
Annual Review of Pathology: Mechanisms of Disease

Spatiotemporal Metabolic Liver
Zonation and Consequences on
Pathophysiology
Tomaz Martini,1 Felix Naef,1 and Jan S. Tchorz2
1Institute of Bioengineering, School of Life Sciences, Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland; email: felix.naef@epfl.ch
2Novartis Institutes for BioMedical Research, Novartis Pharma AG, Basel, Switzerland;
email: jan.tchorz@novartis.com

Annu. Rev. Pathol. Mech. Dis. 2023. 18:439–66

The Annual Review of Pathology: Mechanisms of Disease
is online at pathol.annualreviews.org

https://doi.org/10.1146/annurev-pathmechdis-
031521-024831

Copyright © 2023 by the author(s). This work is
licensed under a Creative Commons Attribution 4.0
International License, which permits unrestricted
use, distribution, and reproduction in any medium,
provided the original author and source are credited.
See credit lines of images or other third-party
material in this article for license information.

Keywords

liver zonation, circadian rhythm, metabolism,WNT signaling, spatial
lobular organization, hepatic detoxification, liver monogenic diseases, liver
pathophysiology, liver pathology, chronopharmacology

Abstract

Hepatocytes are the main workers in the hepatic factory, managing
metabolism of nutrients and xenobiotics, production and recycling of
proteins, and glucose and lipid homeostasis. Division of labor between
hepatocytes is critical to coordinate complex complementary or opposing
multistep processes, similar to distributed tasks at an assembly line. This so-
called metabolic zonation has both spatial and temporal components. Spatial
distribution of metabolic function in hepatocytes of different lobular zones
is necessary to perform complex sequential multistep metabolic processes
and to assign metabolic tasks to the right environment. Moreover, tem-
poral control of metabolic processes is critical to align required metabolic
processes to the feeding and fasting cycles. Disruption of this complex spa-
tiotemporal hepatic organization impairs key metabolic processes with both
local and systemic consequences. Many metabolic diseases, such as nonal-
coholic steatohepatitis and diabetes, are associated with impaired metabolic
liver zonation. Recent technological advances shed new light on the spa-
tiotemporal gene expression networks controlling liver function and how
their deregulation may be involved in a large variety of diseases. We sum-
marize the current knowledge about spatiotemporalmetabolic liver zonation
and consequences on liver pathobiology.
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1. PHYSIOLOGICAL ORGANIZATION OF THE LIVER

1.1. Liver Function

The liver is the largest gland in the human body and is responsible for a diverse set of vital func-
tions. Being the heaviest internal organ that is well perfused, the liver is a large blood reservoir,
carrying almost 10% of the body’s total blood volume. The liver is best known for its metabolism
of nutrients and xenobiotics (1). It controls carbohydrate metabolism by turning glucose into
glycogen (glycogenesis) and storing it. When needed, glycogen is converted back into glucose
(glycogenolysis) and secreted into the blood. The liver can also synthesize glucose from amino
acids (AAs), lactate or glycerol (gluconeogenesis), and glycogen from lactic acid (glyconeogen-
esis) (2, 3). It is also responsible for protein metabolism, synthesis, and degradation. Except for
γ-globulins, all plasma proteins are synthesized in the liver. Examples of liver-derived vital pro-
teins include coagulation factors supporting wound healing and albumin, an important carrier
and regulator of the colloid osmotic pressure controlling blood volume. The liver also synthesizes
and regulates the blood levels of AAs, controlling supply of building blocks for extrahepatic pro-
teins (4, 5). It also plays an important role in lipogenesis, production of triglycerides (TGs) and
lipoproteins, and cholesterol synthesis (6). Production and excretion of bile is required to support
fat emulsification in the gut and absorption of vitamins. The liver is also an important recycling
station, responsible for breakdown of red blood cells and processing of hemoglobin for storage
and use of its iron content (7). Also, plasma proteins are recycled in the liver, and their AAs are
used to produce new proteins, supply extrahepatic cells with AAs, or convert them into glucose
during gluconeogenesis.Moreover, the liver breaks down insulin and other hormones, and it mod-
ifies waste products, enabling their excretion via urine or bile. Examples include the conversion of
ammonia into urea that can be excreted via urine and drug metabolism mediated by cytochrome
P450 (CYP) enzymes. In addition, the liver also regulates the immune defense during sepsis (1,
3, 6, 8). Given all these vital functions (and many more we cannot cover here in detail) in our
body’s production, recycling, storage, and waste management, it is not surprising that impaired
liver function is associated with many diseases.

1.2. Lobular Architecture of the Liver

The liver is divided into several lobes (right, left, caudate, and quadrate lobes in human). Each lobe
consists of repetitive honeycomb-like structures termed lobules, with a central vein in the center
and portal triads on the boundary (Figure 1a). The portal triads consist of a portal vein, a hepatic
artery, and a bile duct, and the lobular hepatocytes are lined up alongside the porto-central blood
flow. The liver receives a dual blood supply from the hepatic portal vein (75%) and hepatic artery
(25%). The venous blood arrives from the spleen, pancreas, and gastrointestinal tract, along with
its associated organs, making the liver a first-pass organ for most nutrients. Hepatocytes make
up 70–85% of the liver volume, whereas nonparenchymal cells account for 6.5% of its volume
(but ∼40% of the total number of liver cells). Discontinuous layers of fenestrated liver sinusoidal
endothelial cells lining the hepatocytes enable bidirectional permeability of nutrients, metabolic
products, and other molecules, while phagocytic Kupffer cells (resident hepatic macrophages) and
lymphocytes in the sinusoidal space perform immune surveillance. Hepatic stellate cells in the
perisinusoidal space store vitamin A and allow for extracellular matrix formation during injury
and inflammation. The pericentral veins merge into hepatic veins, which leave the liver via the
inferior vena cava. Intrahepatic bile flows in the opposite direction of the lobular blood flow. Bile
produced by hepatocytes is collected via bile canaliculi, which radiate toward the portal triads
where they merge into the intrahepatic bile ducts (Figure 1b). Bile is temporarily stored in the
gallbladder or directly drained into the duodenum (1, 9).
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Figure 1

Spatial metabolic liver zonation. (a) Architecture of the liver lobule, as described in Section 1 of the main text. (b) Spatial physiological
organization of the liver, as described in Section 2 of the main text. Higher periportal availability of hormones and gradients of oxygen
and WNT/β-catenin activity promote spatial liver zonation. Upper inset illustrates how local availability of RSPO and WNT ligands
around the central vein induces spatially confined pathway activity. Lower inset illustrates fenestrated sinusoidal endothelium enabling
uptake of substances by hepatocytes and release of metabolites back into the porto-central blood flow. (c) Selection of spatially zonated
metabolic processes.

2. SPATIAL METABOLIC LIVER ZONATION

2.1. Defining the Hepatic Zones

To manage such an impressive set of divergent metabolic tasks, the liver lobule requires a well-
organized microarchitecture. Approximately 100 years ago,Noël (10) divided the liver lobule into
three regions: the zone of permanent activity (periportal zone, or zone 1), the intermediary zone
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(midlobular zone, or zone 2), and the zone of permanent response (pericentral zone, or zone 3)
(Figure 1b). In 1944, Deane (11) was the first to introduce the term zonation when referring to
the functional heterogeneity of hepatocytes alongside the lobular axis. In the 1980s and 1990s,
Gebhardt, Jungermann, Kietzmann, and others (12–14) uncovered spatial compartmentalization
of many metabolic processes in the different hepatic zones (Figure 1c). Using gradient perfusion
(15) or laser capture microdissection (16), landmark genes for the different hepatic zones were
established. Whereas earlier studies of spatial resolution required labeling of proteins or nucleic
acids in the tissue, a novel approach named spatial reconstruction utilized sequencing of RNA
from dissociated cells and inference of the spatial context on the basis of landmark zonated genes.
Positioning hepatocytes onto a virtual lobular axis allowed in-depth mechanistic studies of spatial
(17) and spatiotemporal (18) metabolic liver zonation. These transcriptomics studies provided de-
fined spatial gene expression profiles in the different lobular zones (17–21). Distributed metabolic
tasks, which are controlled by spatially confined gene expression, are used as positional markers
of the different lobular zones. Among many other markers, periportal hepatocytes express Pck1,
Hal,Gls2,Hsd17b13, Ass1, andArg1,whereas pericentral hepatocytes expressGlul,Cyp2e1,Cyp1a2,
Cyp3a4, and Oat (15, 21, 22).While midlobular hepatocytes expressHamp,Hamp2, and Igfbp2 (23,
24), the midlobular expression profile is less defined, since many zonal markers reach far into
the midlobular zone (e.g., Cyp2e1 or Arg1). Moreover, midlobular hepatocytes are responsible for
homeostatic renewal of the hepatocyte pool (21, 25–27), and their increased proliferative capac-
ity correlates with overall lower metabolic function (21). As most of the zonal landmark genes
have been defined in rodent studies, and only a subset of them were validated using spatial tran-
scriptomics in human livers (19), more research is required to define hepatic zones in different
species.

