH liver samples shows dense lymphoplas-
macytic portalinfiltrates, markedinterface hepatitis, hepatocyterosette
formation and varying levels of fibrosis**. Plasma-cell-richinfiltrates are
particularly characteristic and are incorporated into diagnostic scoring
systems®*s, Antiribosomal P antibodies are strongly associated with
lupus hepatitis and are uncommon in AIH****°, In one study, antiriboso-
malPantibodies were presentin 68.8% of individuals with SLE-associated
hepatitis but were absentinindividuals with isolated AIH**°. AIH canbeen
classified by serology®": type I or lupoid AlH is the classic syndrome
seeninyoungwomenand is associated withmarked hypergammaglob-
ulinaemia and ANA positivity; type Il AIH is usually occurs in children
andin Mediterranean populations andis associated with anti-liver and
anti-kidney microsomal antibodies and ANA negativity*’; type Il AIH
is associated with ANA positivity, smooth muscle antibodies (SMAs)
and antibodies to soluble liver antigen or liver—pancreas®”.
Hepatocyte pseudo rosettes (or liver cell rosettes) are consid-
ered typical histological finding in AIH. They indicate regenerative,
gland-like arrangements of liver cells surrounding a central lumen,
commonly reflecting chronic liver damage or restructuringin response
to severe periportal inflammation dominated by plasma cells. T cells
and B cells also have crucial roles in AIH**®, Although demarcation
from AlH is often difficult, lupus hepatitis typically involves diffuse
lobular inflammation and nodular regenerative hyperplasia, which
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Fig.4 | Clinical evaluation of the liver
inrheumatic diseases. A schematic
flow chart to guide liver assessment in
individuals with rheumatic diseases,
such as systemic lupus erythematosus,
rheumatoid arthritis, Sjogren disease,
vasculitis, psoriatic arthritis and
spondyloarthritis**>**. ALP, alkaline
phosphatase; ALT, alanine amino-
transferase; AMA, anti-mitochondrial
antibody; ANA, antinuclear antibody;
AST, aspartate aminotransferase;

BMI, body mass index; CMV, cyto-
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glutamyl transferase; HBV, hepatitis B
virus; HCV, hepatitis C virus;

INR, international normalized ratio;

Assess severity

o ALT and AST less than five times the
upper limit of normal and
asymptomatic - outpatient evaluation

e ALT and AST more than five times the
upper limitt of normal > urgent workup

e Elevated bilirubin, high INR and
encephalopathy - emergency

¢ '

Hepatocellular Metabolic

e MALT and AST * BMI

* HBV « Diabetes mellitus
e HCV e Hypertension

o FibroScan or FIB-4
* MASLD
* MASH

» Autoantibodies (ANA, AMA, LKM1, RiP,
IgG and anti-SLA)

e Liver histology

o Autoimmune hepatitis

o Overlap syndromes

LFT, liver function test; LKM1, liver
l kidney microsomal type 1antibody;
MASLD, metabolic dysfunction-
associated steatoticliver disease; MASH,
metabolic dysfunction-associated
steatohepatitis; MRCP, magnetic
resonancecholangiopancreatography;
RiP, ribosomal P antibody; SLA, soluble
liver antigen.

Cholestatic

e MALP and GGT

e Ultrasound, MRI or MRCP

« Autoantibodies (ANA, AMA
and IgM)

o Primary biliary cholangitis

« Primary sclerosing cholangitis

X

‘

Persistent unexplained abnormalities, suspected AlH, overlap syndrome
or advanced fibrosis

Hepatology referral + elastography and liver biopsy

V

Treat cause

is attributed to immune complex deposits triggering obliterative
venopathy*’. Functionally defective T, cells and pro-inflammatory
Tl cellsinfiltrate the liver in lupus hepatitis®*.

The mechanisms underlying hepatic involvement in SLE remain
incompletely understood but multiple pathways are probably
involved®’. Immune complex deposition within hepatic tissues can acti-
vate complement and inflammatory responses. In addition, systemic
inflammation and oxidative stress can directly damage hepatocytes™.
Lupus hepatitis is typically managed with mediations directed at SLE,
such as hydroxychloroquine and belimumab. By contrast, first-line
treatment for AlH relies on use of prednisone and azathioprine, whereas
second-line treatment includes mycophenolate mofetil, calcineurin
inhibitors, rituximab®° and sirolimus®’.

