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Abstract

The liver circadian clock coordinates hepatic lipid metabolism, bile acid synthesis, and glu-
cose homeostasis through interlocking transcription-translation feedback loops. Disruption
of this temporal organization is increasingly recognized as a shared pathological feature
across the chronic liver disease spectrum. Transcriptomic profiling alone cannot capture the
full scope of circadian dysregulation. Approximately half of rhythmically abundant hepatic
proteins lack correspondingly rhythmic mRNAs. Roughly 25% of hepatic phosphosites
oscillate with a 24-h period. Integrating transcriptomics, proteomics, post-translational
modification profiling, metabolomics, and emerging single-cell and spatial approaches
is therefore necessary for an accurate account of how circadian programs are remodeled
in disease. This narrative review delineates the multi-omics landscape of circadian clock
dysregulation across six chronic liver disease categories. These encompass metabolic
dysfunction-associated fatty liver disease (MAFLD), alcoholic liver disease (ALD), viral
hepatitis, hepatocellular carcinoma (HCC), liver fibrosis, and cholestatic disease. Four
molecular features recur across these contexts. BMAL1 functional downregulation, REV-
ERBo oscillatory output attenuation, NAD™ oscillatory amplitude reduction, and gut-liver
axis circadian desynchronization together constitute an inferential framework for hepatic
circadian failure. These features represent recurring disease-associated motifs rather than
an established pan-disease mechanism. The upstream mechanisms and evidence depth dif-
fer substantially by disease category. Oncogenic kinase-driven CLOCK post-translational
modifications in HCC, phosphoproteomic remodeling in MAFLD, and epigenomic clock
disruption persisting after HCV clearance represent findings that transcriptomics alone
would not resolve. The near-complete absence of temporally resolved human tissue data
remains the principal barrier to translational progress. This evidence gap limits the clin-
ical actionability of current mechanistic findings across all disease categories. Circadian
phase inference algorithms and prospective temporally designed cohort studies offer a
methodologically grounded path toward clinically actionable circadian hepatology.
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1. Introduction

The liver is the principal metabolic organ of the vertebrate body. It coordinates lipid
synthesis, carbohydrate storage, and bile acid production in response to nutritional demand.
These functions follow predictable 24-h oscillations driven by the circadian clock [1]. At the
molecular level, BMAL1 (Brain and muscle ARNT-like protein 1) and CLOCK (Circadian
locomotor output cycles kaput) form the primary activator complex of the hepatic circadian
clock [2]. This complex drives rhythmic expression of the repressors Period 1 and 2 (PER1
and PER?) and Cryptochrome 1 and 2 (CRY1 and CRY?2). These repressor proteins then
inhibit their own transcription, completing the primary oscillatory loop. A stabilizing
auxiliary loop involves REV-ERB« (nuclear receptor subfamily 1 group D member 1,
encoded by NR1D1) and ROR«x (RAR-related orphan receptor alpha, encoded by RORA).
Together, REV-ERBx and ROR« reinforce oscillatory amplitude and precision [3]. This
machinery drives rhythmic transcription of approximately 10-20% of expressed hepatic
protein-coding genes. It controls the temporal organization of de novo lipogenesis, bile acid
synthesis, and glucose homeostasis [4,5]. Approximately 90% of rhythmically expressed
hepatic transcripts depend on systemic entraining cues beyond those generated within the
hepatocyte. Feeding—fasting cycles represent the dominant zeitgeber for hepatic circadian
alignment [6,7].

When this temporal organization breaks down, the pathological consequences extend
across the full chronic liver disease spectrum. Evidence consistently links circadian disrup-
tion to accelerated liver pathology across multiple disease stages [8,9]. Clock dysfunction
has been documented in metabolic dysfunction-associated fatty liver disease (MAFLD),
alcoholic liver disease (ALD), viral hepatitis, hepatocellular carcinoma (HCC), liver fibrosis,
and cholestatic disease. Across these conditions, circadian failure operates through dis-
tinct but partially overlapping mechanisms. In MAFLD, BMALL1 disruption impairs lipid
rhythmicity and accelerates steatosis, establishing a bidirectional cycle of metabolic deterio-
ration [10,11]. In ALD, ethanol suppresses hepatic clock gene expression and uncouples
gut microbiota rhythms from hepatic metabolic output [12,13]. Hepatitis C virus (HCV)
infection perturbs the rhythmic transcriptome of human hepatocytes across more than one
thousand genes [14]. HBV entry efficiency is gated by REV-ERBx-dependent rhythmic
expression of the sodium taurocholate cotransporting polypeptide (NTCP) receptor [15]. In
HCC, oncogenic kinase signaling redirects CLOCK protein toward cytoplasmic nucleotide
synthesis, driving tumor growth independently of transcriptional clock output [16,17].
These findings collectively establish clock dysregulation as a shared pathological feature
across the chronic liver disease spectrum.

Understanding this spectrum requires analytical approaches that match the complexity
of circadian regulation. Transcriptomic profiling has been the dominant tool, yet it captures
only a fraction of the regulatory landscape. Approximately half of all rhythmically abun-
dant liver proteins lack a correspondingly rhythmic mRNA, as established in mouse liver
proteomics studies [18]. This post-transcriptional decoupling indicates that transcript-level
measurements substantially underestimate the functional circadian proteome. In mouse
liver, approximately 25% of quantified phosphorylation sites oscillate with a 24-h period,
and their rhythmic amplitude frequently exceeds that of corresponding mRNAs [19]. Rhyth-
mic acetylation of mitochondrial proteins links NAD™ oscillations to metabolic enzyme
activity through a regulatory layer invisible to transcriptomics alone [20]. Evidence also
suggests that non-transcriptional oscillatory mechanisms may sustain circadian organi-
zation independently of the canonical feedback loop, though independent verification
in disease-relevant liver models remains awaited [21]. Circadian profiles of more than
500 hepatic metabolites have been mapped in mouse liver, and some metabolite oscillations
persist even when transcriptional output is substantially curtailed. Metabolomics should
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therefore be treated as an independent evidential layer rather than a downstream proxy
for transcriptional activity. Single-cell RNA sequencing and spatial transcriptomics further
reveal cell-type-specific and spatially resolved circadian programs that population-level
measurements cannot detect [22]. No published study has yet applied these approaches to
clock gene expression in any liver disease context, making them a high-priority direction
for future investigation.

Prior reviews have catalogued associations between circadian disruption and liver
pathology [23]. However, they have not engaged with the multi-omics evidence base in
sufficient depth. Conversely, the most rigorous multi-omics circadian studies have been
conducted in healthy animals under controlled conditions, without extension to disease
states. This review addresses that gap by presenting multi-omics evidence organized
by disease category. It covers MAFLD and steatohepatitis, viral hepatitis and HCC, and
fibrosis together with ALD and cholestatic disease. This review differs from prior work in
three respects. It integrates evidence from transcriptomics, proteomics, post-translational
modification profiling, metabolomics, and emerging single-cell and spatial approaches
within a disease-organized analytical framework. It proposes four molecular features
that recur across disease categories as an inferential framework rather than an established
pan-disease mechanism. These features are BMALLI functional downregulation, REV-ERBx
output attenuation, NAD* amplitude reduction, and gut-liver axis desynchronization. It
also explicitly maps where the evidence is mature and where critical gaps remain, with
the aim of orienting future human-focused research. A translational discussion addresses
circadian biomarker development and clock-targeted therapeutic directions, with attention
to the current limits of human evidence. The literature was identified through PubMed
and Web of Science searches, with no fixed date restriction, using terms related to circadian
clocks, liver disease, and omics approaches. This is a narrative review. The depth of
coverage across disease categories reflects the underlying evidence base, as available data
differ substantially across disease types and omics layers.

2. The Multi-Omics Framework for Studying Hepatic
Circadian Dysregulation

Circadian regulation in the liver operates across at least three partially autonomous
molecular layers. The transcriptome, the proteome with its post-translational modifications,
and the metabolome each carry rhythmic information. They are not simply sequential
outputs of a single upstream oscillator (Figure 1). Transcriptomic profiling across the
circadian cycle has catalogued thousands of rhythmically expressed hepatic genes and
established temporal maps of metabolic pathway activation. Yet the explanatory reach
of the transcriptome is bounded. Approximately half of all rhythmically abundant liver
proteins lack a correspondingly rhythmic mRNA [18]. This post-transcriptional decoupling
indicates that post-transcriptional and post-translational mechanisms account for a large
fraction of the functional circadian proteome.