2.2. Principles of Spatial Metabolic Zonation

Approximately 12–15 hepatocytes are lined up alongside the porto-central blood flow, like work-
ers on an assembly line. Approximately half of the hepatocyte genes are expressed in a zonated
spatial gradient in different lobular zones (17), defining the role of each individual worker in the
hepatic factory. Decades of research collectively suggest that different principles of spatial liver
zonation direct the diversity of hepatic functions (reviewed in 23). Production line patterns are
built by sequential metabolic gene expression, enabling stepwise processing via complementary
metabolic tasks. One example is the bile acid synthesis cascade, in which the uptake of choles-
terol from the blood and its conversion into bile acids (BAs) are orchestrated by sequential spatial
expression of the metabolic enzymes driving consecutive steps (17). The liver also shows spatial
segregation of opposing metabolic tasks. Examples include gluconeogenesis in periportal hepato-
cytes and glycolysis in the pericentral zone. Oxidative breakdown of fatty acids (FAs) is mediated
by periportal hepatocytes, whereas pericentral hepatocytes control lipogenesis. Other examples
with porto-central segregation are cholesterol production and consumption, as well as hydrolysis
of glutamine to glutamate versus synthesis of glutamine from glutamate. Some of these opposing
metabolic tasks, where metabolites produced in periportal hepatocytes are taken up by pericen-
tral hepatocytes, constitute a spatial recycling loop (23). Importantly, liver zonation allows for the
assignment of metabolic tasks to the lobular zone, providing the most suitable work environment.
Periportal hepatocytes have better access to oxygenated blood, rendering them more capable of
performing energy-demanding tasks such as gluconeogenesis, protein secretion, and β-oxidation
(28). Periportal hepatocytes also first receive nutrients,metabolites, and other substances from the
digestive tract and are therefore specialized in substance uptake and preprocessing for sequential
metabolic tasks in consecutive hepatic zones (29).
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3. TEMPORAL METABOLIC LIVER ZONATION/
COMPARTMENTALIZATION

In addition to spatial zonation, the liver also exhibits rich temporal regulation of physiological
functions, orchestrated by the interaction of environmental cues with the circadian clock. Gen-
erally, circadian rhythms refer to oscillations in animal behavior and physiology within a period
of approximately 24 h that emerged as an evolutionary adaptation to life on Earth. The circadian
clock is a hierarchical and distributed timing system in mammals, coordinated by a central pace-
maker in the brain, which relays timing cues to clocks in most organs of the body via downstream
signaling pathways (Figure 2a). These clocks are genetically encoded and tick autonomously
in individual cells (30), with the molecular clockwork thought of as being composed of inter-
locking transcription-translation feedback loops among core clock genes (Bmal1, Clock, Periods,
and Cryptochromes). Accordingly, BMAL1:CLOCK drives transcription of PERs and CRYs, which
heterodimerize and repress the aforementioned activator complex, shutting down their own tran-
scription (31) (Figure 2b). Despite being autonomous and self-sustained in cells and organs, the
molecular clocks need to be constantly readjusted by internal and environmental cues. As a result
of these timing cues, liver physiology shows daily fluctuations in virtually all aspects of hepatic
functions, with disparate functions reaching maximum effectiveness at different times of the day.
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Circadian clocks and liver physiology. (a) Temporal resetting of the liver clock is illustrated. Information on the day–night cycle is
conveyed from the SCN to the liver by humoral signals and innervation, or via rhythmic systemic changes, such as temperature
oscillations and SCN-controlled rhythmic glucocorticoid release from the adrenal gland. The liver also receives timing information
from patterns of nutrient influx. Reciprocally, liver rhythms affect feeding patterns. Acute events or chronic diseases can result in the
deregulation of the molecular clock, and the clock modulates disease outcome. (b) Rhythmic signals either directly activate hepatic
target genes (left) or influence the hepatic molecular clock (right). The molecular clock is thought to use autoregulatory mechanisms in
which PER:CRY represses the activational complex of BMAL1:CLOCK. This loop mechanism provides rhythmic outputs via NREs,
ROREs, and PARREs. Abbreviations: NRE, nuclear receptor response element; PARRE, PARbZip response element; RORE, retinoic
acid receptor–related orphan receptor (ROR) response element; SCN, suprachiasmatic nucleus.
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Less common, and conceivably relevant in lipid and endoplasmic reticulum homeostasis, are ul-
tradian 12-h rhythms, affected by the transcriptional factor XBP1 (32, 33). Hence, when studying
the liver, both spatial and temporal regulation need to be considered.

3.1. Suprachiasmatic Nucleus

In mammals, the suprachiasmatic nucleus (SCN), located in the hypothalamus and often referred
to as the body’s master pacemaker, receives direct innervation from the retina via the retinohy-
pothalamic tract, providing the organism with information on the natural light cycle (34). This
information is conveyed to central and peripheral tissues by outputs from the SCN, in the form
of either innervation or diffusible molecular signals (30). Since the SCN receives input from
light, both diurnal and nocturnal animals have temporally aligned rhythms of gene expression
in the SCN, and both also secrete pineal melatonin during the night. In contrast, activity, feeding
rhythms, and metabolic processes mainly peak at opposing times in nocturnal animals compared
with diurnal, despite the dependency of these processes on the SCN (35, 36). This raises the
question of how timing information is conveyed to the periphery, which is highly relevant when
projecting rodent studies to human subjects.

3.2. Circadian Physiology on an Organismal Level

The SCN sends timing information to the adrenal gland via the hypothalamic-pituitary-adrenal
axis, as well as via direct innervation. This, in turn, results in daily oscillations of glucocorticoid
release from the gland into the bloodstream. These oscillations, lost upon SCN lesioning of ro-
dents, are important for synchronization of peripheral tissues, including the liver, which expresses
high levels of the glucocorticoid receptor (GR) (30, 37). Besides being affected by humoral signals,
the liver itself is also complexly innervated (38). This autonomic input, too, affects light-regulated
hepatic gene expression (39).

3.3. Temporal Entrainment of the Liver by Feeding Cycles

The liver also receives signals on food intake patterns and the nutrient state. Subjecting noctur-
nally active mice to food availability for a few hours during the day at a recurring time results
in a misalignment of feeding with the light-set cycles of activity and rest, as well as a phase shift
of the liver clock and clock-controlled genes (40), suggesting that food is likely the dominat-
ing direct timing signal for the liver. Without restrictions, the animals would eat on the basis of
SCN-controlled activity-rest rhythms. In fact, feeding rhythms are lost upon SCN lesioning, but
anticipation of food availability can be restored by time-restricted feeding, even in the absence
of the adrenal gland (41). Without the GR, the response to changed feeding schedules is faster,
suggesting that glucocorticoid signaling contributes to the robustness of liver rhythms (42). This
robustness likely buffers fluctuations and reduces variability in temporal hepatic physiology de-
spite variation in the time of intake and composition of food. Besides locking its physiology onto
recurrent stimuli, the liver needs to respond to isolated events such as the processing of a palat-
able meal at an unexpected time. Finding the correct balance between robustness of rhythms and
the ability to respond acutely may determine the likelihood of pathologies, as chronic disruptions
of temporal processes can have devastating consequences for the liver (43). Hence, diurnal varia-
tions in gene expression originate either from the oscillatory machinery, which persists in constant
conditions, or from repeated responses to stimulation by food or other factors (44). Supporting
this concept, mice with a dysfunctional molecular clock show hundreds of rhythmic transcripts
under daily recurring feeding, albeit with dampened amplitudes compared with clock-controlled
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genes (45, 46). On the contrary, a large proportion of daily rhythmic transcripts cease to show
oscillation-like patterns under 24-h fasting in wild-type (WT) mice (45).

