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gradients, which result in zoned spatial variability and functional diversity. This
large heterogeneity suggests that hepatocytes in different lobule zones may
have distinct gene expression profiles, metabolic features, regenerative
capacity, and susceptibility to damage. Here, we describe the principles of liver
zonation, introduce metabolomic approaches to study the spatial hetero-
geneity of the liver, and highlight the possibility of exploring the spatial
metabolic profile, leading to a deeper understanding of the tissue metabolic
organization. Spatial metabolomics can also reveal intercellular heterogeneity
and its contribution to liver disease. These approaches facilitate the global
characterization of liver metabolic function with high spatial resolution along
physiological and pathological time scales. This review summarizes the state
of the art for spatially resolved metabolomic analysis and the challenges that
hinder the achievement of metabolome coverage at the single-cell level. We
also discuss several major contributions to the understanding of liver spatial
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metabolism and conclude with our opinion on the future developments and
applications of these exciting new technologies.

INTRODUCTION

The liver is a highly heterogeneous and unique
structure that supports body homeostasis through blood
detoxification, production of bile acids, and several
metabolic functions. This myriad of roles is orchestrated
in hepatocytes, KCs, HSCs, liver sinusoidal endothelial
cells, and cholangiocytes organized in a repeated
hexagonal manner. These architectural structures are
termed lobules and create a gradient of oxygen,
nutrients, and hormones that contribute to hepatic
zonation.

The human metabolome is composed of a large
number of highly diverse molecules, such as amino
acids, lipids, organic acids, and carbohydrates.!]
These small molecules represent the substrates,
intermediates, and products of the enzymatic reac-
tions and metabolic pathways of a cell, organ, or
organism. Constituting the building blocks of the
physiological processes, metabolites are also energy
storage entities and key regulators of homeostasis
systems, participating in metabolic regulation, mem-
brane trafficking, signaling, proliferation, or apoptosis.
This results in a metabolome that is highly sensitive to
alterations. Even subtle changes in daily habits, such
as diet, increased stress, physical activity, lifestyle,
stimuli, or environmental changes, can significantly
alter the metabolite levels. Thus, metabolomics is a
powerful tool for the real-time assessment of a
metabolic state or a clinical phenotype, as well as to
decode the molecular mechanisms of metabolic-
related disorders.

Nevertheless, the highly specialized microenviron-
ment in the liver generates different metabolic profiles,
where bulk liver tissue metabolomics may compromise
the understanding of spatial and cell-specific regulators
in each disease phenotype, leading to the current
demand for spatial metabolomic approaches enabled
by advances in mass spectrometry imaging (MSI)
technology. MSI is a powerful approach to performing
in situ analysis of the molecular composition of the
biological tissue, while retaining the spatial information.
No prior knowledge or labeling is required and hundreds
to thousands of molecules can be detected simulta-
neously. This allows molecular mapping for a range
of sample types and chemical classes, revealing
an unprecedented level of information on molecular
processes at the cellular level. Importantly, single-
cell metabolomics allows high-throughput metabolic
analysis at the cellular level. Metabolites represent

precursors, intermediates, and end products crucial to
identify the respective phenotype signatures in each
zonate.?l Spatial metabolomics can then reflect the
intracellular physiological reactions and functional state
of the tissue sample,B! and provide the possibility to
explore the spatial metabolic profile and tissue histology
at the single-cell level, leading to a deeper under-
standing of tissue metabolic organization. However,
spatial metabolomics is challenged by the fact that,
within a single cell, metabolites are present in very low
amounts (femtomolar range) and can be more transient
(millisecond turnover) than proteins or mRNA.#! Accord-
ingly, the methodology and sampling period will
determine the outcome. %8

In the field of liver disease, the application of spatial
metabolomics is expected to strongly empower our
understanding of the metabolic processes within spe-
cific liver zonations and their impact on disease
progression and treatment. On one hand, hepatocyte
functions are oxygen dependent. On the other hand,
periportal hepatocytes are responsible for glucose
delivery, gluconeogenesis from lactate, urea synthesis,
fatty acid oxidation, sulfation, and cholesterol synthesis,
whereas pericentral hepatocytes are involved in glu-
cose uptake, glycolysis from glucose, glutamine syn-
thesis, bile acid synthesis, and lipogenesis and
ketogenesis.[”]