Of more than 20,000 phosphorylation sites quantified in mouse liver, approximately
25% oscillate with a 24-h period [19]. Their rhythmic amplitude frequently exceeds that of
corresponding mRNAs. These protein-level and phosphorylation-level rhythms can persist
even when transcript oscillations are substantially attenuated. Transcriptomic assessment
of disease states therefore carries a measurable risk of underestimating the true scope
of circadian dysregulation. Rhythmic acetylation of mitochondrial proteins constitutes
a distinct post-translational modification layer, linking NAD* oscillations to metabolic
enzyme activity through a channel that transcriptomics cannot detect [20]. The SIRT1 and
SIRT3 deacetylases translate rhythmic NAD™" availability into coordinated adjustments of
fatty acid oxidation, TCA cycle flux, and oxidative phosphorylation [24,25].
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Figure 1. The interlocking transcription—translation feedback loops of the mammalian hepatic
circadian clock. The primary loop operates through the BMAL1/CLOCK heterodimer, which binds
E-box regulatory elements to drive rhythmic transcription of clock-controlled genes including PER,
CRY, REV-ERB, and ROR. PER and CRY proteins accumulate in the cytoplasm, translocate to the
nucleus, and inhibit BMAL1/CLOCK transcriptional activity, completing the approximately 24-h
oscillatory cycle. The auxiliary stabilizing loop operates through nuclear REV-ERB and ROR proteins,
which compete at RRE elements in the BMAL1 promoter to suppress or activate BMALLI transcription,
respectively, reinforcing oscillatory amplitude and periodicity. CCGs, clock-controlled genes; RRE,
ROR response element.

The question of whether circadian oscillations can persist independently of the canon-
ical transcription—translation feedback loop has attracted considerable experimental at-
tention. Ray and colleagues reported that circadian rhythms in the hepatic proteome and
phosphoproteome may be detectable in Bmall-null animals [21]. This observation was
interpreted as evidence for non-transcriptional pacemakers that sustain oscillatory orga-
nization independently of the canonical loop. However, a published reanalysis contested
the transcriptomic component of this finding on methodological grounds, specifically re-
garding fibroblast rather than hepatic data [26]. Whether non-transcriptional oscillators
operate with functional significance in disease-relevant liver models therefore remains an
open question. Independent experimental verification in hepatic tissue has not yet been
reported. The mechanistic interpretation of existing data should therefore be regarded as a
working hypothesis rather than an established feature of liver circadian biology.

Circadian profiles of more than 500 hepatic metabolites have been mapped in mouse
liver [27]. Some metabolite oscillations are maintained even when the transcriptional
program is substantially curtailed. This partial independence from transcriptional output
positions metabolomics as a distinct evidential layer rather than a downstream proxy
for clock gene activity. Each of the three molecular layers carries rhythmic information
that the others cannot fully substitute. Their temporal offsets relative to one another
have mechanistic consequences for how circadian dysregulation manifests in disease. The
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organizational relationships among these layers, including the key quantitative benchmarks
and their directional dependencies, are summarized in Figure 2.

& ~10-20% of expressed & ~50% of rhythmic proteins lack #® ~500+ metabolites
hepatic gene rhythms rhythmic mRNA mapped in mouse liver
& ~90% require systemic & ~25% of phosphosites oscillate & ~20% oscillate free of
entraining signals (24 h) transcriptional clock

Figure 2. The three partially autonomous molecular layers of hepatic circadian regulation and
their temporal relationships. The transcriptome, proteome with post-translational modifications,
and metabolome each carry independent rhythmic information with temporal offsets relative to
one another. Approximately 50% of rhythmically abundant liver proteins lack a correspondingly
rhythmic mRNA, and some metabolite oscillations persist when transcriptional output is substantially
curtailed. Dashed arrows indicate directional regulatory influence rather than complete dependency.
Quantitative benchmarks are derived from published mouse liver studies.

Single-cell RNA sequencing and spatial transcriptomics represent high-priority
methodological directions for future investigation of hepatic circadian dysregulation. Bulk
omics approaches average signals across hepatocytes, Kupffer cells, hepatic stellate cells,
and sinusoidal endothelial cells. Each of these cell types carries a distinct circadian pro-
gram that population-level measurements cannot resolve [22]. Single-cell profiling would
allow direct characterization of cell-type-specific clock gene dysregulation in diseased
tissue. It would reveal, for instance, the extent to which non-parenchymal cells lose or ac-
quire rthythmic programs independently of the hepatocyte oscillator. The hepatocyte clock
exerts paracrine temporal control over neighboring non-parenchymal cells, and disease-
associated remodeling of that paracrine signaling may differ fundamentally by cell type.
Spatial transcriptomics further reveals that many hepatic genes are simultaneously zonated
and rhythmic, with multiplicative space-time effects that bulk sampling cannot detect [28].
In the context of liver disease, spatial profiling could address a specific structural question.
It would clarify whether clock gene dysregulation follows the periportal-to-pericentral
gradient of hepatic injury or reflects a more diffuse reorganization across the lobular ar-
chitecture. To date, no published study has applied single-cell or spatial transcriptomic
profiling to clock gene expression in any liver disease context. Integrating these approaches
with bulk multi-omics data would substantially advance understanding of how circadian
programs are remodeled across the liver disease spectrum.

3. Circadian Clock Dysregulation Across the Liver Disease Spectrum

Chronic liver disease encompasses a spectrum of distinct etiologies, yet circadian clock
dysregulation emerges as a shared pathological axis across metabolic, viral, fibrotic, and
cholestatic conditions. At the level of clock gene output, a recurring pattern is identifiable.
BMALL transcriptional activity is functionally attenuated, REV-ERB« oscillatory output is
dampened, and CLOCK:BMALI1-driven target gene rhythmicity is disrupted by inflam-
matory interference. These features recur across disease contexts and represent the basis
for the inferential framework proposed in this review. However, the depth of supporting
evidence differs substantially across disease categories. Transcriptomic and epigenomic
data are comparatively mature for MAFLD and HCV hepatitis, while time-resolved pro-
teomic and metabolomic data remain absent for HBV-related disease and cholestatic liver
disease. The discussions that follow identify the evidence source and its limitations for
each major conclusion. The predominant clock gene alterations identified across MAFLD,
viral hepatitis, HCC, liver fibrosis, ALD, and cholestatic disease are summarized in Table 1.

https:/ /doi.org/10.3390/ijms27104571


https://doi.org/10.3390/ijms27104571

Int. J. Mol. Sci. 2026, 27,4571

6 of 29

The multi-omics evidence underlying these alterations is presented across three disease
groupings, addressing MAFLD and steatohepatitis, viral hepatitis and HCC, and fibrosis
together with ALD and cholestatic disease.

Table 1. Clock gene expression alterations across the chronic liver disease spectrum.

Disease Context

Downregulated Clock Components Upregulated Clock Components References

BMALI1, PER2, PER3, CRY2, NR1D2

MAFLD (REV-ERBp), RORA - [29,30]

HCV Hepatitis PER2, CRY2, RORA, BMAL1 — [31]

HBYV Hepatitis PER1, PER2, PER3, CRY?2 CLOCK, BMAL1, CRY1 [32]

HCC BMALI1, PER1, PER2, CRY2, RORA TIMELESS, NPAS?2 [33,34]
BMALI1, CLOCK, PER1, PER2, CRY1,

ALD CRY2, DBP, NR1D1 — [35]
(phase-advanced)

Liver Fibrosis BMAL1, NR1D1 — [36,37]

Cholestatic Disease (PBC NR1D1, BMALL, PER? . [38,39]

and PSC)

3.1. Circadian Clock Dysregulation in Metabolic-Associated Liver Disease
3.1.1. Transcriptomic and Proteomic Remodeling in Hepatic Steatosis and Steatohepatitis

The transcriptomic consequences of BMALL loss in hepatocytes have been character-
ized in liver-specific knockout models. In these animal studies, BMAL1 functions as an
obligate organizer of hepatic lipid synthesis and fatty acid oxidation programs. In Bmall
liver-specific knockout mice, rhythmic transcription of SREBPIc target genes governing de
novo lipogenesis is profoundly disrupted. PPARo-driven fatty acid oxidation programs
are simultaneously suppressed, uncoupling anabolic and catabolic lipid pathways from
their temporal coordination. Valcin and colleagues demonstrated in this mouse model that
diurnal rhythms in Srebfl, Ppara, and downstream effectors including Fasn, Scd1, Cptla,
and Acox1 are all attenuated following hepatocyte-specific Brmall deletion [40]. Zhang and
colleagues confirmed that synthetic PPAR« ligands partially restored fatty acid oxidation
in Bmall-deficient mouse liver [41]. The severity of this phenotype is most pronounced
under high-fat dietary or ethanol challenge conditions in animal models. Direct human
liver data confirming equivalent transcriptomic disruption under comparable conditions
are not yet available.