In addition, intermittent starvation caused by the aforementioned recurring daytime-restricted
feeding results in anticipation of feeding time, which is seen as an activity, and internal body tem-
perature increase in anticipation of the meal, physiological manifestations that clearly point at
organ cross talk. These adaptations are absent in mice with a disrupted temporally programmed
liver ketone body synthesis or ketone body efflux (47, 48), pointing to the importance of temporally
programmed liver functions in extrahepatic signaling.

3.4. Temperature Entrainment of Daily Rhythms

Organisms are also subjected to daily changes in environmental temperature, which can entrain
clocks of cultured cells and heterothermic organisms (49). Inverting the usual scenario of warm
days and cold nights to warm nights and cold days does not affect the clock in the SCN but
results in a phase shift in hepatic gene expression in mice, paralleled by a shifted feeding time
and changed patterns of internal body temperature (49), similar to what is observed under
daytime-restricted feeding. This perturbation demonstrates that temperature influences resetting
of the molecular clock and temporally gated processes. Importantly, mammals show diurnal
variation in internal body temperature, controlled by the SCN. These physiological variations
are also able to provide a signal for peripheral clock resetting, likely by diurnal regulation of heat
shock factor activity (50, 51).

4. SPATIOTEMPORAL ORGANIZATION OF METABOLIC PROCESSES

Spatial and temporal programming of processes in the liver are able to compartmentalize in-
compatible biochemical processes, such as processes that could compete for the same resources,
produce undesired products, or activate opposing signaling pathways. The compartmentalization
is often achieved through regulation of rate-limiting enzymes or transporters, as the latter de-
termine the capacity of cross-membrane shuttling of chemical entities (18). The study of the
spatiotemporal organization of liver functions revealed either constant, spatially zonated, or rhyth-
mic gene expression, as well as expression that is influenced by both space and time. These effects
of space and time can either be independent or interact, for instance, resulting in a temporal
phase difference of up to 3 h between periportal and pericentral hepatocytes (18). Interestingly,
genes that are either independently or dependently spatially and temporally zonated drive key
liver functions and include rate-limiting enzymes, such as Lipin2 (which converts phosphatidic
acid to diacylglycerol),Dnaja1 (an HSP40 cochaperone), andGne (a rate-limiting enzyme in sialic
acid biosynthesis), as well as Pck1,Glul, Alas1, and Elovl3, described below in more detail.

4.1. Carbohydrate Metabolism

Glucose metabolism, essential to maintain blood sugar levels, shows clear spatial compartmental-
ization of opposing tasks, with periportal gluconeogenesis and pericentral glycolysis (52). During
feeding, excessive carbohydrates are converted into glycogen (glycogenesis) or FAs (de novo lipo-
genesis). During fasting conditions, glycogenolysis enables the release of glucose from glycogen
stores to maintain blood glucose levels, providing energy to cells across the body (2, 3, 53).
Following prolonged fasting or starvation, when the hepatic glycogen stores are depleted, gluco-
neogenesis promotes de novo glucose synthesis from noncarbohydrate precursors, such as lactate,
glycerol (from TGs), and glucogenic AAs, especially alanine (2, 3). Periportal compartmental-
ization of glycogenesis and gluconeogenesis enables direct access to nutrients provided by the
digestive tract as well as an oxygen-rich environment necessary for these energy-demanding
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metabolic processes. The expression of enzymes controlling pericentral glycolysis is controlled
and spatially confined by HIF1α, a transcription factor induced in hypoxic conditions (2, 54, 55).

The distinct requirements during fasting and feeding call for temporal control of genes in-
volved in glucose metabolism. The involvement of the molecular clock in carbohydrate and lipid
metabolism was observed in Bmal1 knockout (KO) and Clock mutant mice (56), which exhibit
attenuated diurnal variation in plasma glucose and TGs, as well as impaired gluconeogenesis. Cir-
cadian expression of glucose transporters, glucagon receptor, and genes involved in glycogenesis
may enable temporal control in glucose uptake, storage, and insulin response during feeding (57).
On the contrary, mechanisms of gluconeogenesis get activated during the period of reduced food
intake. Among others, a key and rate-limiting enzyme in gluconeogenesis, phosphoenolpyruvate
carboxykinase (Pck1), with higher periportal expression, peaks daily at the end of the fasting period
(58). Pck1 spatiotemporal expression is aligned with that of Glut2, which is required for glucose
efflux into the blood. Such temporal programming of gluconeogenesis allows temporal separation
from glycolysis.

4.2. Lipid and Bile Acid Metabolism

FA uptake from the blood is mostly handled by periportal hepatocytes, whereas pericentral hepa-
tocytes drive FA elongation and export into extrahepatic fat depots. Tight spatiotemporal control
of lipogenesis and lipid catabolism in pericentral hepatocytes is necessary to avoid TG accumula-
tion in the liver resulting in steatosis and nonalcoholic fatty liver disease (NAFLD).FA β-oxidation
is a multistep catabolic process promoting the breakdown of FAs to produce energy. It primarily
takes place in the periportal zone where the majority of energy- and oxygen-demanding metabolic
processes reside (54, 59).

De novo cholesterol synthesis is mainly located in the periportal hepatocytes, in line with
higher expression of ATP citrate lyase (Acly) [generating acetyl coenzyme A (acetyl-CoA) for
cholesterol synthesis] in this zone. BAs are synthesized from cholesterol in a CYP-mediated mul-
tistep process and transported in the opposite direction to the porto-central blood flow, namely
via bile canaliculi toward the bile ducts in the portal tract, where they are collected and drained
into the intestinal tract. BAs not only support fat digestion but also are important regulators of
gene expression in lipid and glucose metabolism via the activation of FXR (60). CYP7A1 is the
rate-limiting enzyme of the neutral pathway of BA synthesis and is predominantly expressed in
pericentral hepatocytes, resulting in spatial compartmentalization of BA synthesis. Zonation of
BA synthesis may be explained by feedback inhibition of BA synthesis in periportal hepatocytes,
which show higher BA uptake compared with pericentral hepatocytes (61).

The influence of the molecular clock and feeding rhythms on hepatic lipid metabolism is strik-
ing. TGs, in mice, predominantly peak during the second half of the fasting phase (62). HMGCR,
the rate-limiting enzyme of cholesterol biosynthesis, peaks on the mRNA and protein level dur-
ing the active-to-rest phase transition, resulting in cholesterol biosynthesis in mice mainly during
the resting period (18, 57). In humans, cholesterol biosynthesis mostly occurs during the night,
which is why some statins (inhibitors of HMGCR) with shorter half-lives should be taken be-
fore bedtime for higher efficacy and reduced adverse effects (63, 64). The pericentrally expressed
Cyp7a1 peaks during the early active phase in mice, allowing for BA synthesis during times of food
consumption (18, 57). In this way, the synthesis and degradation of cholesterol (which is biotrans-
formed into BAs) are elegantly temporally compartmentalized. Interestingly, Cyp7a1 expression
shows interacting effects of space and time, meaning that the amplitude of its expression is dif-
ferent within different lobular zones. Similarly, Acly (involved in acetyl-CoA production) is also
affected by codependencies of space and time, with a lower amplitude periportally, where it shows
higher expression (18).
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Lipid absorption and lipase activity also peak at the beginning of the active period (65). In
addition, roughly half of all nuclear receptors (NRs) oscillate in expression, and their activity may
depend on temporally programmed coactivation, as discussed below (66–68). The degradation
of lipophilic molecules is also temporally compartmentalized. As an example, rate-limiting steps
of FA oxidation are affected by the clock via diurnal expression of enzymes, such as Cpt1 (69).
Normally,Cpt1 peaks during the active phase (night) in mice but is shifted toward the feeding time
under daytime-restricted food availability (47). Furthermore, global Clock mutant mice exhibit
metabolic syndrome, including hepatic steatosis, highlighting the importance of circadian control
of lipid metabolism (70).