SPATIAL HETEROGENEITY IN THE
MAMMALIAN LIVER

Architecture of the mammalian liver

The liver is the central metabolic organ of higher
vertebrates and the largest glandular organ. The
mammalian liver is a highly complex 3D structured
and functionally heterogeneous organ with a unique
dual blood supply from the hepatic portal vein (PV),
which brings all the blood from the gastrointestinal tract,
gallbladder, pancreas, and spleen, and from the hepatic
artery that carries oxygenated blood to the liver. Portal
venous and arterial blood mix together in hepatic
sinusoids before leaving the liver through the hepatic
vein. The mammalian liver is divided into functionally
distinct lobes, which in turn are formed by honeycomb-
like structures made of repetitive functional structural
units, the liver lobules, are organized in a highly
irregular manner, and present different sizes and axial
orientations (Figure 1A).
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FIGURE 1 Liver architecture and metabolic zonation. (A) The mammalian liver is a highly complex 3D structure organized in a honeycomb-

like arrangement made of liver lobules as repetitive functional structural units. Liver lobules can be further divided into 3 zones: the region

surrounding the portal triads, composed of the portal vein (PV), hepatic artery, and the bile duct, is called the periportal (zone 1); hepatocytes
adjacent to the central vein (CV) are known as the pericentral (zone 3); and the regions in between are referred to as the midlobular (zone 2).
(B) Currently described spatial metabolic zonation of liver metabolic processes and liver immune cells, and the molecular determinants of liver

zonation are schematically summarized.

Liver lobules are hexagonal-shaped anatomical
functional units, centered on a branch of the hepatic
vein called the central vein (CV). The portal triads are
located in the hexagonal corners and the junction with
the neighboring lobules, and are formed by PV, the
hepatic arteriole, and bile ducts. Liver lobules are

composed of concentric layers of hepatocytes distrib-
uted into hepatic cords and containing two intertwined
radially distributed networks, the sinusoids for blood
flow and the bile canaliculi for bile flux and secretion.®!
In the basolateral domains, hepatocytes face fenes-
trated liver sinusoidal endothelial cells that form the
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radial sinusoidal blood vessels. HSCs, the primary cell
type involved in fibrosis, reside in the “space of Disse”
between the hepatocytes and sinusoids. In contrast,
KCs, the liver-resident macrophages, are largely immo-
tile cells in the sinusoids. Liver lobules can be further
divided into 3 zones: the region surrounding the portal
triads is called periportal (zone 1), hepatocytes adjacent
to the CV are known as pericentral (zone 3), and
the regions in between are referred to as midlobular
(zone 2)€9 (Figure 1A). Alternatively, another way to
conceptualize the microscopic structure of the liver lobe
is by dividing them into portal lobules, centered in the
portal triads instead of the CV, or dividing them into
acini, the functional units in terms of blood flow. The
acinus contains a small portal tract at the center and
terminal hepatic venules at the periphery.l'% The liver
acinus was first divided by Rappaport into zones 1, 2,
and 3, wherein zone 1 surrounds the portal tract and
zone 3 surrounds the hepatic venule. Acinar zones 1, 2,
and 3 correspond to the periportal, middle, and
pericentral zones of the lobule.['%1" As blood flows
inward from the periportal region to the pericentral
region, hepatocytes take up and secrete nutrients and
sense hormones. Sequential hepatocyte consumption
and production, together with local tissue morphogens,
give rise to a graded microenvironment of oxygen
concentrations, nutrients, and signaling along the
PV-CV axis and create different radial layers of
subspecialized hepatocytes, a phenomenon termed
zonation.['?l Liver metabolic zonation is a highly
regulated process critical for optimal liver function
by maintaining energy homeostasis, regulating the
metabolism of nutrients and xenobiotics, and
controlling the production, regulation, and recycling of
various proteins.