Metabolic stress reciprocally attenuates circadian clock gene expression, establishing a
bidirectional relationship between clock dysfunction and hepatic pathology. In mouse mod-
els, a high-fat diet reorganizes CLOCK:BMAL1 chromatin recruitment, impairing canonical
clock output while activating surrogate PPARy-driven oscillatory pathways. In genetically
obese db/db mice, the amplitude of hepatic PER2 oscillations is dramatically reduced. Treat-
ment with a ROR agonist restored PER2 amplitude and simultaneously reduced Srebplc
and inflammatory cytokine expression in that animal model [42]. Human MAFLD tissue
provides convergent transcriptomic evidence from a distinct and more clinically relevant
evidence layer. In human liver biopsies, clock repressor genes including PER2, PER3, and
CRY?2 are progressively reduced across the histological spectrum from steatosis to MASH.
NR1D2 and RORA expression amplitudes decline with advancing fibrosis stage in human
tissue data. The relationship between BMAL1 expression and fibrosis severity requires
careful interpretation because animal model and human tissue findings point in divergent
directions. In certain mouse models, hepatocyte-specific Bmall deletion confers relative
protection from fibrosis, yet this finding is not replicated consistently across whole-body

https:/ /doi.org/10.3390/ijms27104571


https://doi.org/10.3390/ijms27104571

Int. J. Mol. Sci. 2026, 27,4571

7 of 29

knockout and diet-induced models. In human MAFLD tissue, by contrast, reduced BMAL1
expression correlates with increased fibrosis severity. These divergent observations most
plausibly reflect differences in model design, including knockout specificity and hormonal
context, rather than a fundamental biological divergence between species. This model-
dependent variability is an important interpretive limitation when applying animal model
clock-fibrosis findings to human disease.

The inflammatory amplification of clock gene suppression operates through molecular
pathways established primarily in cell-based and animal studies. In these experimental
systems, TNF-a and IL-1p suppress Per1, Per2, Dbp, Tef, and HIf transcription by directly
impairing CLOCK:BMALI1-induced E-box activation. NF-«B activation further relocal-
izes CLOCK and BMAL1 occupancy toward NF-kB-enriched genomic sites. This diverts
transcriptional activity away from clock-controlled metabolic gene networks [43]. The
structural basis for this interference involves RELA binding to the transactivation domain
of BMAL1. RELA competes with the coactivator CBP/p300, shortening circadian period
and dampening oscillatory amplitude without abolishing the clock entirely [44]. BMAL1
normally restrains NF-«B activity through its transcriptional target REV-ERBo [45]. BMAL1
loss therefore removes a key anti-inflammatory brake, allowing NF-«B to sustain its own
activating signal. NF-«B additionally drives DNMT1-mediated promoter methylation
of BMALI, potentially completing a self-amplifying pathological cycle. This epigenetic
reinforcement mechanism is supported by indirect mechanistic evidence and has not yet
been directly demonstrated in human MAFLD liver tissue.

The proteomic dimension of circadian remodeling in hepatic steatosis extends beyond
what transcriptomic profiling can resolve. The quantitative benchmarks underlying this
argument were established in healthy mouse liver and have not yet been directly replicated
in disease states through time-resolved studies. Duong and colleagues demonstrated that
severe experimental circadian disruption rewrote the rhythmicity of approximately 98%
of the whole-cell liver proteome and 95% of the nuclear proteome in a mouse model [46].
That finding was obtained under extreme light-cycle perturbation conditions that differ
substantially from the metabolic and behavioral context of clinical MAFLD. The magnitude
of proteomic remodeling in human MAFLD is unlikely to reach equivalent levels. Never-
theless, these data indicate that the scope of circadian remodeling in metabolic liver disease
has been substantially underestimated by transcriptomic studies alone (Figure 3).

Clock protein phosphorylation is directly coupled to the metabolic state of the hepato-
cyte through the NAD™ oscillatory system. SIRT1 deacetylates both BMAL1 and PER2 in a
NAD?-dependent manner, linking rhythmic NAD* availability to the stability and activity
of clock proteins. NAD™ levels are depleted in MAFLD and MASH, and this depletion
impairs SIRT1-mediated clock protein deacetylation. The consequence is aberrant PER2
accumulation and disrupted negative feedback within the primary oscillatory loop. Addi-
tionally, mTORC1 activation promotes BMAL1 phosphorylation through S6K1-dependent
signaling [47]. mTOR hyperactivation in metabolic liver disease therefore alters BMAL1
phosphorylation stoichiometry in ways not captured by transcript-level measurements.
The only published human liver tissue phosphoproteomic study in MAFLD was conducted
by Wattacheril and colleagues, who profiled hepatic phosphorylation in biopsy-proven
MAFLD patients across three histological groups [48]. They identified 53 phosphorylation
sites altered more than twofold between groups. Enriched pathways distinguishing MASH
from simple steatosis included carbohydrate metabolism and post-transcriptional RNA
modification, both of which overlap with circadian-regulated phosphorylation networks
identified in separate animal studies. That study represents the only available human liver
phosphoproteomic dataset in MAFLD, and it was not designed with temporal resolution.
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Figure 3. Post-transcriptional and post-translational mechanisms dominate hepatic circadian pro-
teome organization under standard and environmentally disrupted conditions. Heatmaps of rhyth-
mically expressed transcripts (nRNA), whole-cell proteins (TE), and nuclear proteins (NE) in mouse
liver under standard conditions (A) and environmental circadian disruption (B). Only 22 genes
display rhythmicity at all three molecular levels simultaneously under standard conditions. Envi-
ronmental disruption rewrites rhythmicity across approximately 98% of the whole-cell proteome
and 95% of the nuclear proteome. TE, total extract; NE, nuclear extract; Red star, thythmic portion.
Adapted from Duong et al. (2024) [46], Nature Communications, under CC BY 4.0.

3.1.2. Metabolomic Signatures of Disrupted Lipid, Bile Acid, and Amino Acid Rhythms

The hepatic metabolome oscillates with a 24-h periodicity that is partially independent
of the transcriptional clock. This independence makes metabolite thythm loss a distinct
evidential layer in MAFLD, not simply a downstream echo of clock gene suppression. The
quantitative basis for this argument was established in animal studies. Adamovich and col-
leagues used shotgun lipidomics across 159 lipid species in mouse liver [49]. Approximately
17% of lipid species oscillated circadianly. Triglyceride species displayed roughly twofold
amplitude and peaked near CT8. In Perl and Per2 double-knockout animals, an equivalent
fraction of lipid species continued to oscillate. Their phases were completely inverted, with
triglyceride peaks shifting to CT20. This inversion demonstrates that lipid metabolomic
rhythms are sustained by feeding—fasting cycles independently of the canonical clock in
mouse liver. Approximately 20% of hepatic metabolite oscillations were maintained in that
model, compared with only 10% of transcript oscillations. Lipid metabolite rhythms specif-
ically required inter-organ coordination for full restoration in these animal experiments.
These findings suggest that hepatic lipidomics may reflect systemic circadian coherence
rather than hepatocyte-autonomous transcriptional output.

Time-restricted feeding provides the most direct interventional evidence that lipid
metabolomic rhythms are rescuable under metabolic disease conditions in animal mod-
els. Adamovich and colleagues showed that nighttime-restricted feeding increased the
number of oscillating triglyceride species and reduced total hepatic triglyceride content by
approximately 50% in mice [49]. Chaix and colleagues demonstrated that an 8-h feeding
window reduced hepatic lipid accumulation even in Cry1 and Cry2 double-knockout and
liver-specific Bmall-knockout mice [50]. Mehus and colleagues documented that 12-h dark-
phase restricted feeding on high-fat diet created a distinct lipid metabolic state with unique
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triglyceride and phospholipid species signatures in mouse liver [51]. Huang and colleagues
identified clock regulation of fatty acid metabolism as the key diurnal feature reset by
meal timing across six simultaneous omics layers in an animal study [52]. Together these
interventional findings establish, in animal models, that the lipid metabolomic phenotype
of circadian disruption is reversible through feeding schedule normalization independently
of the molecular clock.

The bile acid dimension is organized around a mechanistic chain connecting clock
output to enzyme rhythmicity and then to metabolite pool remodeling. CYP7A1 is the
rate-limiting enzyme of the classical bile acid synthesis pathway. Its expression follows a
robust circadian rhythm under the control of REV-ERB«. The clock output transcription
factor D-box binding PAR bZIP transcription factor (DBP) independently transactivates
both CYP7A1 and the bile acid uptake transporter NTCP. ROR« regulates CYP8B1, which
determines the ratio of 12-hydroxylated to non-12-hydroxylated bile acids within the pool.
ROR« overexpression increases cholic acid and taurocholic acid concentrations in bile.
MAFLD reduces both REV-ERBa amplitude and ROR« activity in animal models. The
12-hydroxylated fraction of the bile acid pool has therefore been proposed as a metabolomic
indicator of clock dysfunction at the enzyme level.

