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Metabolic dysfunction-associated steatotic liver disease (MASLD), previously known
as nonalcoholic fatty liver disease (NAFLD), is a highly prevalent disease"!. The
proposed modifications in terminology, including the adoption of MASLD,
metabolic and alcohol-associated liver disease (MetALD) as well as other subtypes
under the umbrella of steatotic liver disease (SLD), better captures the underlying
complexity of the disease, with important implications for epidemiology, patient
classification, and the development of targeted therapies'*. Today, MASLD is
regarded as a systemic disease that impacts multiple organs beyond the liver,
including but not limited to the cardiovascular, endocrine, and renal systems;
multiple mechanisms, such as insulin resistance, chronic inflammation, and
metabolic imbalance, seem to mediate these complex interconnections””’. MASLD
includes a phenotypic spectrum of nosology that can be histologically categorized
into: hepatic steatosis, metabolic dysfunction-associated steatohepatitis (MASH),
defined as hepatic steatosis and inflammation with hepatocyte injury (hepatocyte
ballooning), which may progress to MASH-associated hepatic fibrosis, cirrhosis and
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hepatocellular carcinoma in a minority of patients!"!. Affecting nearly one in three adults in the general
population worldwide, MASLD and its progressive form, MASH, constitute an escalating public health
challenge and are projected to become major contributors to advanced liver disease and the need for
transplantation'.

Liver is a multi-functional organ, which is divided into zones. The different zones perform partly distinct
tasks through different biological processes'’. Various structural and immune hepatic cells take part in
hepatic functions largely unrelated to those of the hepatocytes'. In their study, Li et al. not only investigated
molecules that are presented in hepatic tissue of patients with hepatic steatosis or MASH vs. individuals
without hepatic disease (controls), but they also focused on their precise spatial localization within hepatic
tissue and individual cells"”. They investigated which genes, proteins and metabolites were expressed and in
which specific hepatic regions, rather than assessing only their average levels. To this aim, they applied: (a)
single-cell RNA sequencing (scRNA-seq), a technique that isolates whole viable cells from fresh tissue, thus
dissociating tissue into individual cells, enabling the characterization of cellular heterogeneity of complex
tissue; (b) single-nucleus RNA sequencing (snRNA-seq) analyzes RNA derived from the cell nucleus rather
than the whole cell while still enabling reliable identification of cell types; (c) spatial multi-omics, which
combines multiple omic layers with their precise location in tissues, thus providing a map of the specific
location of molecules'™®. More specifically, scRNA-seq offered separate analysis of different cells, such as
Kupfter cells, activated hepatic stellate cells (HSCs). Additionally, snRNA-seq offers appropriate preservation
of the hepatocytes and lipid cells and more representative cellular composition. The combination of the
aforementioned methods seems to be essential, because, as mentioned above, MASLD is characterized by
hepatic zonation, heterogeneity of the lesions (steatosis and inflammation predominantly affect the
pericentral zone, whereas fibrosis is mainly detected at periportal regions) and the presence of different cells
(hepatocytes and multiple immune cells) at different sites".

In their study, Li et al. used frozen tissues from liver biopsies obtained from three groups (patient with
hepatic steatosis, patients with MASH and apparently healthy controls), which were subjected to spatial
transcriptomics, metabolomics and proteomics analyses!”.