4.3. Detoxification and Xenobiotic Metabolism

The liver is also vital for detoxification and xenobiotic clearance. An essential hepatic function
is the removal of toxic ammonia arriving via the portal vein. First, ammonia is metabolized by
periportal hepatocytes into urea involving the spatially confined enzymes CPS1 and ARG1.Resid-
ual ammonia is then converted into glutamine in pericentral hepatocytes, involving glutamine
synthetase (GS), encoded by Glul. Pharmacologically active compounds are also primarily me-
tabolized in the liver, where they undergo chemical transformation—mostly oxidation but also
reduction or hydrolysis in phase I metabolism. This increases their polarity and enables either di-
rect excretion or conjugation in phase II metabolism,which involves binding of highly hydrophilic
molecules to convert active compounds to secretable products (4, 71).

Themajority of the CYP enzymes are expressed in the pericentral zone, drivingmonooxygena-
tion in phase I metabolism and enabling predominantly pericentral glucuronidation in phase II
metabolism, whereas sulfonation is more prominent in periportal hepatocytes (14). Many of the
enzymes crucial for phase I metabolism, such as cytochromes (Cyp), flavin-containing monooxy-
genases (Fmo), and the CYP oxidoreductase (Por), to name a few, show distinct diurnal profiles
(46). Several enzymes of phase II metabolism also show diurnal expression rhythms. These in-
clude glucuronosyltransferases (Ugt), sulfotransferases (Sult), and glutathione S-transferases (Gst),
which covalently add glucuronic acid, sulfate, or glutathione, respectively, to xenobiotics, enabling
their excretion (65, 72) (Figure 3a). Many of these metabolic genes are regulated by rhyth-
mic NRs. As an example, the predominantly pericentral constitutive androstane receptor (CAR)
drives transcription of Cyp enzymes, likely partially explaining their spatial zonation. In addition,
the clock regulates PARbZip transcription factors, and PARbZip-deficient mice exhibit a general
downregulation of genes involved in xenobiotic detoxification, either through lack of direct bind-
ing of PARbZip factors to promoters of detoxifiers or through attenuated regulation of Car (73)
(Figure 2b). These mice suffer from dramatically increased mortality, morbidity, and accelerated
aging (74). The downregulation of Cyp enzymes in these mice is noteworthy, as approximately
three-quarters of small molecule drugs are biotransformed by CYPs (71). Importantly, there are
considerable differences in Cyp enzymes between species; hence, results from mouse models need
to be carefully interpreted. That aside, globally, CYPs require heme as their prosthetic group, and
Alas1, peaking in mice at the resting-to-activity transition, encodes the rate-limiting enzyme in
heme biosynthesis. Since heme availability is diurnal, it is likely that it affects CYP activity. In
parallel, the pericentrally expressed Por, required for electron transfer to CYPs and their activa-
tion, also peaks during the beginning of the active period. One could, therefore, speculate that
the highest capacity for cytochrome-mediated oxidation in mice is temporally programmed to
coincide with the active and feeding period. Interestingly, both Alas1 and Por are regulated by
CAR (75). With respect to phase II metabolism, generally, Ugt expression is highest during the
daytime in nocturnal mice.Gst enzymes peak during the early light phase, and Sult enzymes peak
during the light-to-dark transition. Importantly, many membrane proteins, crucial for transport
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Figure 3

Spatiotemporal hepatic gene expression in mice. (a) Changes in gene expression in lobular space (x-axis) and
time (y-axis) shown as the standard deviation of log2 mRNA expression. Examples of detoxification genes
(left panel) and monogenic disease genes (right panel) are shown. The distance from zero corresponds to
higher expression changes along the lobular axis or along the duration of one day, respectively. (b,c) Agxt
shown as an example gene where mRNA expression changes with both lobular space (b) and circadian time
(c). Abbreviations: SD, standard deviation; ZT, Zeitgeber time. Figure adapted from Reference 18.

of xenobiotics in and out of the liver, also show diurnal rhythms (65). Undoubtedly, this simpli-
fied description of metabolism already demonstrates the importance of an intact rhythm for drug
chemical transformation and excretion.

4.4. Energy Metabolism

We have now established that detoxification and processing of nutrients strongly rely on re-
dox reactions, and these firmly depend on NADH and NADPH. The rate-limiting enzyme in
biosynthesis of NAD+, Nampt, peaks in the liver near the resting-to-active phase transition in
mice, resulting in rhythms of NAD+, a crucial metabolic coenzyme. SIRT1 is an important
NAD+-dependent deacetylase, which interacts with BMAL1, CLOCK, and PER2 (76, 77). In-
hibition of Nampt prevents SIRT1-mediated suppression of the activity of the BMAL1:CLOCK
complex (78). Both Nampt and Sirt1 are also influenced by glucose or caloric restriction, poten-
tially linking metabolism and timekeeping (65, 79, 80). In addition to being a pivotal metabolic
coenzyme, NAD+ is the precursor of NADP+, crucial for nucleotide and FA synthesis. Its re-
duced form, NADPH, also acts as a cofactor of FMOs, which show temporally and spatially

448 Martini • Naef • Tchorz



zonated expression (Figure 3a) and which are required for POR-mediated activation of CYPs
(81, 82). Redox reactions are also the basis for mitochondrial function, and hepatocytes are
among the most mitochondria-rich cell types. In addition, circadian biology of oxidative states,
determined by daily variation of NAD+ and FAD, affects cellular respiration, the mitochondrial
process leading to energy production in the form of ATP. Mitochondrial function is dynami-
cally influenced by oxygen and hormone supply, and periportal hepatocytes show a significantly
higher cytosolic ATP/ADP ratio (83, 84). Additionally, the mitochondrial lipidome, proteome,
and CLOCK-influenced acetylome show daily rhythms, as do mitochondrial shape and volume
(85).

4.5. Protein and Amino Acid Metabolism

Serum proteins are recycled in the liver via breakdown into AAs and synthesis of new proteins.
In addition, AAs from digested nutrient proteins reach the portal vein during feeding cycles.
AAs not only are building blocks for protein synthesis but also serve as fuel for gluconeogene-
sis. The periportal zone has the highest capacity for uptake and catabolism of AAs (except for
glutamate and aspartate) (4, 5).Glutamine and glutamate metabolism are spatially segregated pro-
cesses. Periportal hepatocytes nonrhythmically express phosphate-activated glutaminase (Gls2)
(18), which hydrolyzes glutamine into glutamate and ammonia. Periportal confinement of this
process is important to enable subsequent ammonia conversion into urea in this zone. The hep-
atic glutamine–glutamate cycle is closed when pericentral hepatocytes take up glutamate, convert
it back into glutamine via GS, and secrete it into circulation. This cycle is important to scav-
enge ammonia, maintain low ammonia concentrations in the blood, and adjust ammonia flux
into either urea or glutamine to regulate acid–base balance. Maintaining glutamine levels is es-
sential, as glutamine participates in many vital physiological processes, such as the formation of
UDP-N-acetylglucosamine, which is a precursor for all macromolecules containing amino sugars
(including membrane hormone receptors and heparin) (5, 86).