Ferrell and Chiang directly measured the metabolomic consequences of CYP7A1 de-
rhythmization in sleep-disrupted mice [53]. Peak CYP7A1 expression was suppressed
and phase-advanced by approximately four hours. The resulting bile acid redistribution
was substantial in that animal model. Hepatic bile acids decreased during daytime, in-
testinal bile acids nearly doubled at ZT2, and gallbladder bile acids increased fivefold at
ZT2. Eggink and colleagues showed that a high-fat diet combined with inactive-phase
feeding abolished CYP7A1 and CYPSB1 expression rhythms entirely in rats [54]. Kettner
and colleagues demonstrated that FXR ablation dramatically increased enterohepatic bile
acid levels and accelerated hepatic steatosis induced by jet-lag protocols [55]. That study
was conducted in a hepatocarcinogenesis model rather than a MAFLD model. Its findings
should be understood as mechanistic context rather than direct evidence for bile acid clock
disruption in metabolic liver disease. Within that interpretive constraint, the data posi-
tion FXR de-rhythmization as a candidate mechanism amplifying circadian metabolomic
disturbance into pathological bile acid accumulation.

The amino acid metabolome offers a mechanistically plausible but evidentially incom-
plete dimension of circadian disruption in MAFLD. Amino acid pathways were among
the most enriched oscillating categories in that dataset. Branched-chain amino acids are
elevated in MAFLD as a replicated metabolomic finding. Their accumulation activates
mTOR signaling, which in turn alters BMAL1 phosphorylation stoichiometry. However,
whether the diurnal oscillatory pattern of branched-chain amino acids is specifically dis-
rupted in steatotic liver has not been directly measured. The proposed connection to clock
dysfunction currently rests on indirect mechanistic inference rather than time-resolved
metabolomic evidence. The one-carbon and transsulfuration pathways offer a more mecha-
nistically grounded intersection of circadian regulation and amino acid metabolism. Cal-
Kayitmazbatir and colleagues identified a direct physical interaction between CBS and
CRY1 in mouse liver extracts [56]. This interaction provides molecular-level experimental
evidence for bidirectional coupling between the clock and sulfur amino acid catabolism.
Liver extracts from Cryl-null mice show reduced CBS enzymatic activity, and CRY1 recip-
rocally modulates CBS function through this physical association.

These findings suggest a plausible but evidentially incomplete framework in which
MAFLD-associated clock disruption alters the temporal organization of sulfur amino acid
catabolism and one-carbon metabolism. Direct time-resolved metabolomic confirmation
in steatotic liver has not yet been reported in animal models or human cohorts. Across
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the three metabolite domains reviewed here, the evidence base differs substantially. Lipid
and bile acid metabolomic rhythms are supported by multiple independent animal studies
with consistent mechanistic findings. Amino acid metabolomic disruption remains at
the level of mechanistic inference and requires direct experimental validation in disease-
relevant models before equivalent conclusions can be drawn. Despite this heterogeneity,
the available evidence points toward a shared principle. Metabolite oscillation loss in
MAFLD reflects the combined failure of clock-dependent enzyme rhythmicity, impaired
inter-organ circadian coordination, and disrupted feeding—fasting entrainment. Each of
these three mechanisms operates as a partially independent contributor to the overall
metabolomic phenotype.

3.1.3. Gut Microbiota Circadian Oscillation and Its Hepatic Metabolic Consequences

The evidence reviewed in this section derives almost entirely from animal models
and preclinical studies. The causal link between microbiota rhythm disruption and liver
disease progression has not been established in human studies, and findings should be
interpreted within that constraint. The gut microbiota exhibits diurnal rhythms in both
community composition and metabolic output. These oscillations are maintained by host
feeding—fasting cycles and intestinal clock gene activity. Thaiss and colleagues demon-
strated in mice that fecal microbiota undergo consistent 24-h compositional fluctuations
driven by host feeding behavior [57]. Ablation of host clock genes or experimental jet-lag
induction disrupted these oscillations in that animal model. The resulting arrhythmic
dysbiosis, when transplanted into germ-free recipients, was associated with obesity and
glucose intolerance. This association suggests that disrupted microbiota rhythmicity may
act as a potential mediator of metabolic dysfunction rather than a direct causal driver.
A subsequent study from the same group showed that disrupted microbiota rhythmic-
ity reprogrammed hepatic transcription on a genome-wide scale in mice [58]. Heddes
and colleagues demonstrated equivalent effects using intestinal epithelial cell-specific
Bmall ablation. Microbial oscillations persisted in constant darkness in that animal model,
confirming true circadian rather than solely light-driven regulation [59].

Three classes of microbiota-derived signals hold the most direct mechanistic evidence
for hepatic clock entrainment in preclinical models. Their molecular targets, mechanistic
basis, and current evidence levels are presented in Table 2. The first class is short-chain fatty
acids. Rhythmic SCFA production peaks approximately four hours after light onset and os-
cillates in phase with free fatty acid receptor expression in the colonic tissue of mice [60]. In
Bmall-knockout mice, both SCFA rhythms and receptor expression rhythms are abolished
in that animal model. A related but chemically distinct signal, beta-hydroxybutyrate (BHB),
is a ketone body originating from hepatic fatty acid oxidation. Tognini and colleagues
demonstrated in mice that BHB drives cyclic histone deacetylase inhibition in the liver,
altering BMAL1 chromatin recruitment in a feeding-phase-dependent manner [61]. That
finding identifies ketone-mediated epigenetic signaling as a candidate mechanism influenc-
ing hepatic clock accessibility in animal models. Tahara and colleagues showed in mice
that oral SCFA administration produced phase shifts in peripheral clocks including the
liver [62]. Whether SCFA-mediated clock entrainment operates equivalently in human liver
has not been directly tested in hepatic tissue. The second class of signals is secondary bile
acids generated by microbial 7-alpha-dehydroxylation. Yao and colleagues used isogenic
BSH-deleted and wild-type Bacteroides thetaiotaomicron in gnotobiotic animals. A single
microbial enzymatic modification of bile acids substantially altered circadian pathway
transcription in both gut and liver in that experimental system [63]. BSH activity itself
oscillates in mouse gut microbiota with a feeding-entrained rhythm. The resulting temporal
variation in secondary bile acid pool composition may serve as a potential time-of-day
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signal relayed to hepatic receptors including TGR5. This proposed relay mechanism awaits
direct verification in human hepatic tissue [64]. The third class involves tryptophan-derived
metabolites produced by intestinal bacteria. The aryl hydrocarbon receptor (AhR) provides
the primary molecular interface between indole metabolites and the hepatic circadian
machinery in cell-based and mouse studies. The AhR and its dimerization partner ARNT
(aryl hydrocarbon receptor nuclear translocator) share the same PAS dimerization inter-
face as the CLOCK-BMALL1 complex, creating structural competition at E-box regulatory
elements [65,66]. Whether this AhR-mediated competition with BMAL1 operates with
functional significance in human liver has not been directly demonstrated, and current
evidence remains preclinical.

Table 2. Gut microbiota-derived rhythmic signals and their hepatic clock targets.

Representative

Hepatic

Signal Class Molecules Molecular Target Mechanistic Basis Evidence Level References
Cyclic HDAC Limited (human
Short-Chain Butyrate, BMALL1 chromatin inhibition via peripheral blood [67]
Fatty Acids propionate accessibility rhythmic SCFA RCT only; no
production hepatic tissue data)
Lithocholic acid, DBP, PER1, PERz ~ Doridependent p. o0 4 (human
S o bile acid pool . :
Secondary deoxycholic acid, transcription; modification colonic cell lines [68]
Bile Acids BSH-modified CRY?2 stability via only; no hepatic
bile acid pool CK16/ ¢ feedback and CRY2 tissue data)
kinase feedback
CLOCK:BMAL1 AhR-ARNT ..
Tryptophan- . Preclinical only
. Indole E-box activity via  structural
Derived .. L. (mouse models and  [65,66]
. derivatives AhR-ARNT competition at
Metabolites L cell-based systems)
competition E-box elements

In MAFLD, the disruption of these three rhythmic communication channels may
contribute to a self-amplifying cycle of gut-liver desynchronization. The mechanistic
evidence for this cycle derives almost entirely from animal models. A high-fat diet abolished
the diurnal rhythm of the host antimicrobial peptide Reg3+ in intestinal tissue of mice,
impairing microbiota oscillatory dynamics and reducing rhythmic metabolite delivery
to the liver [69]. Disrupted light-dark cycles and a high-fat diet together worsen both
microbial dysrhythmia and hepatic steatohepatitis to a degree exceeding either insult
alone in animal studies. One animal study reported that restoration of normal light-dark
cycles after prolonged disruption paradoxically worsened hepatic steatosis and Bmall
expression in mice [70]. That finding comes from a single study with limited sample
size and without temporal microbiota profiling. It should be regarded as a hypothesis-
generating observation rather than an established mechanistic feature, and independent
replication is needed before broader inferences can be drawn. Yang and colleagues provide
the only available directional human evidence in this field. They documented disrupted
plasma bile acid profiles and FGF19 rhythms in night-shift workers compared with day-shift
controls through a cross-sectional plasma metabolomic study [71]. That study is currently
the only human metabolomic dataset addressing gut-liver circadian axis disruption in
a population with metabolic risk. It provides directional support for the animal model
findings but cannot establish temporal causality or tissue-level clock-microbiota coupling
due to its cross-sectional design.
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3.2. Circadian Reprogramming in Viral Hepatitis and Its Progression to Hepatocellular Carcinoma
3.2.1. Epigenomic and Transcriptomic Clock Remodeling in HCV Infection