THE CORE INSIGHTS OF THE STUDY

Several cells of the hepatic microenvironment are involved in the progression of MASLD"'. Li et al. created
two separate libraries, one for parenchymal cells and one for non-parenchymal cells'”. A total of 17 different
cell types were identified, which were divided into the following categories: (a) hepatic CD45 cells; (b)
T-lymphocytes and natural killer (NK) cells; (¢) B-lymphocytes and (d) myeloid cells. Furthermore, they
divided the hepatic zones into portal, periportal, mid-zonal, and central. It is of interest that Li et al. showed
that MASLD modified the dominant types and functions of hepatic immune cells'”. More specifically,
MASLD led to an increase in all T-cell populations, as well as B-cells, and a decrease in the protective
resident NK cells. These changes were generally similar in patients with hepatic steatosis and MASH,
implying that key immune cell changes or infiltration may occur early in the disease and are maintained
when the disease progresses to MASH. However, there were some exceptions. For example, higher numbers
of circulating natural killer T (NKT) cells were observed in patients with MASLD than controls, thus
implying a possible role of NKT cells in the disease progression. Moreover, lipid-associated macrophages
(LAMs), a subpopulation of macrophages that accumulate in lipid-rich tissues, such as hepatic steatosis, were
more numerous in the liver of patients with MASH than those with hepatic steatosis; LAMs were mainly
accumulated in the pericentral region of the liver, thus highlighting the potential contribution of LAMs to
the progression of MASLD"!. It is also of note that high variation in B-cells was observed, implying that the
immune response mediated by B-cells was highly individualized among different patients with MASLD.
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Following these initial findings, Li et al. tried to investigate the reason why the monocytes infiltrating the
liver in MASLD are transformed into LAMs!”. They showed that microphthalmia-associated transcription
factor (MITF), which is highly associated with genes of lipid metabolism, selectively determined the
lipid-handling profile and the development of LAMs, being highly activated in MASH patients. Additionally,
they observed that peroxisome proliferator-activated receptor-y (PPAR-y) signaling pathway was enhanced
in LAMs. PPAR-y acts as a lipid sensor that channels fatty acids towards triglyceride accumulation,
improving systemic insulin sensitivity; however, when PPAR-y is aberrantly activated in the liver, it promotes
hepatic steatosis">'"*). Moreover, spatial transcriptomic analyses revealed that MITF regulates lipid-handling
phenotype in LAMs through PPAR-y driven fatty acid oxidation”’. Collectively, these findings suggest that
MITEF, through PPAR-y, may direct LAMs to the steatotic regions of the liver, thereby contributing to
homeostatic adaptation against lipid excess. However, when this process is elongated and/or there is high
lipid burden, these macrophages become dysfunctional and may trigger inflammation that may subsequently
contribute to the development and progression of fibrosis, instead of tidying lipid excess!"***.. Therefore,
LAMs communicate with other cells and are considered to have initially a hepatoprotective role at the early
stages of the disease: by acting as lipid scavengers, they aim to reduce hepatic lipid accumulation.
Nevertheless, LAMs may dynamically shift their role from protective tissue repair cells to pro-inflammatory
cells, depending on the microenvironment and disease stage'”'*. Compared with controls, higher inflow and
outflow signaling was shown in patients with MASLD by Li et al.”’. Regarding the comparison between
patients with hepatic steatosis and MASH, there were limited differences in incoming signaling; on the
contrary, a pronounced expansion of outgoing signaling factors were observed in patients with MASH,
including the hepatocyte growth factor (HGF) from LAMs. To frame these alterations, the authors created
global intercellular flow networks, not to examine the individual signals, but to map how increased incoming
stimuli lead, through specific gene programs, to the production of inflammatory and fibrotic signals by the
cells”. Additionally, HGF was shown to be potentially hepatoprotective for MASH, by decreasing cell
death".

Subsequently, the authors proceed with the identification of the specific hepatic regions where fibrosis
develops. Spatial validation analysis and proteomics were used to study hepatic tissue from patients with
MASLD and controls, and they grouped gene expression into spatial “topics”. They reported that spots with
high activity of collagen- or fibrosis-related genes and proteins were localized in histopathologically fibrotic
regions and they were connected with HSCs and central vein endothelial cells. These suggest a potential
crosstalk between the above cells that may be crucial for fibrogenesis and may be mediated through
R-spondin-3 (RSPO3)/leucine-rich repeat-containing G protein-coupled receptor 6 (LGRé) signaling.
R-spondins are a group of secreted proteins that potentiate Wnt signaling through interaction with LGRs.
Among them, RSPO3 has been shown to play a role in the progression of hepatic fibrosis"”. In the periportal
regions, collagen-related and fibrosis-related gene expression was low at fibrosis stages F1-F2, whereas it was
markedly higher at stages F3-F4, thus strengthening the above mentioned speculation.

Based on the aforementioned findings, the authors next integrated spatial analysis with metabolomics to
reveal MASLD-specific metabolic programs, particularly in LAMs; more specifically, phospholipid and
triglyceride species were strongly upregulated in hepatic pericentral regions of patients with MASLD.
MITF-driven expression of phospholipase A2 Group VII (PLA2G7), which was observed exclusively in
LAMs, may protect these cells from ferroptosis, thereby possibly sustaining their lipid-handling capacity. It is
underlined that PLA2G7 encodes lipoprotein-associated phospholipase A2 (Lp-PLA2), a
phospholipid-metabolizing enzyme that is predominantly expressed in macrophages and links lipid
metabolism with immune regulation and fibrotic progression in MASLD"*>?'!. The above mentioned
considerations are depicted in Figure 1.