ASS1 is involved in the synthesis of the urea cycle intermediate, argininosuccinic acid, which
is also the precursor of biosynthesized arginine.Ass1, a textbook example of periportal expression,
does not exhibit robust daily oscillation, but it is acetylated by CLOCK (87). Ureagenesis and
arginine synthesis are rhythmically controlled by acetylation of ASS1, causing its inactivation (87).
Hence, Ass1 is an example of a spatially zonated gene, with no temporal zonation on the level of
mRNA. Its temporal activity is gated via posttranslational modifications rather than transcription
or translation itself.

5. MECHANISMS CONTROLLING SPATIAL ZONATION

5.1. Oxygen Gradient

The liver with its many energy-demanding metabolic tasks requires substantial amounts of oxy-
gen. Hence, there is a porto-central oxygen gradient ranging from 60–65 mm Hg in periportal
blood to∼30–35mmHg in pericentral blood, paralleled by differences in intracellular pO2 as well
as in numbers and structure of mitochondria in periportal and pericentral hepatocytes. Given the
influence of O2 on carbohydrate metabolism, hypoxia-inducible factors (HIFs), and generation of
reactive oxygen species (ROS), it is considered to be a key regulator of liver zonation. HIFs are
transcription factors, which are predominantly activated in pericentral hepatocytes and regulate
many metabolic processes (e.g.,HNF1α promotes glycolysis and HIF2α suppresses gluconeogen-
esis). Regulation of spatial zonation by the oxygen gradient and the interplay with other pathways
driving lobular compartmentalization are reviewed by Kietzmann (28).
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5.2. WNT/β-Catenin Signaling

WNT/β-catenin signaling is a master regulator of spatial liver zonation. A centro-portal WNT/
β-catenin activity gradient orchestrates the expression of many pericentral metabolic enzymes
that are transcriptionally regulated by β-catenin (e.g., GS, CYP1A2, and CYP2E1) (88, 89). Dif-
ferent β-catenin target genes seem to have different thresholds for expression. GS expression is
restricted to the first one to two layers of pericentral hepatocytes, which also show the highest
WNT/β-catenin activity indicated by Lgr5 expression (a β-catenin target gene that is only ex-
pressed in cells with very highWNT/β-catenin activity). CYP2E1 expression extends far into the
midlobular zone, matching the reach of the general WNT/β-catenin target Axin2 (90). The reg-
ulatory mechanism setting different thresholds for β-catenin-controlled metabolic genes remains
to be identified. The WNT/β-catenin activity gradient is promoted by the confined expression
of WNT and RSPO ligands in central vein and sinusoidal endothelial cells (91–93) (Figure 1b),
as well as by zonated expression of regulatory pathway components (e.g., periportal expression of
negative regulator APC) (94). While the mechanisms enabling zonated expression of these lig-
ands have not been identified, it is possible that pericentral hypoxia is involved in this process, in
a similar manner as in adipogenic cells (95), although definitive studies are lacking. Since WNT/
β-catenin signaling promotes hepatocyte proliferation, and activating mutations in the pathway
are major drivers of liver cancer, the liver requires tight control mechanisms enabling spatial zona-
tion while preventing unnecessary proliferation. The RSPO-LGR4/5-ZNRF3/RNF43 module is
essential for regulating hepatic WNT/β-catenin activity and spatial metabolic zonation (96). In
addition to directly controlling pericentral metabolic gene expression, WNT/β-catenin signal-
ing indirectly directs periportal genes. Ectopic activation of WNT/β-catenin signaling in various
mutant mice reprogrammed periportal hepatocytes into pericentral hepatocytes, whereas block-
age of WNT/β-catenin signaling induced widespread activation of periportal metabolic enzymes
(21, 89, 92, 94, 96). This indirect regulation may be explained by the competition of HNF4α
and β-catenin for binding to T cell factor (TCF). In the absence of WNT/β-catenin signaling,
the HNF4α:TCF complex promotes periportal gene expression, whereas nuclear translocation of
β-catenin favors a β-catenin/TCF complex driving pericentral gene expression (22). SeveralWNT
ligands expressed in pericentral endothelial cells exhibited diurnal mRNA fluctuations, suggesting
that WNT signaling may fluctuate along the day (18).

5.3. Other Pathways

Hedgehog (Hh) signaling, despite showing only low baseline activity in hepatocytes, is involved
in metabolic zonation. Hh signaling is higher in periportal hepatocytes, and studies with mutant
mice inhibiting the pathway suggest a role in partially counteracting WNT/β-catenin signaling
and regulation of the IGF1 axis (involved in glucose homeostasis) (97). The RAS/RAF/ERK path-
way attenuates pericentral metabolic gene expression in periportal hepatocytes (98). Hormones,
such as insulin and glucagon, which are more abundant in the periportal zone and have opposing
regulatory functions in glucose metabolism, play important roles in spatial metabolic zonation.
For example, glucagon was found to counteract WNT/β-catenin signaling (99). Moreover, Dicer
is essential for liver zonation since its deletion caused broader expression of GS and diffuse exten-
sion of periportal enzymes throughout the liver, suggesting that microRNAs may influence spatial
gene expression in the liver (100). The role of YAP/HIPPO signaling in metabolic zonation is un-
clear.While one study found that YAP is essential to regulate GS expression in zebrafish and mice
(101), other studies suggest intact GS expression (102, 103) or even increased GS expression (104)
in mice with YAP deletion. It is to be hoped that future research will shed more light on the role
and interplay of hepatic signaling pathways in regulating metabolic liver zonation.
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6. MECHANISMS CONTROLLING TEMPORAL HEPATIC PROCESSES

6.1. Transcriptional Mechanisms

Temporal expression patterns are based on a handful of identified mechanisms. One of the
first reported outputs of the mammalian molecular clock was the E-box-mediated regulation of
the Avp gene (105). Such regulation depends on the binding of BMAL1:CLOCK to an extra-
or intragenic hexamer enhancer motif or similar noncanonical motifs (106–108) (Figure 2b).
BMAL1 and CLOCK bind to regulatory sites of thousands of transcripts, suggesting that reg-
ulation via E-box motifs accounts for a large fraction of rhythmically expressed genes in the liver
(109, 110).

The NRs RORα/β/γ and REV-ERBα/β, which compete for binding to the retinoic acid
receptor–related orphan receptor (ROR) response element (RORE), are also controlled by
BMAL1:CLOCK (111) (Figure 2b). In fact, ROR and REV-ERB are important regulators of
metabolic processes. Mutation of RORα, a transcriptional activator, disrupts cholesterol, lipopro-
tein, and TG metabolism, whereas REV-ERBα, a repressor, regulates the pericentrally expressed
Elovl3, involved in FA elongation (112, 113). Moreover, ROREs are also present on the Bmal1
promoter, thus contributing an additional feedback loop in the core clock (114, 115).

The above-described PARbZip factors, consisting of (mammalian) members Dbp,Hlf, and Tef,
are prominent direct clock targets (75), and Dbp is regulated via multiple E-box motifs (107).

6.2. Glucocorticoid Signaling

Outputs from the clock are also regulated via the previously mentioned glucocorticoid signaling
(Figure 2b). Glucocorticoids peak during the rest-to-active phase transition (116, 117) and acti-
vate the hepatic GR, allowing it to regulate its downstream targets by binding to glucocorticoid
response elements. Important GR targets are Per genes (118), and activation of target genes via
GR binding is attenuated by binding of CRY1/2 to GR (119). Glucocorticoids also play an im-
portant role in regulating spatial compartmentalization by regulating periportal metabolic genes
(120).

6.3. Nuclear Receptor Coactivation

NRs are important transcriptional regulators that sense small diffusible molecules, known as lig-
ands. Notably, the previously mentioned GR, CAR, REV-ERB, and ROR are all NRs, and so are
peroxisome proliferator-activated receptors that regulate FAmetabolism and glucose homeostasis
(121). Rhythmic expression of coactivators seems to temporally compartmentalize NR activation
potential. Unsurprisingly, many coactivators are important regulators of hepatic metabolism, and
many are rhythmically expressed, such as Pgc1ɑ (122). Interestingly, one well-characterized NR
coactivator is also the core clock protein PER2 (66, 67). Supporting the importance of this mech-
anism, core clock proteins are enriched at both E-boxes and NR binding sites of target genes
(109).