HCV infection remodels the temporal organization of the hepatic transcriptome across
multiple functional gene categories. Mukherji and colleagues characterized this remodeling
using a human liver chimeric mouse model [14]. In that system, immunodeficient mice
were transplanted with primary human hepatocytes and infected with HCV genotype
1b. This model provides human hepatocyte-level data within an in vivo experimental
environment. Its translational relevance exceeds that of standard rodent studies. However,
findings from this model should not be equated with data derived directly from human
liver tissue. The immunodeficient host environment and the absence of intact human
immune-hepatic interactions represent important interpretive constraints. Animals were
sampled at six timepoints across the 24-h diurnal cycle. RNA-seq analysis identified
oscillatory alterations in more than 1000 protein-coding genes, representing approximately
22% of all rhythmically expressed transcripts in human hepatocytes. The perturbation
encompassed loss of oscillation, de novo gain of rhythmicity, and alterations in phase
and amplitude (Figure 4). Lipid metabolism gene networks lost their diurnal oscillatory
organization. Fibrogenesis-related pathways including TGF-3 and SMAD signaling gained
aberrant rhythmic activity. A clock disruption signature derived from these chimeric model
data was subsequently validated in a cohort of 216 patients with early-stage HCV cirrhosis,
where it predicted overall survival. That human cohort validation represents a clinically
direct evidence layer that is distinct from the chimeric model findings from which the
signature was derived.

A bidirectional relationship between clock function and HCV propagation underlies
this transcriptomic remodeling. BMALL1 drives rhythmic expression of HCV entry receptors
including CD81 and claudin-1. Pharmacological REV-ERB«x activation suppresses HCV
RNA replication by reducing stearoyl-CoA desaturase activity [72]. That finding was
established in cell-based and animal experiments rather than human clinical studies. In
the reverse direction, HCV core protein downregulates PER2 and CRY2 mRNA levels and
suppresses their corresponding proteins. This suppressive effect has been characterized
for HCV genotype 1b and should not be assumed to apply across other genotypes. PER2
overexpression reduced HCV RNA replication by approximately 30% in that experimental
system. It also partially restored interferon-stimulated gene expression patterns. HCV
therefore suppresses PER2 to remove a constitutive antiviral constraint within the circadian
machinery of the infected cell. A microRNA-mediated pathway reinforces this clock
attenuation. Elevated miR-10a in HCV-infected hepatocytes suppresses RORo expression.
This in turn attenuates BMALI transcription and blunts its oscillatory amplitude [31]. That
finding was established in human liver biopsy samples from HCV-related cirrhosis patients
and represents direct human tissue evidence. Reduced BMALI expression correlates with
fibrosis stage in those biopsies and predicts HCC recurrence in HCV-related cirrhosis.
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Figure 4. HCV infection perturbs the diurnal transcriptome of human hepatocytes across multiple
oscillatory categories. Heatmaps and rose plots classifying rhythmically expressed genes in human
liver chimeric mice by oscillatory category, comparing uninfected controls and HCV-infected con-
ditions (A,B). HCV infection alters the rhythmicity of more than 1000 genes, encompassing loss of
rhythmicity, de novo gain of rhythmicity, and alterations in phase or amplitude. HLCM, human
liver chimeric mouse. Reproduced from Mukherji et al. (2024) [14], Nature Communications, under
CCBY 4.0.

HCV-induced epigenomic remodeling extends beyond transcriptional output and
shows evidence of persistence after viral clearance. Time-resolved ChIP-seq analysis
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in the chimeric liver model revealed perturbed rhythmic histone acetylation at clock-
regulated metabolic gene loci [14]. These epigenetic marks were subsequently detected as
stable modifications in clinical samples from patients who achieved sustained virological
response with direct-acting antivirals [73,74]. That observation provides human-level
evidence for post-clearance epigenomic persistence. HCV infection also elevates DNMT1
and DNMT3B activity in hepatocytes, as established in cell-based studies [75]. This provides
a potential biochemical basis for promoter hypermethylation at clock-associated gene loci.
However, direct methylation at those specific loci has not been demonstrated in the cited
studies. Whether clock gene promoter CpG islands are directly targeted by this mechanism
therefore remains unresolved. HCV infection induced DNA methylation changes across
approximately 237 genes in the chimeric mouse model. That remodeling required the
in vivo innate immune environment and was not reproducible under cell culture conditions.
The available evidence reflects viral co-option of host regulatory intermediaries rather than
direct disruption of clock protein function. Whether these epigenomic changes drive long-
term hepatic disease risk after viral clearance requires further investigation in longitudinal
human cohorts.

3.2.2. Multi-Omics Landscape of Clock-Associated Gene Dysregulation in HCC
Transcriptional Dysregulation of Clock Genes in HCC

Transcriptomic profiling across independent HCC cohorts has established a consistent
clock gene alteration pattern. BMAL1, PER1, PER2, CRY2, and RORA are downregu-
lated in paired tumor and adjacent non-tumor tissue. TIMELESS and NPAS2 are the
most consistently upregulated components [76]. Promoter hypermethylation silences
activator-arm clock genes across multiple cohorts [77]. miR-494-3p provides an additional
post-transcriptional route for BMALI suppression. The role of EZH2 in this silencing
process remains directionally unresolved and should not be treated as an established
mechanism [78]. In HBV-related HCC, HBx protein simultaneously upregulates positive-
arm and suppresses negative-arm clock genes. That finding derives from a small-cohort
transcript-level study and has not been independently replicated.

A critical interpretive constraint applies to all transcriptomic clock gene data in HCC.
Reduced mean expression of a clock gene and loss of its oscillatory function are not
equivalent phenomena. Yang and colleagues used XR-Seq profiling in DEN-induced mouse
liver tumors and found that core clock gene rhythms are largely preserved despite altered
expression levels [79]. Tumor-specific transcripts showed inverted phase relationships and
MYC target enrichment. A tumor may therefore retain measurable rhythmic output while
displaying downregulated mean clock gene expression.

Post-Translational Remodeling of Clock Proteins in HCC

The most consequential proteomic finding in HCC clock biology operates outside tran-
scriptional regulation. Liu and colleagues demonstrated that IGF1R-driven CK2-mediated
phosphorylation of CLOCK at serine 106 disrupts the nuclear CLOCK-BMALI1 complex in
HCC cell lines [17]. Cytoplasmic CLOCK then acetylates PRPS1 and PRPS2, sustaining de
novo nucleotide synthesis. CLOCK S106 phosphorylation and PRPS1/2 K29 acetylation
associate with poor prognosis in human HCC specimens [80]. That prognostic association
in human tissue represents a more clinically direct finding than the cell line mechanistic
data. CRY2 downregulation in HCC destabilizes a parallel proteasomal checkpoint. CRY2
normally functions as a cofactor for the FBXL3-SCF E3 ubiquitin ligase complex, which
recruits T58-phosphorylated c-MYC for degradation [81,82]. CRY2 loss therefore allows
¢-MYC to accumulate, and this mechanism is entirely post-translational.
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Clock gene loss also disrupts cell cycle checkpoint control through protein-level
mechanisms. PER2-dependent modulation of Weel kinase restrains Cyclin B1-CDC2
activity at the G2/M transition in carcinogen-exposed hepatocytes [83]. PER2 loss removes
this clock-encoded mitotic gate in animal models. NPAS2 engages the same checkpoint
from the opposing direction by transcriptionally activating CDC25A phosphatase in HCC
cell lines [84]. No global phosphoproteomic, acetylome, or ubiquitome study has yet been
conducted in HCC tissue.

Metabolic Reprogramming Through Clock-Associated Pathways in HCC

Clock-associated post-translational modifications extend into metabolic and oncogenic
signaling networks. FBXW? disruption destabilizes REV-ERBx protein and perturbs hepatic
lipid and glucose metabolic rhythms in experimental models [85]. CSNKID, elevated
in HCC tissue, activates Wnt signaling through DVL3 stabilization and contributes to
sorafenib resistance in cell line studies [86]. Both findings derive from experimental systems
rather than time-resolved human HCC tissue data.