Experimental models suggest that hepatic metabolic dysfunc-
tion might precede systemic autoimmunity™. In lupus-prone mice,
activation of mTOR signalling and mitochondrial oxidative stress in
hepatocytes occurs before the onset of autoantibody production™.
Treatment with antioxidants such as N-acetylcysteine (NAC) can attenu-
ate these metabolic abnormalities and delay disease progression®**%,
AlH canalso precede the development of SLE****°, In addition, CRP is
exclusively produced by the liver™ and polymorphism associated with
reduced basal CRPis associated with ANA productionand the develop-
ment of SLE**". Thus, liver-derived CRP could be a causative factor in SLE
pathogenesis. These findings raise the possibility that liver-directed

autoimmunity might represent an early pathogeniceventin SLE rather
than merely a consequence of systemic inflammation.

Rolein APS

APSis characterized by the presence of aPLs and clinical manifestations
including thrombosis and pregnancy morbidity'?. Pathological liver
changesin APS are primarily driven by the hypercoagulable state of the
disease, leading to thrombosis in the hepatic vasculature®'. The liver is
the most affected organ, followed by the intestines, oesophagus, stom-
ach, pancreas and spleen®®’. Liver manifestation of the disease mainly
stem from the occlusion of smaller intrahepatic vessels resulting in
nodular regenerative hyperplasiaand the development of Budd-Chiari
syndrome?”. Individuals with aPLs are also predisposed to progressive
liver diseases®®, including cirrhosis***. Conversely, liver cirrhosis has
been associated with APS**,

The primary antigenic target of these antibodies is B,GPI****. The
immunogenicity of 3,GPI depends on its structural conformation,
post-translational modifications owing to glycosylation in the liver®
or oxidationin the bloodstream mediated by PON1 depletion (Fig. 3).
Oxidative modification can expose cryptic epitopes recognized by
aPLs". The antioxidant enzyme PON1, also produced by hepatocytes?”,
normally protects 3,GPI from oxidative damage'*'>. Depletion of PON1
activity has been reported in individuals with APS®, Diminished gly-
cosylation and secretion of PON1 by the liver induces anti-$,GPI and
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anti-cardiolipin antibodies in TAL deficiency™. Reduced PONI1 levels
therefore permit oxidative modification of 3,GPI, facilitating autoan-
tibody generation. Genetic or metabolic factors that impair hepatic
PON1 production might thus contribute to APS pathogenesis.

Rolein other rheumatic diseases

Liver fibrosis is surprisingly rare in systemic sclerosis**® but relatively
commoninindividuals with primary biliary cholangitis (PBC) or AIH**".
PBC is a prototypic autoimmune liver disease characterized by the
destruction of small intrahepatic bile ducts®®®. Although primarily a
hepatic condition, PBC frequently coexists with systemic autoimmune
disordersincluding Sjogren disease’’ and RA*”, Autoantibodies target-
ing mitochondrial antigens are a hallmark of PBC. Anti-mitochondrial
antibody, the most specific autoantibody in clinical autoimmunity, is
directed to the inner lipoyl domain of E2 components of the pyruvate
dehydrogenase complexes (PDC-E2)*”. The initiating event of PBC is
thought toinvolve mitochondrial stress, altered apoptosis and loss of
tolerance to PDC-E2. Antigen-presenting cells, such as Kupffer cells,
drive PDC-E2-specific CD4 and CD8 T cell and B cell responses, cul-
minating in anti-mitochondrial antibody production. Further down-
stream, T cells and Kupffer cells stimulate hepatic stellate cells that
produce TGFp and elicit liver fibrosis*®.

Primary sclerosing cholangitis is a well-recognized hepatic com-
plication of inflammatory bowel disease (occursin -2% of patients)*”".
Immune interactions between the gut and liver can influence sys-
temic inflammatory responses and contribute to extraintestinal
manifestations including arthritis®2.