6.4. Other Systemic Cues

Clock-controlled mechanisms regulate rhythmic patterns of internal body temperature (40, 49).
The heat shock factor HSF1 shows diurnal rhythms of binding to the liver chromatin, primarily
driving gene expression in mice at the onset of the active phase, when the animals have the high-
est body temperature (48, 51). The serum response factor senses oscillating bloodborne signaling
proteins (123) (Figure 2b). A further systemic signal is oxygen concentration. Whereas hypoxia
affects processes along the lobular axis, it can also influence temporal patterns of gene expression,
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as PER2 interacts withHIF1α, increasingHIF1α’s activity (124).The time-dependent susceptibil-
ity of the transcriptome to hypoxia is abolished in Per1/2 double mutants (125). It is therefore not
surprising that hypoxia’s impact on tissues depends on time of day (125). Pathological conditions
perturbing the supply of oxygen can also influence the clock or even cause temporal misalignment
between organs (125).

6.5. Posttranscriptional Mechanisms

Several estimates suggest that up to a third of rhythmic mRNAs could be attributed to post-
transcriptional mechanisms, predominantly daily rhythms of mRNA degradation resulting from
stabilizing or destabilizing effects of mRNA-binding proteins (109, 126).The temporal regulation
of alternative splicing is comparatively less studied but thought to be important also (127). As an
example, in Per1, a light-inducible splicing switch results in an unstable protein (128).

6.6. Translation, Proteome, and Posttranslational Modifications

Frequently, rhythmicity in mRNA results in rhythms in corresponding proteins, with the peak of
protein abundance exhibiting an approximately 6-h shift compared with that of mRNA, together
with dampened amplitudes (129). However, proteomics studies of temporal hepatic expression
have revealed that rhythmicity in mRNA does not necessarily result in rhythmicity of protein
abundance. On the other hand, many proteins that show rhythmicity in abundance have no cor-
responding oscillations on the mRNA level, suggesting temporal regulation of translation and
posttranslational events (129). Partially, this could be explained by circadian degradation ofmRNA
and proteins, which determines the half-lives of both mRNA and proteins (130). However, there
are also subsets of genes, especially those involved in mitochondrial activity and the translation
machinery, that exhibit daily rhythms in translation, which is transcription independent. The first
group of genes is translated at the late rest phase and the latter during the midactive phase in mice.
These genes have 5′TOP and TISU regulatory elements, and their translation is regulated by the
interplay of the molecular clock and feeding rhythms (131). The ability to functionally annotate
these proteins points at a specific hepatic physiological role.

Peaks in protein abundance in mouse liver show enrichments at two times, either the midac-
tive or midrest phase (129). Since proteins are effector molecules, this observation potentially
points at bimodality of liver functions. Most secreted proteins accumulate rhythmically in liver
tissue with a peak in the midactive phase, despite showing flat mRNA levels (129). Another
layer of temporal regulation concerns posttranslational modifications, such as phosphorylation.
Posttranslational modifications are indispensable for regulation of the stability, degradation, and
nuclear-cytoplasmic distribution of proteins (132, 133). Analysis of total versus nuclear hepatic
proteomes showed that oscillations in protein abundance are not necessarily mirrored in nu-
clear protein shuttling, supporting the notion that protein complex formation is vital for temporal
programs of nuclear translocation (126).

6.7. Chromatin and Transcription Factor Binding

Work conducted in the late 2000s led to detailed knowledge of time-dependent core clock protein
binding to promoters of target genes. BMAL1 and CLOCK bind to thousands of genomic targets,
with DNA binding occurring during the resting phase under constant conditions in the mouse
liver (109, 110). On the contrary, PER1/2 and CRY2 binding corresponds to the first part of the
active phase, whereas CRY1 peaks at the active-to-resting phase transition. Clock proteins bind
to promoter, intergenic, and intronic regions (109). REV-ERBα/β, too, have thousands of binding
sites, with considerable overlap with BMAL1 (134).
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6.8. Epigenetic Marks

The molecular clock affects all levels of temporal organization of hepatic processes, including
daily recurring epigenetic changes, such as repeated histone modifications (135), changes in the
accessibility of chromatin (136), and oscillations in chromatin topology (137), all of which mod-
ulate circadian transcriptional patterns. In addition, DNA occupancy of the RNA polymerase II
changes biphasically in the mouse liver, with peak activities in the active and resting phase (135).

7. PATHOPHYSIOLOGY ASSOCIATED WITH IMPAIRED
SPATIOTEMPORAL METABOLIC ZONATION

7.1. Monogenic Liver Disease

Important lessons can be learned from hereditary monogenic diseases caused by mutations in
spatially compartmentalized metabolic enzymes. Urea cycle disorders (UCDs) are a group of
diseases in which key enzymes involved in ammonia detoxification are mutated. Ornithine tran-
scarbamylase deficiency (Otc mutations) and citrullinemia (Ass1 mutations) are examples of urea
cycle disorders with mutated genes expressed in periportal hepatocytes. Ornithine aminotrans-
ferase deficiency (Oat mutations) and ultrarare glutamine synthetase deficiency (Glul mutations)
are examples of mutations in pericentral metabolic enzymes. UCDs cause severe chronic hyper-
ammonemia, resulting in devastating neurological defects and related signs of lethargy, anorexia,
hyper- or hypoventilation, hypothermia, seizures, neurologic posturing, and coma (18, 138, 139).
In primary hyperoxaluria type 1 (PH1) (Agxt mutations), a dysfunctional periportal alanine-
glyoxylate aminotransferase impairs the conversion of glyoxylate to glycine, resulting in excessive
accumulation of glyoxylate and its metabolite oxalate, which causes severe systemic symptoms,
including kidney stones (18, 140). PH1 is only one out of many examples of rare inborn errors of
AA metabolism. Glycogen storage disease type 2 (Pompe disease; Gaa mutations) leads to glyco-
gen accumulation in various tissues due to defective periportal acid alpha-glucosidase (an enzyme
involved in glycogen degradation), causing myopathy, cardiomyopathy, cardiomegaly, and res-
piratory distress (141). Together, monogenic diseases highlight not only the importance of the
respective enzymes for the spatially compartmentalized metabolic processes they mediate but also
how important these vital hepatic processes are to prevent systemic complications. Many patients
with chronic liver injury suffer from similar systemic complications (142), as their disease impairs
key metabolic processes or causes severe zonated hepatocyte damage.

7.2. NAFLD, NASH, and Metabolic Syndrome

NAFLD is characterized by the accumulation of TGs due to zonal imbalances in FA metabolism,
providing a prototype example of impaired production line patterns. Steatosis can result from
increased periportal FA uptake or reduced pericentral FA efflux (Figure 4a). Induction of β-
oxidation-related genes and increased circulating ketone bodies in NAFLD suggest that reduced
β-oxidation is not the major cause for reduced FA efflux. Instead, a limited capacity to secrete
very low density lipoproteins may account for TG accumulation in pericentral hepatocytes (54,
59). Consistently, steatosis in adult NAFLD patients mostly occurs in the pericentral zone and
then extends into other lobular zones during disease progression (143). Lipotoxicity and result-
ing inflammation during NAFLD to nonalcoholic steatohepatitis (NASH) progression may be
exacerbated in pericentral hepatocytes due to higher oxidative stress in this zone. The detailed
underlying mechanisms resulting in the imbalance causing NAFLD, as well as a potential impact
of different stages of the disease on spatial liver zonation, remain to be studied.
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Spatiotemporal zonation and pathophysiology. (a) Examples of liver pathologies (gray) and their assignment to the lobular zones to
which they are related. (b) Influence of the circadian rhythm on liver pathology. (a,b) Cholestasis promotes reprogramming of
hepatocytes causing loss of metabolic function. Balancing WNT/β-catenin activity in zone 3 is critical to enable metabolic zonation
while preventing unwanted proliferation and HCC formation. Temporal control of WNT/β-catenin signaling aligns pathway activity
with the time when the β-catenin-regulated enzymes are required. Spatial imbalances in lipid metabolism, chronic jet lag, and eating
high-caloric meals in the evening promote NAFLD/NASH. Extending fasting time prolongs fat burning. ALD and acute toxicities
damage pericentral hepatocytes, causing cell death and loss of pericentral metabolic function. APAP toxicity is exacerbated in the
beginning of the feeding cycle. Mouse studies suggested lower ischemic injury in the resting period. Abbreviations: ALD, alcoholic liver
disease; APAP, acetaminophen; EtOH, ethyl alcohol; FA, fatty acid; HCC, hepatocellular carcinoma; NAFLD, nonalcoholic fatty liver
disease; NASH, nonalcoholic steatohepatitis; TG, triglyceride.