Single-cell and spatial transcriptomic analyses have begun to resolve the cell-type
distribution of clock gene dysregulation in HCC. Dysregulated circadian genes are predom-
inantly distributed across malignant hepatocytes, cancer-associated fibroblasts, and tumor
endothelial cells [87,88]. A pan-cancer single-cell analysis identified a 101-gene endothelial
clock signature with independent prognostic value in HCC datasets [89]. Spatial profiling
confirmed that clock-associated gene expression varies across HCC tissue architecture, with
RBM17 elevated in tumor leading-edge regions [90]. These datasets were collected without
circadian sampling design and therefore describe expression level distribution rather than
oscillatory status. Time-resolved single-cell profiling in etiology-stratified HCC cohorts
would be required to characterize cell-type-specific rhythmic disruption directly. The multi-
omics evidence base for HBV-related HCC remains limited to small-cohort transcript-level
findings across all three analytical layers discussed here. No time-resolved proteomic or
metabolomic dataset exists for HBV-related HCC at any disease stage.

3.2.3. Circadian Regulation of the HCC Immune Microenvironment

The relationship between circadian gene dysregulation and the HCC immune microen-
vironment is currently supported only by correlational and cross-cancer evidence. Zhang
and colleagues applied TIMER-based immune deconvolution to TCGA HCC cohorts and
found that PER1, CRY2, and NPAS2 expression correlated with CD8+ T cell, dendritic cell,
and macrophage infiltration patterns [91]. These correlations persisted after adjustment
for tumor purity. However, correlation-based immune deconvolution cannot establish
the direction or mechanism of any relationship between clock genes and immune cell
recruitment. Those associations have not been validated in HCC-specific experimental
models. The following evidence derives from non-hepatic tumor systems and should be
understood as biological context rather than direct support for HCC-specific conclusions.
Wang and colleagues demonstrated clock-dependent rhythmic CD8+ T cell infiltration
and cytolytic function in murine and human tumors [92]. Fortin and colleagues identified
rhythmic PD-L1 expression on MDSCs as a mechanism linking tumor circadian programs
to CD8+ T cell suppression [93]. Whether equivalent clock-immune coupling operates
within the HCC tumor microenvironment has not been directly demonstrated.

The proposition that clock gene downregulation promotes M2 macrophage polar-
ization and immune evasion in HCC is best regarded as a hypothesis. It rests on two
inferential steps across distinct biological contexts. The first draws on jet-lag experiments in
a melanoma model, where circadian disruption abolished diurnal M1-to-M2 macrophage
oscillations and accelerated tumor growth [94]. The second draws on BMAL1-macrophage
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polarization mechanisms characterized in ALD and immune-mediated hepatitis models.
Extrapolating across both steps to the HCC tumor microenvironment involves compound-
ing uncertainty that dedicated experimental investigation would need to resolve. The
evidentiary gap in HBV-related HCC is particularly consequential.

3.3. Circadian Clock Dysregulation in Liver Fibrosis, ALD, and Cholestatic Disease
3.3.1. Clock-Dependent Gating of Profibrotic Signaling and Hepatic Stellate Cell Activation

The hepatic circadian oscillator imposes temporal constraints on profibrotic signaling
output, and the removal of these constraints is a defining feature of fibrosis-associated clock
disruption. BMALL1 loss promotes HSC activation through two mechanistically indepen-
dent pathways in cell-based and organoid models. The first operates through the IDH1
and a-ketoglutarate metabolic axis, through which BMAL1 suppresses aerobic glycolysis
and blocks HSC proliferation and phenotypic transformation [95]. The second pathway
operates through CKle-mediated phosphorylation of REV-ERBax and the cytoskeletal pro-
tein Transgelin in activated HSCs [37]. CK16/¢ inhibition reduced TGFE-B-induced HSC
activation markers in both cellular and organoid systems in those in vitro studies. Fibrosis
reciprocally suppresses BMALI expression in activated HSCs in the same experimental
models. These findings collectively suggest a cycle in which clock disruption and profibrotic
signaling mutually reinforce one another.

REV-ERBo has emerged as the clock protein with the most directly demonstrable
pharmacological relevance to hepatic fibrosis in preclinical models. It is important to note
at the outset that SR9009, one of the most widely used synthetic REV-ERB ligands, has
documented REV-ERB-independent effects on cell viability and gene expression. Thomes
and colleagues demonstrated that SR9009 suppresses HSC proliferation and fibrogenic
marker expression through blockade of P70S6K phosphorylation in cell-based studies [96].
Wang and colleagues showed that the REV-ERBax agonist G5K4112 attenuates CCl4-induced
fibrosis by suppressing NLRP3 inflammasome activation in animal models [97]. Griffett
and colleagues confirmed anti-fibrotic effects of SR9009 in a diet-induced MASH animal
model [98]. No human clinical trial has evaluated REV-ERBx agonism in liver fibrosis.

The disruption of circadian clock gene expression directly remodels extracellular ma-
trix composition at the tissue level in animal models. CLOCKA19 mutant mice exhibit
significantly elevated baseline collagen deposition following CCl4 challenge [99]. Transcrip-
tomic data integrated with ATAC-seq from quiescent HSCs identified a potential CLOCK
regulome associated with HSC quiescence maintenance in that study. Per2 deletion elevates
Collal and Timp1 expression in cholestatic mouse liver. Evidence from non-hepatic models
further suggests clock involvement in matrix remodeling. CLOCK directly drives Timp3
rhythmic expression in human keratinocytes, and Bmall deletion abolishes Mmp2 and
Mmp9 activity rhythms in vascular tissue [100,101]. Those findings derive from skin and
vascular systems rather than liver. Their applicability to the fibrotic hepatic environment
therefore represents an inferential extrapolation rather than direct evidence.

The Kupffer cell circadian program contributes independently to fibrotic microenvi-
ronment remodeling. The relevant experimental evidence was established primarily in
peritoneal macrophages and bone marrow-derived macrophages. Direct evidence in Kupf-
fer cells specifically remains limited, and that constraint applies to all findings described in
this paragraph. Pourcet and colleagues demonstrated that REV-ERBa controls the diur-
nal oscillation of NLRP3 inflammasome expression in hepatic macrophages, constraining
the temporal pattern of IL-13 and IL-18 secretion [102]. Liu and colleagues established
that myeloid BMALL1 drives the time-of-day dependence of hepatic inflammatory injury
through direct regulation of Junb transcription in animal models [103]. Li and colleagues
reported that circadian disruption in HFD-fed mice activates the RIPK1-RIPK3-MLKL
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necroptosis pathway in Kupffer cells with progressive collagen deposition [104]. That
finding represents a single study and independent replication has not yet been published.
It should therefore be regarded as a hypothesis-generating observation rather than an
established mechanistic feature of fibrosis-associated clock disruption.

3.3.2. Ethanol-Induced Disruption of Hepatic Clock Output and Metabolic Rhythms

Chronic ethanol exposure directly suppresses the oscillatory amplitude of core hepatic
clock genes in animal models, while leaving the suprachiasmatic nucleus substantially
intact. Alcohol feeding dampens diurnal oscillations of Bmall, Clock, Cry1, Cry2, Perl, and
Per2 in mouse liver. Downstream clock-controlled output genes including Dbp, HIf, and
Nr1d1 are equally attenuated in those animal studies. This liver-specific suppression is also
detectable in human peripheral blood mononuclear cells. In alcohol-dependent patients,
baseline expression of all six core clock genes in PBMCs was markedly lower than in con-
trols. Only limited restoration was observed after one week of detoxification. Those PBMC
findings provide directional human-level evidence for ethanol-induced clock suppression.
They do not directly reflect hepatic clock gene status. Tissue-specific differences in circadian
gene regulation mean that PBMC measurements should be understood as an accessible
surrogate rather than a substitute for liver tissue data.

The mechanisms underlying hepatic clock suppression converge on two parallel axes
established in animal and cell-based studies. The first axis concerns ethanol-induced dis-
ruption of the NAD* /NADH oscillatory cycle. This impairs SIRT1-mediated deacetylation
of BMALL1 and PER?2 in experimental systems. Acute ethanol exposure decreases hepatic
SIRT1 levels and AMPKa phosphorylation. It simultaneously elevates BMAL1 and PER2
protein abundance in a pattern consistent with impaired deacetylation-dependent protein
turnover [105]. The second axis involves CYP2E1-derived reactive oxygen species sup-
pressing CLOCK:BMALL transcriptional activity at E-box regulatory elements in cell-based
models. These two axes act in concert as parallel contributors to clock suppression. They
should not be understood as sequential steps in a single upstream cascade.

BMAL1 has emerged as the central node through which ethanol-induced clock disrup-
tion translates into hepatic metabolic injury. In animal models, ethanol exposure impairs
BMALI1-dependent temporal coordination between de novo lipogenesis and fatty acid
oxidation, resulting in pathological lipid accumulation. Liver-specific Bmall knockout
mice fed ethanol developed more severe steatosis than wild-type controls in those animal
experiments, confirming that intact BMALL1 function is hepatoprotective in the context
of alcohol exposure [41]. Valcin and colleagues showed in ethanol-fed mice that alcohol
feeding induced arrhythmicity in Cry1, Cry2, and Nfil3, dampened Bmall and Dbp rhythms,
and phase-advanced Nr1d1 expression [40]. The resulting triglyceride lipidome remodeling
involved altered fatty acid chain length and saturation profiles detectable only through
lipidomic analysis. Two pharmacological studies confirm that BMALL1 is a viable thera-
peutic target in preclinical ALD models. Nobiletin failed to protect Bmall-deficient mice
from ethanol-induced liver injury while protecting wild-type animals [106]. Physcion
directly occupied the BMALI active pocket, reversed clock gene suppression, and lost
its hepatoprotective effect upon Bmall siRNA knockdown in animal experiments [107].
Whether these pharmacological findings translate to human ALD has not been tested in
clinical studies.