Molecular determinants of liver zonation

Since liver zonation was first described, a great effort has
been dedicated to understanding the molecular determi-
nants of liver zonation. Wnt ligands, generally considered
classical morphogens, are insoluble secreted glycopro-
teins that act through autocrine or paracrine binding to a
Frizzled receptor and LDL receptor—related protein 5/6
(LRP5/6) coreceptors. Eventually, the signaling cascade
leads to pB-catenin accumulation in the cytoplasm, trans-
location into the nucleus, and interaction with the T-cell
factor family of transcription factors to help transcribe
target genes. Previous reports have shown that
under homeostatic conditions, Wnt/B-catenin activity is
restricted to pericentral hepatocytes.!"3l More importantly,
compelling studies have demonstrated that conditional
liver-specific p-catenin knockouts,[419 inducible liver-
specific adenomatous polyposis coli knockouts,!"8! and
Lrp5/6 knockouts!'” loosen zonation patterns, supporting
Wnt/p-catenin as the gatekeeper of liver metabolic

zonation. The impact of Wnt/p-catenin-induced meta-
bolic changes on liver carcinogenesis has recently been
thoroughly explored.[18-20]

Other pathways have also been implicated in liver
zonation mostly by counteracting Wnt/p-catenin signal-
ing. Hedgehog signaling, although presenting low
activity in healthy mature hepatocytes, is higher in the
periportal region and hypothetically implicated in the
regulation of zone 1 hepatocytes.?'l Hedgehog ligands,
such as Sonic hedgehog, Indian hedgehog, and Desert
hedgehog, bind to Ptch1/2 receptors to relieve patched-
mediated suppression of Smoothened. Activated
Smoothened leads to the stabilization and nuclear
translocation of GLI transcription factors.?2 Using
conditional Smoothened knockout mice, two key mech-
anisms of Hedgehog signaling regulation of liver
zonation were proposed: (i) Hedgehog signaling affects
the Wnt/p-catenin pathway by downregulating its target
genel? and (i) Hedgehog signaling regulates the
insulin-like growth factor axis by means of the GLI3
transcription factor.[?4! Likewise, blood-borne molecules
have been shown to activate Ras signaling, which
promotes the expression of periportal genes while
suppressing pericentral-associated genes.?5! Also, the
canonical Wnt signaling has been described to con-
verge on the hepatocyte nuclear factor-4a—driven tran-
scription to modulate liver zonation.[26.271 Another well-
described antagonist to the Wnt/p-catenin signaling
pathway is glucagon, a hormone released from the
pancreatic a-cells and distributed to the liver lobules. A
gradient drop in glucagon concentration is observed in
the sinusoid along the PV-CV axis. Noteworthy,
glucagon-deficient mice (Geg™") have perturbed hep-
atic gene expression and zonation patterns, which can
be rescued by glucagon reinfusion, further suggesting
that glucagon plays a critical role in shaping liver
zonation.[28l In addition, the family of hypoxia-induced
transcription factors (HIFs) provides another layer of
regulation for liver zonation and patterned gene
expression profiles.??! HIFs, mainly localized in the
perivenous region, are a family of oxygen-sensitive
heterodimeric transcription factors that regulate gene
expression in response to oxygen availability.*% It has
been hypothesized that the oxygen gradient along the
PV-CV axis drives transcriptional responses regulated
by HIFs controlling the zone-dependent heterogeneity
of hepatocytes.*'32 |n agreement, ablation of the hif-1a
gene in stem cells reduces Wnt/B-catenin gene expres-
sion under hypoxic conditions,*®! and adenomatous
polyposis coli, a negative regulator of p-catenin, directly
represses HIF-1al*4 (Figure 1B). Finally, the effect of
hypophysectomy and subsequent infusion of growth
hormone or injections of trilodothyronine were used to
show that pituitary-dependent hormones regulate zone-
specific xenobiotic metabolism.[*5! The influence of
pituitary hormones on liver zonation was further
confirmed using hypopituitary dwarf mice.[3¢!



1162

HEPATOLOGY

High-throughput methods can identify genome-wide
differences in expression between cells enriched for
periportal and pericentral hepatocytes. However, until
recently, the spatial resolution of these studies was limited
to cell populations isolated by separating hepatocytes
according to their physical characteristics, such as cell
size, cell density, and different binding to lecithins, or
more commonly, using digitonin perfusion,373 retro-
grade/anterograde collagenase perfusion,®® laser cap-
ture microdissection (LCM),#% or using flow cytometry.!
In recent years, the development of novel technologies
such as single-cell RNA sequencing,*® spatial
transcriptomics,*? and targeted immunoaffinity-based
proteomics,*3l among others, have driven the re-exami-
nation of earlier discoveries of liver zonation determi-
nants, enlightening some novel regulators of liver
zonation. For example, using targeted immunoaffinity-
based proteomics, data mining revealed key regulators
and preferentially active pathways in either periportal or
pericentral hepatocytes. The authors confirmed that -
catenin signaling and nuclear xenosensing receptors are
the most prominent pericentral regulators. Several kinase-
dependent and G-protein-dependent signaling cascades
are active mainly in periportal hepatocytes.“3 Also, using
single-cell RNA sequencing combined with single-mole-
cule RNA fluorescence in situ hybridization to interrogate
hepatocyte zonation in the mouse liver, 50% of the
hepatocyte genes were shown to be zonated. The major
determinants of liver zonation were Wnt/p-catenin signal-
ing and the oxygen gradient, Ras signaling, which
activates periportal genes, and pituitary signals, which
inhibit periportal genes. Surprisingly, regulation of the
expression of two-thirds of the zonated liver genes
remains to be established.*¢!