Individuals with RA frequently exhibit liver abnormalities related
to chronicinflammation, metabolic syndrome and medication toxicity.
The prevalence of MASLD is higher in individuals with RA compared
with healthy individuals (41.2% versus 28.5%) even after adjustment
for metabolic and lifestyle factors (incidence rate ratio 1.35, 95% CI
1.14-1.60)°. Levels of TNF, IL-6 and IL-1B are high in RA, which promote
hepaticinsulin resistance, lipid accumulation and stellate cell activa-
tion, all of which are mechanisms central to MASLD pathogenesis*>.
These same pro-inflammatory cytokines areindependently associated
with risk of MASLD and liver fibrosis**. Similar to SLE**, genetic poly-
morphism conferring reduced CRP expression predisposes to RA*2,
Liverinvolvement in spondyloarthritisis often associated with comor-
bid conditions such as inflammatory bowel disease or MASLD?”, Altera-
tionsin gut-liver axis signalling contributes to systemicinflammation
in these patients”>.

Although traditionally considered a degenerative disease, oste-
oarthritis is increasingly recognized as a metabolically influenced
condition. Liver abnormalities can influence osteoarthritis even
in non-weight-bearing joints, suggesting that metabolic factors —
not simply biomechanical stress — contribute to disease develop-
ment. Dysfunctional hepatocytes produce and release circulating
pro-inflammatory mediators including CRP, IL-6, TNF, complement
components, ROS and advanced glycation end products, all of which
promote cartilage matrix degradation andjoint inflammation?°. AAT
(encoded by SERPINAI) is aprimary inhibitor of proteinase 3, the main
target antigen of antineutrophil cytoplasm antibodies (ANCAs) in
granulomatosis with polyangiitis and SERPINA1 deficiency is associated

with this condition®”’.

MASLD and ARD
MASLD is a substantial, bidirectional comorbidity in rheumatic dis-
eases, driven by chronic inflammation and metabolic dysfunction.

MASLD affects up to 30% of the population globally?”®. MASLD is
characterized by hepatic steatosis, insulin resistance and chronic
inflammation®’, MASLD can progress to inflammation, MASH, fibro-
sis, cirrhosis and ultimately hepatocellular carcinoma?°. MASLD has
beenassociated with autoimmunity, including ANA and SMA positivity
in children®®.. These autoantibodies preferentially target oxidative
stress-modified autoantigen epitopes®’.

Increased prevalence of MASLD inindividuals with ARDs, including
RA, hasbeenreported®. People with MASLD have increased serum levels
of IL-6 and, specifically in women, IL-13?*>, Chronic hepatic inflamma-
tion associated with MASLD can amplify systemicimmune activation
and contribute to disease progression®**. Metabolic syndrome and
MASLD have also been linked to osteoarthritis, independent of body
weight**?%, Systemic metabolic inflammation can promote cartilage
degradation and joint pathology, highlighting the broader influence
of hepatic metabolism on musculoskeletal health?*,

Insupportofabidirectional relationship in disease pathogenesis,
treatment of MASLD can elicit clinical improvement of concurrent
ARDs. The strongest current evidence exists for GLP-1receptor agonists
(GLP-1RAs), which are a class of drugs developed for the treatment of
type 2 diabetes and obesity by activating the GLP-1receptor®. They
targetawide variety of cells, primarily by increasing intracellular cAMP
and PKA signalling and blockingmTOR activation®"**, The evidence for
other MASLD therapiesis weaker or disease specific. GLP-IRAsimprove
hepatic steatosis, reduce liver inflammation, promote weight loss and
are emerging asamajor therapy for MASLD and MASH?*. GLP-1signal-
ling suppresses nuclear factor-kB (NF-kB) activation, decreases macro-
phage cytokine production, improves T, cell-T,17 cell balance and
canreduce disease activity in RA”° and SLE*”". Weight loss reduces the
production of adipocyte-derived pro-inflammatory mediators (TNF, IL-6
and leptin) that contribute to RA, PsA, SLE and other autoimmune
diseases?. PPARy agonists, such as pioglitazone, are also used to treat
MASLD. These drugs canimprove steatosis, hepatocellular ballooning
and MASH histology, especially with concurrent diabetes mellitus, and
reduce disease activity and vascular inflammation through blocking
mTOR?? and modulating abnormal T cell responsesin RA and SLE****,

Evidence for biological sex-specific hepatic manifestations in
ARDs remains limited. Available data suggest that liver abnormalities
in female and male patients with SLE are primarily associated with
disease activity’”®, medications® and concomitant metabolic liver dis-
ease, whereas male sex alone seems to confer greater susceptibility to
steatosis and fibrosis when MASLD is present”’. MASLD isincreasingly
recognized in SLE and might contribute substantially to liver enzyme
elevations independent of SLE activity*®.