Ethanol also uncouples gut microbiota circadian oscillations from hepatic clock output
through intestinal epithelial clock disruption. CYP2E1l-derived oxidative stress in the
intestinal epithelium drives PER2 induction through a PKA-CREB signaling cascade [108].
Among the limited human evidence available in this field, Swanson and colleagues showed
that moderate alcohol consumption produced intestinal hyperpermeability and elevated
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plasma LPS in night workers. This effect was not observed in day workers with intact
circadian alignment [109]. That human study provides directional evidence that circadian
misalignment amplifies ethanol-induced intestinal barrier dysfunction. Its cross-sectional
design does not permit causal inference, and tissue-level clock-microbiota coupling cannot
be assessed from plasma measurements alone.

Loss of rhythmic microbial metabolite delivery further compounds the direct hepatic
clock suppression caused by ethanol. In alcohol-dependent patients, only 0.66% of gut
microbial operational taxonomic units oscillated diurnally, compared with 1.68% in healthy
controls [110]. That clinical finding provides direct human evidence for the near-complete
abolition of microbiota compositional rhythms in ALD. This reduction in oscillatory mi-
crobiota likely diminishes the circadian supply of SCFAs and secondary bile acids that
normally entrain hepatic clock output [111]. Zhang and colleagues demonstrated in animal
models that ellagic acid restored hepatic NPAS2 expression through microbiota reshaping,
and that germ-free and antibiotic-treated mice lost this rescue effect entirely [112]. The sole
genome-wide time-resolved multi-omics study in ethanol-treated liver was conducted by
Gaucher and colleagues, who revealed distinct metabolic reprogramming between acute
and chronic ethanol exposure [113]. That study identified rewired acetyl-CoA metabolism
and altered BMALL1 acetylation patterns detectable only through combined proteomic and
acetylome profiling. Beyond that single study, no time-resolved phosphoproteomics and
no metabolomics with diurnal resolution have been performed in any ALD model.

3.3.3. Mechanistic Inference and Evidence Gaps in Cholestatic Liver Disease

The relationship between the circadian clock and bile acid homeostasis operates in
both directions. Clock gene loss produces elevated serum bile acids and spontaneous
hepatic cholestasis through arrhythmic Cyp7al and Slc10al expression in animal models.
Per2 deletion further sensitizes the liver to bile duct ligation-induced fibrotic injury in
those experimental systems. The reverse relationship is supported by two convergent
but mechanistically independent lines of evidence. Powell and colleagues demonstrated
that lithocholic acid stabilizes CRY2 by modulating CK16 and CKle phosphatase feed-
back in human intestinal epithelial cells [68]. That mechanism was established specifically
in intestinal rather than hepatic or biliary tissue. Whether equivalent bile acid-driven
clock modulation operates in cholangiocytes or hepatocytes remains to be directly tested.
Cholestasis-associated inflammatory cytokines impose a parallel and independent sup-
pressive route on clock gene expression. These two pathways should be understood as
distinct contributors to circadian disruption in cholestatic disease rather than sequential
steps in a single cascade. Parenteral nutrition-associated cholestatic injury attenuates REV-
ERBo, BMALL, and PER?2 protein levels and produces measurable hepatic-ileal circadian
discordance in mouse models [114].

The cholangiocyte is the cellular target most directly relevant to PBC and PSC pathol-
ogy. Its intrinsic clock program has received no time-resolved investigation. The available
evidence derives almost entirely from melatonin receptor-mediated pharmacological in-
terventions in rodent bile duct ligation models rather than from direct time-resolved
profiling of cholangiocyte circadian oscillations. Sustained melatonin treatment in the
Mdr2-knockout PSC model reduced biliary proliferation, senescence, and fibrosis over
three months [115]. Pinealectomy or continuous light exposure exacerbated bile duct
ligation-induced biliary injury through clock gene dysregulation and miR-200b induc-
tion in animal experiments [116]. These studies confirm that cholangiocytes possess a
functional clock gene apparatus that is modulated during cholestatic injury. The intrinsic
oscillatory dynamics of the biliary epithelial clock therefore remain uncharacterized at the
mechanistic level. In PBC patient tissue, AANAT is substantially suppressed in cholan-
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giocytes, suggesting impaired local circadian signaling capacity in the diseased biliary
epithelium [117].

Clinical observations confirm that circadian disruption is a measurable phenotype
in human cholestatic disease, though the available studies are exploratory in nature. A
pilot study of morning bright light therapy in PBC demonstrated partial restoration of
sleep timing and a trend toward improved circadian melatonin rhythmicity in a small
sample [118]. A comparative study of non-cirrhotic PBC and PSC patients identified
differences in fatigue character and chronotype between the two conditions [119]. These
clinical observations describe phenotypic patterns rather than molecular clock mechanisms.

Three recently published datasets offer a near-term opportunity to begin addressing
this gap through computational reanalysis of existing resources. Andrews and colleagues
generated a combined single-cell and spatial transcriptomic atlas of PSC liver encompassing
more than 47,000 cells profiled by Visium and GeoMXx platforms [120]. Jin and colleagues
profiled PBC patient liver at single-cell resolution across hepatocyte, cholangiocyte, and
immune cell populations [121]. Li and colleagues combined single-cell sequencing, pro-
teomics, and spatial transcriptomics to characterize cholangiocyte subpopulations in PBC
in detail [122]. None of these datasets was designed with circadian sampling in mind.
Reanalysis would therefore be limited to cross-sectional clock gene expression patterns
rather than rhythmicity assessment. The distribution of available omics evidence, evidence
depth, and principal research gaps across all disease categories are summarized in Table 3.

Table 3. Multi-omics evidence coverage, depth, and principal research gaps by disease category.

Disease Category Omics Evidence and Coverage Principal Evidence Gaps
Transcriptomics, epigenomics, targeted . .
MAFLD phosphoproteomics, lipidomics, and bile NO time-resolved phosphoproteomic study
acid metabolomics in any MAFLD model or human cohort
Time-resolved transcriptomics and . .
op . S . o No proteomic or metabolomic data at any
HCV Hepatitis epigenomics in human liver chimeric disease stage
model; human biopsy cohort validation &
. . All findings at transcript level; no
. Targeted transcript-level gene expression . S
HBV Hepatitis studies in small cohorts time-resolved or multi-omics data at any
disease stage
HCC E?&Scsﬁfgi)ilgﬁ,lgleitiggén;Crfatargeted No global phosphoproteomic, acetylome, or
spa ti;il transcriptomics / ubiquitome profiling in HCC tissue
ALD :ﬂiilgiﬁiiiﬁtg{%:?égigﬁ?ﬁi PBMC No time-resolved human liver data; single

time-resolved multi-omics study

multi-omics study requires replication

Liver Fibrosis

Transcriptomics, targeted proteomics of
HSC markers, and ATAC-seq from
quiescent HSCs

No time-resolved MMP or TIMP profiling in
fibrotic liver

Cholestatic Disease (PBC
and PSC)

Rodent pharmacological studies; clinical
phenotyping; existing scRNA-seq and
spatial datasets available for reanalysis

Clock gene expression unmeasured in
human PBC or PSC liver tissue

4. Translational Perspectives on Circadian Medicine in Liver Disease
4.1. Time-Resolved Biomarker Development and Sampling Standardization

Multiple candidate circadian biomarkers have emerged across the liver disease spec-
trum, including rhythmic plasma bile acids, branched-chain amino acid oscillations, and
PBMC clock gene expression profiles. Their clinical utility remains unrealized because
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almost no published biomarker study has standardized sample collection time. Without
temporal standardization, phase-shifted signals across individuals cancel during group-
level analysis, producing artifactual arrhythmicity that obscures genuine phase displace-
ment. Transcriptomic phase inference from peripheral blood offers a practical route toward
time-resolved biomarker assessment. TimeSignature infers circadian time from two whole-
blood transcriptomic draws separated by at least twelve hours [123,124]. TimeMachine
reduces this to a single PBMC draw using a 135-gene phase indicator set [125]. Standard-
izing collection relative to habitual wake time rather than absolute clock time is more
robust across individuals with different chronotypes. Applying these tools to existing
MAFLD, viral hepatitis, and fibrosis biobanks requires no new tissue collection. Whether
phase-aware reanalysis can recover meaningful rhythmic signals from existing datasets
remains to be demonstrated.