Page 4 of 8

Makri et al. Metab Target Organ Damage. 2026;6:35

Progression of Hepatic steatosis to Fibrosis

Zonation Pericentral Periportal
Hepatic s'teat05|s He.patlc mflamma.tlon Hepatic fibrosis
(early disease) (disease progression)
Lipid accumulation RSPO3/ LGR6
Metabolic stress dysregulation
N2
) Whnt activation
RSPO3-Wnt homeostasis ¢
LAMs rare/low activity : A Fibrosis

progression

Adaptive lipid clearance S -
Phospholipid accumulation

MMITF = LAMs activation

1 PLA2G7 - lipid remodeling &
modulation of inflammation

MPPAR-y = lipid handling &

metabolic reprogramming

Figure 1. Spatial multi-omics model of MASLD progression from steatosis to fibrosis. In the early phase of MASLD (hepatic steatosis),
lipids are accumulated in the hepatocytes. At this phase, inflammatory signaling is minimal and LAMs are present, but they are less
abundant and less activated compared with later stages of disease, in which a marked expansion of LAMs is observed. The hepatic
microenvironment is characterized primarily by metabolic stress without substantial immune activation. As lipid accumulation intensifies,
lipotoxic signals and excess lipid release drive further recruitment and activation of LAMs, particularly within the pericentral (zone 3)
region. These macrophages establish a localized inflammatory-metabolic microenvironment, characterized by phospholipid accumulation.
LAM activation is associated with upregulation of lipid remodeling and inflammatory pathways, including PLA2G7, as well as
transcriptional regulators such as MITF and PPAR-y. Persistent inflammation and ongoing LAM activity drive stromal remodeling and lead
to the development of fibrosis. Crosstalk between endothelial cells and HSCs drives HSC activation and their switch to fibroblasts, leading
to extracellular matrix deposition and fibrosis. This process is mediated, in part, by RSPO3-LGR6 dysregulation, which activates Wnt
pathways and supports fibrogenic progression. MASLD: Metabolic dysfunction-associated steatotic liver disease; RSPO3: R-spondin 3;
Whnt: Wingless/Integrated signaling pathway; LAMs: lipid-associated macrophages; MITF: microphthalmia-associated transcription
factor; PLA2G7: phospholipase A2 group VII; PPAR-y: peroxisome proliferator-activated receptor gamma; LGR6: leucine-rich
repeat-containing G protein-coupled receptor 6; HSC: hepatic stellate cell.

DISCUSSION

The involvement of immune cells, such as Kupffer cells and macrophages infiltrating the liver, plays a key
role in the progression from hepatic steatosis to MASH"*>**. Furthermore, inflammation may link MASLD
with cardiovascular disease”*. Macrophages are highly plastic immune cells that may adapt their function
and phenotype to environmental changes in the hepatic microenvironment!*”!. Although they are
traditionally classified into pro-inflammatory (M1) and anti-inflammatory (M2) subtypes, advanced
technologies have revealed much greater heterogeneity and additional subtypes™. In Li et al. study"”’, LAMs
were shown to constitute a distinct population of recruited macrophages in the liver of patients with
MASLD, especially in MASH as shown in other studies””. Although the exact functions of LAMs have not
been fully elucidated, it was suggested that they may initially aim to play a protective role by diminishing
lipid accumulation®*”). The triggering receptor expressed on myeloid cells 2 (TREM2) signaling acts as a key
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regulator of LAM function"’). In addition, it is underlined that LAMs may also be referred to as
scar-associated or NASH-associated macrophages in other studies™. However, under persistently high
inflammatory or fibrotic stimuli, sustained overactivation of LAMs has been shown to potentially contribute
to activation of inflammatory pathways and enhanced macrophage-mediated inflammation, rather than
diminishing hepatic lipid burden"**.