In summary, although our understanding of the
molecular determinants of liver zonation has grown
immensely in the last years with the advent of novel
technologies, it is evident that many regulators or the
interplay among determinants of liver zonation remain
to be identified. On the other hand, whereas Wnt/p-
catenin signaling has been shown to regulate the
expression of one-third of the zonated hepatocyte
genes, the factors underlying the control of Wnt/p-
catenin signaling remain to be addressed. On this basis,
Dicer, an endoribonuclease lll type enzyme involved in
microRNA biogenesis, has been proven to be essential
for the actions of Wnt/g-catenin signaling in liver
zonation.*¥ By applying transcriptomics, microRNA
arrays, and mass spectrometry (MS) proteomics to
reconstruct spatial atlases of multiple zonated features,
protein zonation was demonstrated to largely overlap
with microRNA zonation.®! Despite this, the relevance
of microRNAs, and other cellular properties, such as
DNA methylation patterns, chromosomal conformations
and chromatin modifications, proteomes, and metab-
olomes in the regulation of liver zonation remains to be
addressed.

Spatial metabolic zonation of liver
metabolic processes

The liver is a central hub regulating carbohydrate, lipid,
and amino acid metabolism, ammonia clearance, urea,
albumin and bile acid synthesis, and xenobiotic
metabolism, among others, and it is also involved in
the inflammatory response. The zonal-specific differ-
ences in the metabolic capacities of many enzymes of
liver hepatocytes allow different and opposing metabolic
processes to coexist simultaneously conferring optimal
liver function.

The liver regulates systemic glucose and lipid fluxes
during feeding and fasting, and relies on these substrates
for its own energy needs.[“®l After a carbohydrate-rich
meal, plasma glucose is taken up by the liver and
transiently converted into glycogen and used as a
substrate for synthesizing fatty acids through de novo
lipogenesis. On the contrary, during fasting, the liver
becomes a producer of glucose to prevent a dramatic
drop in plasma glucose through the glycogenolysis
pathways and gluconeogenic synthesis from amino
acids, lactate, and glycerol. Early studies using LCM of
periportal and pericentral rat liver tissue have shown that
the gluconeogenic enzymes fructose-1,6-bisphospha-
tase, glucose-6-phosphatase, and phosphoenolpyruvate
carboxykinase are preferentially expressed in the peri-
portal zone.*748 |n contrast, the glycolytic enzyme
glucokinase is mainly expressed in the pericentral
zone.[*7:4950] |n addition, an ultrastructural heterogeneity
of glycogen lobular distribution has been described, with
periportal hepatocytes showing dense glycogen deposits
during fasting while midlobular and pericentral hepato-
cytes present sparse glycogen particles.5:52 This func-
tional and spatial division of hepatocytes prevents futile
cycling when fulfilling both anabolic processes (ATP-
consuming, such as gluconeogenesis) in periportal
hepatocytes and catabolic requirements (ATP-generat-
ing, such as glycolysis) in pericentral cells, avoiding
competition for common substrates between pathways.
Molecular determinants of zonal glucose homeostasis
include (i) glucagon to promote hepatic glucose output in
the periportal zonel3: (i) HIF-2a/insulin receptor
substrate 2 that preferentially enhances insulin signaling,
thereby suppressing gluconeogenesis, and HIF-1a
that promotes glycolysis, corroborating the role of HIFs
and oxygen supply in maintaining zonal glucose
metabolism®¥; and (i) Hedgehog signaling by the
regulation of insulin-like growth factor-1 homeostasis.[24
The fact that glucagon, a hormone secreted in response
to fasting, can quickly alter the zonation metabolic profile
underlines the liver's flexibility to adapt to substrate
availability.