Effects of conventional immunosuppressive therapies on hepatic
metabolism. Immunosuppressive therapies commonly used to treat
patients with ARDs alter hepatic metabolism, insulin signalling, lipid
handling, mitochondrial function or fibrogenesis independent of
overt hepatotoxicity. Long-term methotrexate exposure has been
associated with liver steatosis and fibrosis, with obesity and meta-
bolic syndrome as major cofactors. The interaction seems to involve
altered hepatic lipid handling rather than direct hepatocyte injury
alone””’. Electron microscopy studies show collagen depositioninthe
space of Disse and activation of fibrogenic pathways even before clini-
cally meaningful fibrosis develops®*°. Current evidence suggests that
methotrexate-related liver injury is strongly influenced by underlying
obesity, insulin resistance and MASLD, indicating a synergistic effect
on hepatic metabolic dysfunction®”’. Unlike mostimmunosuppressive
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Table 2 | Biomarkers of hepatic metabolic dysfunction with
potential for predicting autoimmune disease risk

Biomarker Link to autoimmunity Refs.

Bile acid Direct regulation of T, cell-T,17 cell balance 88,89,310

metabolome

FGF21 Early hepatic stress and mitochondrial 31
dysfunction

Fetuin-A Direct innate immune activation via TLR4 314

B-Hydroxybutyrate NLRP3 inflammasome regulation 316

Selenoprotein P Oxidative stress and redox dysregulation 312

Fetuin-B Emerging steatosis biomarker 312

BCAA profile Strong metabolic marker but not 201,
liver-specific 318-320

BCAA, branched-chain amino acid; FGF21, fibroblast growth factor 21; T,17 cell, T helper 17
cell; TLR4, Toll-like receptor 4; T, cell, regulatory T cell.

therapies, hydroxychloroquine enhancesinsulin sensitivity and gener-
ally exerts favourable hepatic metabolic effects*”. Hydroxychloroquine
has been associated with an improved lipid profile and lower fasting
glucoselevels, reduced risk of diabetes mellitus**? and lower prevalence
of MASLD in RA cohorts®**®. TNF is a major mediator of hepaticinsulin
resistance and hepatic stellate cell activation; inhibition can improve
insulin signalling and reduce hepatic inflammatory stress****%., Aza-
thioprine can reduce GSH and impair mitochondrial function in
hepatocytes®*®. Leflunomide inhibits dihydroorotate dehydrogenase,
amitochondrial enzyme involved in pyrimidine synthesis*””. Glucocor-
ticoids promote hepaticinsulin resistance, increase gluconeogenesis
and hepatic glucose production and chronic exposure contributes to
metabolic syndrome and fatty liver development through activation
of sterol regulatory element-binding protein 1°%%,

Hepatic biomarkers of metabolic dysfunction

in autoimmunity

Levels of conventional liver enzymes (alanine aminotransferase and
aspartate aminotransferase) in the blood often increase with limited
prognostic utility**’. Bile acid-related metabolites, hepatocytes and
markers of hepaticinsulin resistance have emerged as potential early
biomarkers of metabolic dysfunctionin patients at risk of autoimmun-
ity (Table 2). Secondary bile acid metabolites, LCA, deoxycholic acid
and TCDCA, regulate T,;17-T,, cell balance and dendritic celland mac-
rophage activation and they accumulate before overt liver injury®5%'°,
Among hepatokines, release of fibroblast growth factor 21 (FGF21) into
the bloodstream reflects mitochondrial dysfunction and oxidative
stress®, which are early drivers of autoimmune diseases such as SLE.
FGF21 might thus function as an early indicator of hepatic metabolic
stress. Selenoprotein P has antioxidant properties® and elevated levels
inthe plasmareflects hepatic oxidative-redox imbalance before overt
liver injury®?, although paradoxically it can elicit insulin resistance’”.
Hepatocyte-derived fetuin-A (also known as o,-Heremans-Schmid
glycoprotein (AHSG)) activates the innate immune system via TLR4
signalling in the presence of fatty acids®. Fetuin-B is also secreted by
steatotic livers and predicts impaired glucose tolerance”. Elevation of
B-hydroxybutyrate reflects hepatic mitochondrial fatty acid oxidation
andketogenesis, an anti-inflammatory protective process that blocks
NLRP3inflammasome-mediated inflammatory diseases™°. By contrast,
increased plasmalevels of branched-chainaminoacids (BCAAs) leucine,
isoleucine and valine reflect impaired hepaticamino acid metabolism

and insulin resistance. The accumulation of branched-chain amino
acids often precedes diabetes mellitus and fatty liver disease’”.
Branched-chain amino acids activate mTOR*'®*"’, a pathway strongly

implicated in SLE and autoimmune disease pathogenesis***?°.