Comparing LAMs and Kupffer cells, they seem to express different transcription factors, with MITF possibly
being a key regulator of the differentiation of LAMs!'”. Zonated triglyceride accumulation in MASLD is
primarily driven by the hepatic oxygen gradient, which limits oxidative metabolism in pericentral regions,
thus leading to lipid accumulation rather than oxidation”**’!. Parenchymal hypoxia, particularly in
pericentral regions, may contribute to the preferential accumulation of LAMs in pericentral regions of
MASLD"**!. Overall, LAMs are predominantly enriched in pericentral regions of the liver, which represent
the early sites of lipid accumulation and hepatic inflammation. On the contrary, periportal involvement
becomes more pronounced in advanced fibrosis, indicating a spatial expansion of pathological remodeling
across the hepatic lobule. These findings may imply a type of coupling among macrophage heterogeneity,
hepatic zonation, and disease stage in MASLD"™!. Previous studies have identified LAMs as attractive
therapeutic targets in metabolic disease, including MASLD, proposing interventions aiming at regulating
their recruitment, functional activation, or lipid-metabolic programs"’.

Concerning fibrosis, Li et al. supported a crosstalk between endothelial cells and HSCs'”, thus connecting
inflammation and fibrosis, with RSPO3/LGRé signaling representing a key regulatory axis and a potential
therapeutic target for the prevention or treatment of fibrosis in MASLD"". Relevant data support that RSPO3
acts as a significant mediator in the communication among HSCs, hepatocytes, and endothelial cells”?. This
continuous crosstalk aims to secure that the liver maintains its organized structure (zonation) and to
counterbalance the effect of various damaging stimuli, i.e., protecting the liver from chronic diseases”"*!. On
the contrary, during chronic injury, the RSPO3 signaling and the subsequent reprogramming of the crosstalk
between endothelial cells and HSC seem to favor the fibrogenic cascade, with the HSCs emerging as key
collagen producers"™. In contrast, other studies have reported that downregulation of RSPO3 was associated
with impaired liver function and increased fibrosis, highlighting its potential protective role in hepatic
homeostasis”****. These apparently conflicting findings underscore the complexity of RSPO3 signaling in
liver disease and suggest that further studies are needed to clarify its context-dependent functions.
Collectively, LAMs, which are specialized macrophages reflecting metabolic stress, and RSPO3/LGRé axis,
which regulates endothelial-HSC interactions that drive fibrogenesis, may be promising biomarkers for the
disease staging and progression, as well as potential therapeutic targets through modulation of LAMs
function or restoration of RSPO3/LGR6 signaling.

Notably, Li et al. showed that the region most strongly correlated with MASLD severity, and therefore
potentially implicated in the transition from hepatic steatosis to MASH, was enriched in phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and phosphatidic acid species, i.e., containing very long-chain fatty
acids (C 2 22)". Consistent with these human observations, our experimental studies in mice also supported
a central role for phospholipid remodeling in hepatic steatosis'*”. More specifically, in a dietary mouse model
fed a fast food diet that developed hepatic steatosis, we identified alterations in phospholipids within hepatic
tissues. Notably, several phospholipids, including PC, PE, phosphatidylserine, phosphatidylinositol and
phosphatidylglycerol species, were different in fast food diet groups compared with the control group, which
were fed a chow diet™!. Importantly, comparable patterns of hepatic phospholipid remodeling have been
observed in previous human studies, possibly highlighting that the phospholipid dysregulation may be
conserved across species during the progression of MASLD"***. These results demonstrate cross-species
consistency, reinforcing the concept that phospholipid remodeling is a relevant feature of MASLD across
experimental models and human disease.
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One limitation of Li et al.’s study'”’ is the unequal sex distribution: the control group consisted only of
females, while the MASLD group consisted mainly of males; this may potentially have influenced the results
of the study, because of the sexual dimorphism in both hepatic metabolism and immune regulation*’. Data
indicate that there are differences in the metabolic profile between men and women, largely attributed to the
protective effects of estrogens in premenopausal women!*"*?!. Further studies in well balanced groups in
terms of sex are warranted to validate the findings of Li et al. Moreover, the small sample size of the study
warrants validation of its results in larger populations”. Finally, spatial multi-omics approaches are subject to
technical limitations, compromising spatial resolution and molecular coverage, as higher resolution often
results in fewer detectable molecules and increased data sparsity. In addition, integrating multiple omics
layers remains challenging due to differences between data types, technical variability, and computational
constraints**,

CONCLUSION

Li et al’s study provided a comprehensive spatial and single-cell map of MASLD, highlighting the potentially
crucial roles of LAMs, of immune cell remodeling, and of phospholipid metabolism in MASH"'. These
findings offer valuable insights into potentially novel biomarkers of disease staging and severity, as well as
potential therapeutic targets, such as LAM modulation, for preventing or treating MASLD. Future studies in
larger cohorts are warranted to validate and expand these observations.
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