The list of zonally expressed enzymes can be further
extended to metabolic pathways such as lipid metab-
olism. After a meal, glucose and fructose can be
channeled to fatty acid biosynthesis through de novo
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lipogenesis. On the contrary, during fasting, the liver
responds by producing glucose through glycogenolysis
and gluconeogenesis. With increased fasting time and a
shortage of glycogenic and gluconeogenic substrates,
ketone bodies provide an alternative energy source for
highly oxidative organs such as the brain. Under these
circumstances, hepatic fatty acid p-oxidation is critical
by providing the carbon backbone for ketogenesis
(acetyl-CoA) and supporting gluconeogenesis energetic
demands. Early reports indicate that the rate of fatty
acid synthesis and activity of acetyl-CoA carboxylase
are markedly enhanced in pericentral hepatocytes.%%!
However, this seems far more complex, as the staining
of fatty acid synthase, the major lipogenic enzyme, has
been shown to be diffused from the periportal to the
midzone under healthy conditions. In contrast, in
transgenic mice with hepatocyte-targeted expression
of all HCV proteins and presenting steatosis, fatty acid
synthase is concentrated in the midzone and extended
toward the centrilobular region.[56] Moreover, the oxida-
tive process of fatty acid oxidation is a zonated process
occurring preferentially in periportal hepatocytes.[5%:57]
In addition, both cholesterol biosynthesis, localized in
the periportal zone, and bile acid production, in the
pericentral region, are also localized metabolic
processes.[8%9 The zonation of complementary tasks
is important for maintaining liver lipid homeostasis.
One of the best known examples of liver metabolic
processes carried out by zonated enzymes is ammonia
detoxification. In fact, the enzyme glutamine synthetase
is highly expressed within 1 or 2 layers of pericentral
hepatocytes.®)  The zonal-specific expression has
also been established for enzymes of the urea
cycle in periportal cells compared with perivenous
hepatocytes.®!! Hepatic ammonia detoxification is a
clear example of spatial recycling where periportal
hepatocytes detoxify ammonia to generate urea. This
process requires the breakdown of glutamine into
glutamate by the action of the co-localized enzyme
glutaminase, and pericentral hepatocytes take up
the excess glutamate and recover it to glutamine, by
the activity of glutamine synthetase, maintaining the
amino acid balance. Nevertheless, under steatotic
pathological conditions, this hepatic nitrogen homeo-
stasis is hampered due to loss of periportal glutaminase
2 isoform expression and appearance of glutaminase
1 throughout the liver parenchyma.[%? Also, liver-specific
knockout of p-catenin leads to a loss of glutamine
synthetase expression.l'Y Moreover, adenomatous poly-
posis coli hepatic deletion results in the upregulation of
Whnt/p-catenin signaling in the periportal region and
dysregulated ammonia metabolism,['® indicating that
B-catenin regulates the periportal urea cycle and peri-
central glutamine synthesis genes. However, Geg”’- mice
exhibit extended glutamine synthase expression.[28!
Many enzymes of xenobiotic metabolism also exhibit
zonal-specific differences in protein or mRNA levels,

with a preferential pericentral expression of the main
detoxification enzymes, such as the cytochrome P450
monooxygenase isoforms.*? p-catenin is thought
responsible for the localization of drug-metabolizing
enzymes in pericentral hepatocytes. Indeed, liver-
specific p-catenin knockout leads to a complete loss
of cytochrome CYP1A2 and CYP2E1 expression and
attenuated cytochrome P450 enzyme activity.l'Y More-
over, gene-set analysis of pericentral hepatocytes
residing in hypoxic environments and exposed to
xenobiotics and toxic metabolites showed enrichment
for pathways regulating protein synthesis, proteasomal
activity, and mitophagy, most probably reflecting the
high need for recycling damaged mitochondria.[6!