Indications for liver biopsy in rheumatic diseases

In individuals with SLE, RA, Sjogren disease and systemic sclerosis,
inflammatory myopathies or vasculitis, abnormal liver enzymes should
first prompt evaluation for drug-induced liver injury (methotrexate,
azathioprine, leflunomide, NSAIDs or biologic drugs), viral hepati-
tis, MASLD, autoimmune liver diseases, lupus hepatitis, AIH, PBC or
primary sclerosing cholangitis. In the absence of ACR-EULAR guide-
lines that specifically mandate liver biopsy in SLE or other ARDs with
elevated liver function tests, recommendations for clinical evaluations
(Fig. 4) come from hepatology guidelines (American Association for
the Study of Liver Diseases and European Association for the Study of
theLiver) and reviews onliver involvement in rheumatic diseases®”. The
consensus is thatliver biopsy should be performed selectively (Table 3),
primarily when the diagnosis remains uncertain or when autoimmune
liver disease is suspected®**?2, Biopsy is recommended in people with
rheumatic disease with persistent aspartate aminotransferase or ala-
nine aminotransferase elevation with positive ANA, SMA, anti-liver
kidney microsomal antibodies or elevated IgG, when AIH, AIH-PBC
overlap syndrome or AIH-primary sclerosing cholangitis overlap syn-
dromeis suspected or if treatment decisions depend on grading and
staging of inflammation and fibrosis***** (Table 3). Prospective studies
are warranted to further evaluate the use of liver biopsy in ARDs.

Liver-targeted therapies in rheumatic diseases
Liver-directed therapies are expected to target metabolic dysfunc-
tion characterized by mitochondrial oxidative stress, mTOR activa-
tion, steatosis and abnormal processing of gut microbial antigens and
biomolecules (Box 1).

Metabolic and oxidative stress and mTOR inhibitors

Antioxidants suchas NACreplenishintracellular glutathione and reduce
oxidative stress (Box 1and Table 1). Clinical studies suggest that NAC
canimprove disease activity in SLE by inhibiting mTOR signalling and
reducing T cell activation®®, Thisinitial finding has been further substan-
tiated by meta-analyses®”’, Rapamycin, NAC and mitochondria-targeted
antioxidants such as mitoquinone have shown promise in experimental
models of SLE by reducing mitochondrial oxidative stress****, Although
PON1ladministration hasnotyet beenusedtotreat ARDs, it does protect
from organophosphate toxicity***, experimental colitis**” and ischaemic
stroke®®. RAB4A is overexpressedin the liver of lupus-prone mice' and
induces mTOR activation in patients and mice with SLE, blocking it using
3-PEHPC offers therapeutic benefits*”. Hydroxychloroquine inhibits
lysosomal acidification, which interferes with mTOR activation®° and
limits lipid accumulation in hepatocytes®”. Palmitoyl-protein thioester-
ase1(PPT1) hasemerged as the primary target of hydroxychloroquine®>,
PPT1 promotes the secretion of IFN« by plasmacytoid dendritic cells
and TNF by macrophages®> and palmitoylation of TLR9 blocks its
binding self-DNA. Alternatively, depalmitoylation by PPT1 facilitates
the release of TLR9 from UNC93B1 and binding of self-DNA. Similarly,
hexadecylsulfonylfluoride blocks PPT1, self-DNA binding by TLR9
and disease development in lupus-prone mice®*>. The PPT1 inhibitor
ezurpimtrostat blocks mTOR activation in hepatocytes viaits translo-
cation to the lysosome®*, and thus inhibits pristane-induced lupus®>.
However, PPT1blockade canlower serum HDL cholesterol and promote
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atherosclerosis®*. Moreover, PPT1 deficiency heavily alters serum lipid

profiles®”. Studies on PPT1-deficient models demonstrate asevere drop
in circulating levels of apolipoprotein A-l, the foundational structural
proteinrequired tobuild HDL. Crucially, mature, large, ApoE-containing
HDL particles become completely absent from the circulation®®.
PPT1 deficiency also impacts neurotransmission and predisposes to
neurodegenerative diseases®”**, Although inhibiting PPT1is a key
mechanism of hydroxychloroquine function at the cellular level, the
aforementioned adverse effects are probably a cumulative result of
altered neuroepithelial cell lysosomal function®*, neurotransmitter
imbalances and immune modulation**°. Hydroxychloroquine under-
goes hepatic N-dealkylation, leading to the production of active metabo-
lites such as desethylhydroxychloroquine, which can accumulate in
ocular tissues and may contribute to HCQ-induced retinal toxicity**.