Moreover, NAFLD is considered to be the hepatic component of metabolic syndrome, in
which periportal gluconeogenesis is insufficiently suppressed by insulin, causing hyperinsulinemia
and eventually hyperglycemia and type 2 diabetes. Interestingly, pericentral de novo lipogenesis
remains sensitive to insulin induction. The resulting coexistence of gluconeogenesis and de novo
lipogenesis, causing both hyperglycemia as well as hyperlipidemia in patients with metabolic
syndrome, is an interesting example of dysregulation of opposing metabolic tasks (54, 144).
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Concerning the metabolic syndrome, there are considerable temporal differences in response
to food quality and quantity. In individuals with high body mass, a high-caloric breakfast and
reduced intake at dinner appear beneficial in the management of obesity and metabolic syndrome,
which is likely intrinsically tied to temporal programs of hepatic metabolism (145). We discussed
above that genes involved in processing of food, at least in mouse models, peak at the beginning
of the feeding phase, partially explaining this phenomenon (Figure 4b).

We further explained that temporal zonation is vital for normal liver function, therefore disrup-
tions of the diurnal patterns of liver physiology unsurprisingly lead to pathologies (146). Chronic
jet lag, with mice aged from 4 to 90 weeks transferred weekly between two rooms, in which the
only difference is an 8-h change in the light onset, results in NAFLD at 90 weeks in 96% of WT
animals compared with 20% in the control nonjetlagged group. Similarly, the incidence of hepa-
tocellular carcinoma (HCC) also rose upon chronic jet lag (43). These results became even more
dramatic in molecular clock KOs or mutants, with substantially increased mortality for WT as
well as clock mutants under chronic jet lag, starting before the end of the first year of life (43)
(Figure 4b). Deletion of the previously mentioned XBP1 also leads to NAFLD, due to either the
absence of the transcription factor or disturbed temporal programs (147).

The aforementioned autonomic innervation, which affects circadian hepatic gene expression,
is cut during orthotropic liver transplantation. The procedure can, in the long term, lead to dys-
regulation of metabolism (38), opening the question of whether this dysregulation happens due
to partial desynchrony of temporal processes between different organs. In this case, a strict tem-
poral feeding pattern may help alleviate the condition. In addition, a mouse model of NAFLD
shows degeneration of sympathetic innervation in early stages of NAFLD and a collapse during
steatohepatitis (38).

7.3. WNT/β-Catenin Signaling and Disease

Given the importance of WNT/β-catenin signaling in controlling spatial liver zonation, deregu-
lation of the pathway in several disease settings disrupts key metabolic processes. The role of the
RSPO-LGR4/5-ZNRF3/RNF43 module and WNT/β-catenin signaling in general in NAFLD
and NASH remains unclear, with diametrically opposite findings related to the role of the path-
way regulating steatosis (reviewed in 148). Both hepatitis B virus (HBV) and hepatitis C virus
(HCV) impair spatial metabolic zonation by deregulation of WNT/β-catenin signaling. Hepato-
cyte transduction and viral replication are higher in pericentral hepatocytes and seem to require
WNT/β-catenin activity.HBV andHCV infections further correlate with HCC formation driven
by activating mutations in β-catenin (reviewed in 149).WNT/β-catenin signaling promotes hep-
atocyte proliferation, and activating mutations in the WNT/β-catenin pathway (CTNNB1 and
AXIN1mutations in one-quarter to one-third of all HCC cases) are also major drivers in nonviral-
associated HCC (150, 151).HCCs with aberrant β-catenin activation are often well differentiated,
low proliferative, and associated with cholestasis. Less tumor-associated immune cell abundance
also has implications for treatment, since it renders β-catenin-active HCC resistant to immune
checkpoint inhibitors (152, 153) and sensitive tomTOR inhibition (154).Especially theCTNNB1-
mutated HCCs show a pericentral expression pattern with tumor-wide GS expression (154). One
possible explanation is the dilemma of the pericentral hepatic niche, which requires constant
WNT/β-catenin signaling to maintain metabolic zonation while not requiring extensive hepato-
cyte proliferation due to their low homeostatic turnover.The liver therefore requires tight control
mechanisms enabling pericentral gene expression while preventing unnecessary proliferation
(Figure 4a). ZNRF3 and RNF43 negatively regulate WNT/β-catenin signaling, thereby balanc-
ing metabolic gene expression and proliferation (21). Panzonal upregulation of RNF43, which is
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usually restricted to pericentral hepatocytes, is critical to maintain metabolic zonation and prevent
uncontrolled proliferation and tumor formation in response to WNT/β-catenin pathway activa-
tion. Combined deletion of ZNRF3/RNF43, or their inhibition via injections of RSPO ligand, re-
programmed periportal hepatocytes into pericentral hepatocytes, resulting in impaired metabolic
liver zonation (21). Interestingly, only a subset of hepatocytes proliferate upon ZNRF3/RNF43
deletion, and despite upregulation of WNT/β-catenin signaling in hepatocytes across the lobule
in different liver injury models, the expression of GS remained restricted to pericentral hepato-
cytes (90). However, the mechanisms enabling the WNT/β-catenin pathway to drive hepatocyte
proliferation during regeneration while maintaining metabolic zonation remain to be elucidated.

7.4. Alcoholic Liver Disease

Pericentral hepatocytes metabolize alcohol via alcohol dehydrogenase and CYP2E1. Both en-
zymes convert ethanol into acetaldehyde, but CYP2E1 activity also results in ROS production.
The toxicity of ethanol and its metabolites, combined with the increased oxidative stress, results
in damage of pericentral hepatocytes (Figure 4a). During chronic progression of the disease,
impaired lipid metabolism due to impaired metabolic zonation and function of the pericentral
zone results in alcoholic steatohepatitis (155, 156). Similar to other chronic liver disease patients,
alcoholic liver disease (ALD) patients suffer from a range of systemic complications including se-
vere cognitive symptoms that already appear in noncirrhotic patients (142) and may be attributed
to impaired ammonia detoxification and other processes controlled by pericentral hepatocytes.
Persistent liver injury and oxidative stress exacerbate inflammation and fibrosis in pericentral hep-
atocytes and, together with the carcinogenic action of alcohol metabolites, ultimately promote
HCC development. In chronic stages, the disease also extends toward periportal hepatocytes, in-
creasing the range of systemic symptoms by coagulopathy, cachexia, hypoalbuminemia, jaundice,
ascites, and other complications, which are related to metabolic processes in the periportal zone
(142, 155). In contrast to NAFLD and NASH, which usually follow a linear progression path,
ALD can cause often fatal acute-on-chronic liver failure or acute alcoholic hepatitis, depending
on the drinking behavior of the patient and other complications.