Finally, hepatocytes suffer a gradual turnover under
homeostatic conditions. In the last few years, the concept
of hepatic zonation has been coupled with the homeo-
static renewal of hepatocytes by controversial mecha-
nisms. Zone-dependent transcriptome analysis of normal
human liver was performed using LCM to demonstrate
that the focal activation of the canonical Wnt pathway
sets in the pericentral zone as the site of homeostatic
renewal *% Alternatively, others identified the midlobular
zone as having the highest rate of homeostatic renewal
activity. In agreement, lineage tracing using the Wnt-
responsive gene Axin2 in mice identified a population of
proliferating and self-renewing cells adjacent to the CV in
the liver lobule.4 On the opposite, periportal hepato-
cytes have been shown to ensure hepatocyte renewal, 65!
whereas others identified the midlobular zone as having
the highest rate of homeostatic renewal activity. The
latter suggests that midlobular hepatocytes are somehow
protected from toxic injuries and therefore gain an
advantage for regeneration activity. This midlobular zone
repopulation is driven by the insulin growth factor binding
protein 2—a mechanistic target of the rapamycin-cyclin
D1 axis.8 Of relevance, the gene Hamp encoding for
hepcidin, a central regulator of systemic iron homeo-
stasis, has the highest expression in the mid-layers of the
lobule, and iron-regulatory gene expression during liver
regeneration has been proposed.[®]

Overall, metabolic zonation is a dynamic phenomenon
being compartmentalized spatiotemporally at the sub-
lobular scale.®3 Indeed, most hepatic gene expression
patterns and enzyme distributions change during the
daily feeding/fasting cycles and in response to drugs,
hormones, and other blood-borne factors. In addition, the
sexual dimorphic expression of a variety of zonated
genes and metabolic processes has been reported, at
least in the mouse liver.®8! Periportal hepatocytes,
existing in an oxygen and nutrient-rich environment,
carry out most of the liver metabolic functions with high
energetic demand, including fatty acid p-oxidation,
gluconeogenesis, urea, and protein synthesis, and lipid
metabolism. In contrast, pericentral hepatocytes, that
exist in a low oxygen environment, are characterized by
glycolysis, xenobiotic biotransformation reactions, and
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glutamine synthesis, overall, less energy-demanding
processes (Figure 1B). Topographical distributions of
liver metabolic processes have been recently re-
examined by LCM approaches coupled with RNA
sequencing to provide a comprehensive transcriptome
analysis of human and mouse liver zonation.*d In
addition, a recent study using MSI has shown
hepatocyte heterogeneity in terms of amino acid and lipid
composition.[®®! Also, using MSI, liver metabolome was
shown to change with fasting in a localized pattern,
including increased levels of fatty acids and tricarboxylic
acid cycle intermediates.”%

Spatial metabolic zonation of liver immune
cells

Most methodologies historically used to study liver
zonation select hepatocytes for analysis. Therefore, it is
not surprising that our current knowledge of hepatocyte
metabolic zonation stands out in contrast to our
contemporary understanding of the immune system of
the liver. In particular, the identity and precise local-
ization of most hepatic immune cells in healthy and
diseased human livers are unknown.

Recently, quantitative multiplex imaging, genetic
manipulations, transcriptomics, infection-based assays,
and mathematical modeling were used to reassess the
relationship between the localization of immune cells in
the liver and host protection in mice. These authors
revealed that periportal regions in the liver are enriched
with myeloid and Ilymphoid cells upon bacterial
infection.l’"] Another study using spatial transcriptomics
demonstrated unaltered proportions of KCs in the
periportal cluster, although an enrichment in genes
related to immune system processes was found in this
zone.? The localization of proinflammatory responses
in periportal regions may help to protect unique cell
populations in the pericentral region. In addition, spatial
proteogenomics has been used to unravel a population
of lipid-associated macrophages that surround the bile
ducts in the healthy liver and that during steatosis
are preferentially recruited to the steatotic regions of the
liver.l’2

In the quest for a better characterization of immune
cells in the liver, doublets of hepatocytes and liver
sinusoidal endothelial cells were sequenced and
hepatocyte single-cell zonation data were used to infer
the zonation of the latter. This analysis showed that
LSEC genes are significantly zonated in the pericentral
region and enriched with Wnt signaling genes and
modulators.?¢73] Indeed, much evidence shows that
diffusible Wnt morphogens are secreted by endothelial
cells surrounding the CV and act upon nearby
hepatocytes.[36:6473-751 |n  addition, liver sinusoidal
endothelial cells were demonstrated to sense gut-
derived bacteria, triggering a signaling cascade

mediated by MYD88 and chemokine secretion, which
ultimately orchestrates immune cell localization to
periportal regions.[]

Altogether, a spatiotemporally complex intracellular
crosstalk is crucial for shaping liver zonation. In
addition, deregulated immune zonation and/or disrupted
intracellular crosstalk leading to altered liver zonation
often u