The primary molecular target of metforminintheliver is the mito-
chondrial respiratory chain complex I. By accumulating within the
mitochondrial matrix, metformin inhibits complex I, which reduces
ATP production, increases the cellular AMP:ATP ratio, and subsequently
activates AMPK and blocks mTOR**2, Metformin has a therapeutic
benefitin SLE>****,

Mycophenolate mofetil functions as a prodrug that is converted
into its active metabolite, mycophenolic acid (MPA), by hepatic
esterases®”. MPA is a potent, reversible and selective inhibitor of ino-
sine monophosphate dehydrogenase. This mechanism inhibits the
de novo synthesis of guanosine nucleotides and downstream phos-
phorylation of STAT3***** which T celland B cell activation is uniquely
dependenton, unlike other cell types that can use a ‘salvage pathway>*°.

Azathioprineis aprodrug, primarily metabolized in hepatocytes
by glutathione S-transferase into 6-mercaptopurine (6-MP); 6-MP is

subsequently converted into cytotoxic thioguanine nucleotides®*.
These metabolitesinhibit purine synthesis, blocking lymphocyte pro-
liferation, specifically suppressing T cell-APCinteractions by inhibiting
Vav guanosine exchange activity on Rac proteins®*’. Azathioprine also
stimulates autophagy by blocking the phosphorylation of S6 ribosomal
protein, adownstream substrate of mTORC1>*°,
3-PEPHCimproveslupusnephritisbyinhibitinggeranylgeranylation
of RAB4A and RAB5A, whichare overexpressedin SLE*”, includinginlym-
phocytesandintheliver”. Although the deletion of RAB4A blocks mTOR
activationinlymphocytes®”, itsrole in controlling mitochondrial dys-
function of hepatocytes remains to be determined. Although the RAB7-
specific inhibitor, CID-1067700, reduces autoantibody production’”’,
it promotes MASLD by inhibiting lipophagy in hepatocytes®2.
Glucagon-like peptide-1receptor agonists
Although the expression of the GLP-1 receptor by hepatocytes is
controversial®**%, GLP-1IRAs improve hepatic steatosis and reduce
systemicinflammation, suggesting potential benefits for patients with
autoimmune diseases associated with metabolic dysfunction®*%¢%, In
people with concomitant SLE and type 2 diabetes, GLP-1RA treatment is
associated withimproved cardiac outcomes and reduced risks of lupus
nephritis and extrarenal flares®**>, Prospective studies of GLP-1RAs
inrheumatic diseases are strongly warranted.

Natural compounds

Natural antioxidants — including glutathione, vitamin E, curcumin®”’
and silymarin®**® — block mTORC1 and T,17 cell-T,, cell imbalance in
the liver and have hepatoprotective and anti-inflammatory effects in
RA and SLE**"*%2, Meta-analyses show that polyphenolsimprove Disease

Table 3 | Clinical indications for liver biopsy in autoimmune rheumatic diseases

Clinical scenario Typical findings

Liver biopsy
recommendation

Supporting evidence

Mild or transient LFT elevation
with identifiable cause

Drug exposure (methotrexate, azathioprine, leflunomide,
NSAIDs or biologic agents), viral hepatitis and MASLD

Address reversible causes and reassess
biochemistry before invasive evaluation®#?23%°

Usually not indicated

Abnormal liver enzymes despite exclusion of
common causes

Persistent unexplained AST or
ALT elevation (>3-6 months)

Helps establish diagnosis when serology
and imaging are inconclusive?®?'3%3%°

Consider biopsy

Suspected AIH

Elevated AST or ALT, hypergammaglobulinemia (IgG)
and ANA, SMA, anti-LKM1 or anti-SLA antibody positivity

Strongly recommended  Histology is recommended by AASLD

and EASL*”

Differentiation of lupus
hepatitis from AlH in SLE

Elevated transaminases in SLE with overlapping
autoantibody profiles

Recommended when
diagnosis is uncertain

Histologic evaluation is necessary because
clinical and serologic features overlap?’