7.5. Cholangiopathies

Although considered to be mostly a disease of the biliary system, cholangiopathies also impact
metabolic liver zonation. Patients with primary biliary cirrhosis (PBC) or primary sclerosing
cholangitis (PSC) frequently suffer from cholestasis, which is the accumulation of cytotoxic bile
causing periportal hepatocyte damage (157, 158). As shown in mouse models of cholestatic liver
injury, YAP signaling reprograms periportal hepatocytes either into biliary epithelial cells sup-
porting the formation of an auxiliary ductular network draining bile or into progenitor-like cells
(102, 159). Either way, reprogrammed hepatocytes largely lose metabolic function, thereby im-
pacting periportal metabolic programs (159) (Figure 4a). PBC and PSC patients frequently suffer
from fatigue and associated autonomic dysfunction, as well as vitamin D deficiency (157, 158).
How cholangiopathies affect metabolic zonation in patients, and to what extent loss of metabolic
function in hepatocytes contributes to disease, remains to be addressed.

7.6. Drug-Induced Liver Injury

Many drugs and xenobiotics aremetabolized byCYP450 enzymes, often forming toxicmetabolites
that damage hepatocytes (71). Therefore, spatial compartmentalization often results in zonated
injury, restricted to the hepatocytes expressing the CYP450 enzyme responsible for the toxic
metabolite. A well-studied example is acetaminophen-induced toxicity in pericentral hepatocytes,
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which accounts for almost half of all acute liver failure incidents. The reason hepatocyte damage is
mostly confined to pericentral hepatocytes is that the toxic metabolite is formed by CYP2E1 and
CYP3A4. This toxic effect is further aggravated by alcohol-induced expression of CYP2E1, con-
traindicating the use of acetaminophen while drinking (160). Interestingly, glutathione synthetase
shows periportal expression (18), and glutathione is crucial for successful acetaminophen detoxifi-
cation. Compartmentalization of injury allows hepatocytes in other zones to support regeneration
via compensatory proliferation, migration into the injury zone, and metabolic reprogramming in
the new compartment (90). When injury is excessive or when metabolic zonation is already per-
turbed, drug-induced liver injury (DILI) can cause acute liver failure, which is often fatal unless
liver transplantation is possible (149). Together, this suggests that metabolic liver zonation com-
bined with high plasticity and regenerative capacity of hepatocytes across all zones protects the
liver from DILI.

Interestingly, besides causing primarily pericentral toxicity, the toxic effects of acetaminophen
also depend on the time of administration. In fact, due to toxic metabolites, acetaminophen tox-
icity is highest at times when metabolized at the highest rate. In rodents, this occurs early in the
nighttime and corresponds to their active phase; however, this time-dependent toxicity can be
dramatically affected by patterns of food intake (161) (Figure 4b).

7.7. Circadian Clock Impact on Liver Regeneration

Partial hepatectomy is a common approach for removal of resectable liver tumors, and it can also
be used for live donation of liver. However, it can be accompanied by major complications, and
postresectional liver failure often yields fatal complications (162). Meanwhile, SIRT1, controlled
by the clock via Nampt, displays a crucial role in regeneration and hepatocellular proliferation. In
a mouse study of partial hepatectomy, Sirt1 KO not only resulted in a delay in cell proliferation
by interfering with the G0 to G1 cell cycle transition but also transiently enhanced liver steatosis
(163), a risk factor for postoperative complications in human patients (162). In addition, absence of
CREM, a regulator of outputs from the clock, delays proliferation and results in delayed S-phase
entry. However, this gene also seems to be induced upon hepatectomy, potentially compensating
the clock-mediated effects on regeneration (164, 165). Thus, the role of the clock in processes
following partial hepatectomy is interesting, but questions remain on how to utilize these insights.
Partial hepatectomy is a discrete event, which is followed by regeneration occurring on a timescale
that allows for multiple repetitive clock-controlled regulation. To our knowledge, there is a lack
of studies that take the time of hepatectomy into account.

7.8. Ischemia-Reperfusion Injury

In the mouse liver, Rev-Erbɑ KO increases the severity of ischemia-reperfusion injury, accom-
panied by increased inflammatory responses and elevated serum liver enzymes compared with
controls. Surgery at themidactive phase inWTmice, corresponding to low Rev-Erbɑ levels, causes
more severe liver damage than when performed with half a day shift (166). Since hepatic rhythms
in humans are mostly inverted, a beneficial time for performing procedures might speculatively
be during the night, which is impractical (Figure 4b). However, human studies in cardiac surgery
have already demonstrated dramatic differences in outcomes between morning and afternoon
surgeries (167).

7.9. Implications for Treatment

The questions on how to leverage these novel insights into spatiotemporal separation of pro-
cesses remain. Spatial zonation may have to be considered for gene replacement therapies, since
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both viral and lipid-nanoparticle-based gene delivery may promote ectopic enzyme activity in
hepatocytes outside of the physiologically assigned zone. While gene correction could maintain
spatiotemporal control of the gene locus, episomal promoter-gene constructsmay be disconnected
from this regulatory process. In addition, maintenance of functional liver zonation needs to be
considered for therapies increasing the regenerative potential of hepatocytes and thereby possibly
deregulating metabolism. The increased resolution of spatiotemporal metabolic processes in the
liver could further highlight avenues for novel treatment concepts, restoring liver zonation and
function in patients with chronic liver disease.

Chronobiologists often put forward the notion of chronopharmacology, where gene expres-
sion rhythms are taken into consideration when planning the time of administration of a drug to
maximize efficacy and minimize unwanted effects. This to some extent challenges the principles
of modern drug design, which aims at developing drugs that are robust in terms of pharmaco-
dynamics and pharmacokinetics across a wide array of populations, resulting in a huge buffering
capacity of most drugs, which often surpasses the diurnal fluctuations of target abundance. Biolog-
ical differences, patient noncompliance, and the dysregulation of biological targets in disease add
complexity. However, treatment of complex diseases such as cancer could benefit from the time of
administration, and chronomodulated therapy was shown to notably improve tolerability of mul-
tiple anticancer agents, albeit with limited improvement in efficacy and overall survival (72, 168,
169). However, novel insights point at a very significant extrahepatic success in progression-free
and overall survival in chronotherapy with checkpoint inhibitors (170). Concomitantly, circadian
disruption in tumors is associated with poor outcomes (169). The lessons learned may be, at least
to a certain degree, applied to managingHCC or liver metastases.On the other hand,with the rise
in use of biological targeted therapies, such as antibodies, with half-lives often exceeding multiple
circadian cycles, the benefit of timed administration seems less obvious.

An alternative route would be to directly target the circadian system, either to affect synchro-
nization of systems or cells, or to affect the amplitude of rhythms. Indeed, multiple molecules that
target the molecular clock have been developed (171, 172). Increasing the amplitude of players
involved in hepatic regeneration, such as Sirt1, could have strong positive effects. Restoring tem-
poral zonation of processes to promote normal physiology seems beneficial. Mitigating hepatic
temporal dysregulation in NAFLD and NASH also seems to offer avenues for improved out-
comes. There are indications that restoring rhythmicity in neoplastic tissues could be beneficial,
especially since the circadian system affects both cell cycle as well as apoptosis (169, 173).

8. CONCLUSIONS AND FUTURE CHALLENGES

Meticulous dissection of spatiotemporal metabolic processes in the liver over the past decades
has significantly improved our understanding of many hepatic and systemic diseases. Since most
of these studies were performed in rodents, translation of key findings in patient samples will
be important. Novel profiling techniques with increasing spatial resolution will also enable us
to study how metabolic liver zonation is impacted in different disease settings. Combined with
our knowledge from mouse mutants but also monogenic liver disease in patients, we may be able
to derive novel treatment concepts aiming at restoring liver function. It is intriguing to see how
systemic manifestations in patients with monogenic liver disease, induced by mutations in indi-
vidual zonated genes, are similar to what patients with chronic liver disease experience, in which
hepatocytes in a specific zone are damaged. Future replacement therapies for monogenic diseases
might need to take temporal gene expression patterns into consideration to allow for segregation
of incompatible processes, as these might lead to unwanted effects. A better understanding of the
mechanisms promoting reprogramming of hepatocytes, ultimately resulting in loss of their zonal
metabolic assignment, will help to design concepts to restore function of the hepatic factory.
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