Suspected AIH-PBC overlap Mixed hepatocellular and cholestatic pattern, AMA Recommended Liver biopsy confirms overlap features and
syndrome positivity and elevated IgG guides therapy*”

Suspected AIH-PSC overlap Cholestatic enzymes with autoimmune features and Recommended Histology documents interface hepatitis®”
syndrome abnormal biliary imaging

PBC with atypical presentation AMA-negative disease or atypical biochemical findings Consider biopsy Useful for confirming diagnosis and

excluding overlap syndromes®'*?,

Persistent LFT abnormalities
during methotrexate therapy

Long-term methotrexate exposure with concern
for fibrosis

Selective use Non-invasive fibrosis testing is preferable

over biopsy*#%,

Persistent ALP and/or GGT elevation without
clear aetiology

Unexplained cholestatic
enzyme abnormalities

Distinguishes autoimmune cholangiopathies,
DILI and infiltrative disease®®®

Consider biopsy

Vasculitis, granulomatous or

infiltrative liver disease dysfunction in systemic vasculitis or sarcoidosis

Hepatomegaly, hepatic lesions and unexplained liver

Consider when diagnosis
will alter management

Can identify vasculitis, granulomas, nodular
regenerative hyperplasia or other specific
pathology321,322,390

AASLD, American Association for the Study of Liver Diseases; AlH, autoimmune hepatitis; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMA, anti-mitochondrial antibody; ANA,
antinuclear antibody; anti-LKM1, anti-liver kidney microsomal type 1antibody; anti-SLA, anti-soluble liver antigen-antibody; AST, aspartate aminotransferase; DILI, drug-induced liver injury;
EASL, European Association for the Study of the Liver; GGT, gamma-glutamyl transferase; LFT, liver function test; MASLD, metabolic dysfunction-associated steatotic liver disease; PBC,
primary biliary cholangitis; PSC, primary sclerosing cholangitis; SLE, systemic lupus erythematosus; SMA, smooth muscle antibody.
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Box 1| Liver-targeted therapies

Glucocorticoids
¢ Bind to glucocorticoid receptors and decrease HDL cholesterol
and increases LDL cholesterol and triglycerides, which can
promote metabolic dysfunction-associated steatotic liver
disease (MASLD)

GLP-1receptor agonists
e Activate cAMP-protein kinase A (PKA) and AMPK signalling and
inhibits mTORCI1, reducing MASLD and inflammation

Purine metabolism inhibitors
e Mycophenolate mofetil is converted to mycophenolic acid,
which inhibits inosine monophosphate dehydrogenase and
reduces guanosine synthesis, leading to decreased STAT3
activation and B cell and T cell responses
e Azathioprine is metabolized to 6-MP and thioguanine
nucleotides, which suppress purine metabolism

Antioxidants
o N-Acetylcysteine increases glutathione and inhibits mTORC1
¢ Mitoquinone reduces reactive oxygen species
e Metformin activates AMPK and suppresses mTORC1
e Rapamycin directly inhibits mTORC1.

Rab GTPase inhibitors
e 3-PEHPC reduces RAB4A and RAB5A expression
e CID-1067700 inhibits RAB7
e Reduced RAB7 impairs lipophagy, promoting MASLD

Lysosomal inhibitors
¢ Hydroxychloroquine, quinacrine and ezurpimtrostat reduce
mTOR signalling, which promotes autophagy

Natural compounds
e Polyphenols, vitamin E and silymarin reduce tryptophan
2,3-dioxygenase and indoleamine 2,3-dioxygenase, which block
kynurenine production, mTORC1 and nuclear factor-kB

Activity Scorein 28 joints (DAS28) scores, reduce CRP and erythrocyte
sedimentation rate and offer therapeutic benefit in RA*®, Silymarin
binds to several redox-sensitive molecular targets®**, and perhaps
mostimportantly, it blocks the binding of NF-kB to pro-inflammatory
cytokine genes®®. Silymarin reduces pro-inflammatory markers and
has shown therapeutic benefit in a controlled clinical trial of RA*.
Vitamin E had analgesic effects in a randomized, placebo controlled
clinical trial of RA**°. Although clinical evidence remains limited, these
compounds might complement conventional therapies inautoimmune
diseases. Their demonstrated safety supports the need for prospective
controlled clinical trials.

Ursodiol (ursodeoxycholic acid) is a hydrophilic bile acid that
inhibits the apoptosis of hepatocytesin PBC by replacing toxic hydro-
phobicbile acids and blocking cholesterol absorption®”. It also blocks
mTOR in hepatocytes®*® and the development of pro-inflammatory
CD4 T cells and offers potential benefits for other overlapping autoim-
mune diseases, such as SLE****’°, Glucocorticoids (including natural

cortisone, cortisol and hydrocortisone and their synthetic mimic,
prednisone) remain the mainstay of therapeuticinterventions of flares
in SLE and catastrophic APS*". Their anti-inflammatory effects are
mediated through binding to glucocorticoid receptors and block-
ade of NF-kB activation that triggers apoptosis of proliferating lym-
phoid cells***”, Notably, glucocorticoid receptor stimulation also
blocks endocytosis by LSECs**. The use of natural compounds and
probiotics is widespread among patients with rheumatic diseases®”.
Understanding their mechanisms of action is essential for advising
patients about the benefits and toxicities of natural compounds.

Liver-gut microbiome axis

Translocation of the gut pathobiont £. gallinarumto the liver triggers
lupus-like autoimmunity characterized by the production of anti-,GPI,
anti-DNA, and anti-endogenous retrovirus (ERV) gp70 autoanti-
bodies in lupus-prone mice*®. E. gallinarum-specific DNA has been
recovered from liver biopsies from individuals with SLE*”. Presum-
ably, liver-resident E. gallinarum induces hepatic overexpression of
ERV-derived gp70, whichinduces the formation of immune complexes
that bind ERV and promotes systemic autoimmunity. In hepatocytes
and dendritic cells, E. gallinarum RNA also induces the expression of
type linterferon and other pro-inflammatory cytokines*®. Similar to
Lactobacilli, E. gallinarum metabolize tryptophan into KYN**°. Notably,
alow tryptophan diet limits KYN accumulation, mTOR-dependent
Ty17 cell development and nephritis in lupus-prone mice'”. Conversely,
Akkermansia muciniphila promotes the metabolism of tryptophaninto
serotonin®”. Inindividuals with SLE, faecal microbiota transplantation
from healthy donors promotes the accumulation of SCFAs, reduces
plasmalevels of IL-6 and reduces disease activity*’®.

Compared with placebo, probiotics containing Lactobacillus
acidophilus, Lactobacillus casei and Bifidobacterium bifidumimproved
DAS28 and decreased CRP and serum insulin levels in patients with
RA after an 8-week intervention®”’. However, a meta-analysis only
showed moderate benefit in RA and no benefit of probiotics in
spondyloarthritis®*®. In a proof-of-concept randomized controlled
trial of gastroscopy-delivered faecal microbiota transplantation in
PsA, treatment was safe but inferior compared with placebo after
26 weeks of follow-up®®'. These observations warrant further studies
of microbiome-directed therapiesin ARDs.

Conclusion

The liver is increasingly recognized as a central regulator of systemic
immunity and autoimmunity. Through its metabolic activities, detox-
ification functions and synthesis of immunomodulatory proteins,
theliverinfluences both the generation of autoantigens and immune
responses. In SLE and APS, emerging evidence suggests that hepatic
metabolic dysfunction, particularly oxidative stress, and impaired
secretion of protective proteins such as PON1 might precede the onset
of systemic autoimmunity. The resulting oxidative modification of
B,GPI and other molecules might initiate the production of patho-
genic autoantibodies. Beyond these diseases, hepatic dysfunction is
increasingly implicated across a spectrum of rheumatic disorders.
Understanding therole of theliver in metabolizing nutrients, toxicants
and drugs, sensing the gut microbiome and modulating systemic auto-
immunity could therefore identify new pathogenesis-directed thera-
peutictargets for the treatment of rheumatic diseases. Future research
should focus on elucidating the molecular mechanisms thatlink hepatic
metabolism to immune regulation, identifying hepatic biomarkers
of immune dysregulation that precede the onset of autoimmunity in
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longitudinal rheumatic disease cohorts, evaluating the effects of liver-
specific genetic modifications on the development of autoimmune
disease and developingliver-targeted therapies capable of preventing
or ameliorating autoimmunity.

Published online: 26 August 2026
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