Translating these methodological advances into clinically actionable biomarker stud-
ies will require attention to several practical requirements that current research designs
have not addressed. First, sampling time should be standardized relative to each par-
ticipant’s habitual wake time rather than absolute clock time. Internal circadian phase
varies substantially across individuals with different chronotypes and sleep schedules.
Second, PBMC-derived phase estimates should be interpreted as surrogate indicators of
systemic circadian phase rather than direct measures of hepatic clock status. Tissue-specific
differences in circadian gene regulation mean that hepatic and peripheral clock states can
diverge substantially, particularly in the context of liver disease. Third, future biomarker
studies should stratify participants by disease stage and etiology. The evidence reviewed
here indicates that clock dysregulation patterns differ between MAFLD, viral hepatitis,
fibrosis, and cholestatic disease, and pooling across these categories without stratification
will obscure disease-specific rhythmic signatures. Fourth, intervention trials targeting
circadian pathways should pre-specify circadian rhythm endpoints rather than treating
them as secondary or exploratory outcomes. Without pre-specified temporal endpoints, the
circadian efficacy of clock-directed interventions cannot be formally evaluated regardless
of the mechanistic rationale underlying the treatment.

4.2. Circadian Targets for Therapeutic Intervention Across the Disease Spectrum

The mechanistic evidence reviewed here converges on three therapeutic axes address-
ing circadian dysfunction at distinct molecular levels. REV-ERBx agonism is the most
extensively supported clock-directed strategy across multiple disease contexts. In hepatic
steatosis, REV-ERB«& governs rhythmic suppression of CYP7A1 and temporal organiza-
tion of cholesterol-to-bile acid conversion. In liver fibrosis, its pharmacological activation
attenuates NLRP3 inflammasome gating in hepatic macrophages and reduces collagen
deposition in preclinical models. Synthetic ligands SR9009 and SR9011 have demonstrated
efficacy across steatohepatitis, fibrosis, and metabolic dysregulation models. SR9009 car-
ries documented REV-ERB-independent effects on cell viability and gene expression, as
demonstrated in REV-ERBa/ 3 double-knockout cells [98]. Mechanistic conclusions from
SR9009 studies should therefore not be attributed solely to REV-ERBa activation. No
human clinical trial has yet evaluated REV-ERBx agonism in any liver disease indication.

A second axis concerns chronopharmacological optimization of existing liver-directed
drugs. FXR and its downstream mediator SHP exhibit diurnal expression rhythms gated
through interactions with REV-ERBa and related nuclear receptor networks. This propo-
sition should be understood as a hypothesis-driven research direction rather than an
established pharmacological principle. The efficacy of FXR agonists such as obeticholic acid
may depend in part on the circadian phase of administration. That dependency has not
been tested in any time-resolved study. Incorporating dosing time as a covariate in future
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FXR agonist trials requires no additional pharmacological development and represents a
low-cost design modification worth prospective evaluation.

The third axis involves restoration of the NAD™" oscillatory system as an upstream
driver of clock protein stability. NAD™ levels decline in MAFLD and MASH, impairing
SIRT1-mediated deacetylation of BMAL1 and PER2 and destabilizing the primary os-
cillatory loop. Levine and colleagues demonstrated in aged mice that oral nicotinamide
riboside supplementation restored BMAL1 chromatin binding genome-wide through SIRT1-
dependent PER?2 deacetylation [24]. In healthy middle-aged and older adults, nicotinamide
riboside at 500 mg daily for six weeks is well tolerated and produces meaningful ele-
vation of whole-blood NAD™ concentrations [126]. A double-blind placebo-controlled
trial of combined nicotinamide riboside and pterostilbene in biopsy-proven MAFLD pa-
tients demonstrated reductions in hepatic inflammation markers [127]. That trial was
not designed to assess circadian rhythm endpoints. Whether NAD* repletion can restore
oscillatory amplitude in human liver disease tissue therefore remains untested.

Several limitations constrain the translational reach of all three axes. Human time-
resolved liver tissue data are nearly absent across all disease categories reviewed here.
Ethical constraints on serial liver biopsies, the logistical demands of nocturnal sampling,
and the absence of circadian endpoints in existing trial designs collectively account for
this gap. REV-ERB«& agonism has not advanced beyond preclinical models in any liver
disease indication. NAD" intervention studies have not been designed around circadian
endpoints, meaning their circadian efficacy cannot be inferred from existing trial results.
Addressing these gaps requires prospective studies with temporally designed sampling,
etiology-stratified cohorts, and pre-specified circadian endpoints.

5. Conclusions

The evidence reviewed here supports the proposition that circadian clock dysreg-
ulation constitutes a shared pathological axis across the chronic liver disease spectrum.
Four molecular features recur across disease contexts. BMALI1 functional downregulation,
REV-ERBa output attenuation, NAD" amplitude reduction, and gut-liver axis desynchro-
nization represent partially overlapping recurring motifs rather than a uniform mechanistic
signature. Together, they form a proposed inferential framework for hepatic circadian fail-
ure. This framework is not an established pan-disease mechanism. The upstream drivers
and the strength of supporting evidence vary considerably across disease categories and
omics layers. The multi-omics evidence base is distributed unevenly. Transcriptomic and
epigenomic data are comparatively mature for MAFLD and HCV hepatitis. In HCC, evi-
dence spanning transcriptional dysregulation, post-translational clock protein remodeling,
and metabolic reprogramming provides the most multi-layered picture currently available.
ALD has a single genome-wide time-resolved study. That study requires independent
replication before its findings can be generalized. HBV-related disease and cholestatic
liver disease lack multi-omics data entirely. Human PBC and PSC liver tissue remains
unmeasured at the molecular clock level. The near-complete absence of temporally resolved
human tissue data remains the principal barrier across all disease categories. Apparent
discrepancies between animal and human findings, most evident in the BMAL1-fibrosis
relationship, most plausibly reflect model design differences rather than fundamental
interspecies divergence. Circadian phase inference algorithms provide a methodological
foundation for addressing this gap. Prospective studies with temporally designed sam-
pling, etiology-stratified cohorts, and pre-specified circadian endpoints represent the most
direct path toward clinically actionable circadian hepatology.

Author Contributions: Conceptualization: S.T., W.C,, ].C., X.Z. and A.S. Validation: W.C., J.C. and
S.T.; Writing—Original Draft Preparation: S.T., W.C. and ]J.C.; Writing—Review and Editing: S.T. and

https://doi.org/10.3390/ijms27104571


https://doi.org/10.3390/ijms27104571

Int. J. Mol. Sci. 2026, 27,4571

22 of 29

W.C,; Visualization: X.Z. and A.S.; Funding Acquisition: W.C., X.Z. and A.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China Regional
Program (Grant No. 82360863), the Basic Research Program of the Yunnan Provincial Department of
Science and Technology (Grant Nos. 202001AZ070001-005, 202101 AZ070001-224, 202401 AZ070001-
043, 202501 AZ070001-038, 202501 AZ070001-044, and 202501 AZ070001-045), the Yunnan Fundamental
Research Projects (Grant No. 202501 AT070336), the Scientific Research Fund of the Yunnan Provincial
Department of Education (Grant No. 2026Y0584, 2026Y0592), and the Innovative Scientific Research
Project of the Key Support and Characteristic Discipline of Yunnan First-Class Discipline in Traditional
Chinese Medicine (Grant No. ZYXYB202411).

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank Zhou Li (Shandong First Medical University)
for his valuable guidance on the research direction and his critical review of multiomics-related
literature during the initial stage of this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AhR Aryl hydrocarbon receptor

ALD Alcoholic liver disease

AMPK AMP-activated protein kinase

ARNT Aryl hydrocarbon receptor nuclear translocator
ATM Ataxia telangiectasia mutated kinase

BHB Beta-hydroxybutyrate

BMALI1 Brain and muscle ARNT-like protein 1

BSH Bile salt hydrolase

CK1 Casein kinase 1

CK2 Casein kinase 2

CLOCK Circadian locomotor output cycles kaput

CRY Cryptochrome

CYP7A1 Cytochrome P450 family 7 subfamily A member 1
DBP D-box binding PAR bZIP transcription factor
EZH2 Enhancer of zeste homolog 2

FBXL3 F-box and leucine-rich repeat protein 3

FXR Farnesoid X receptor

HBV Hepatitis B virus

HBx Hepatitis B virus X protein

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HDAC Histone deacetylase

HIF-1a Hypoxia-inducible factor 1 alpha

HSC Hepatic stellate cell

IGF1R Insulin-like growth factor 1 receptor

MAFLD Metabolic dysfunction-associated fatty liver disease
MMP Matrix metalloproteinase

mTOR Mechanistic target of rapamycin

NAD* Nicotinamide adenine dinucleotide

NF-«B Nuclear factor kappa-light-chain-enhancer of activated B cells
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NLRP3 NLR family pyrin domain containing 3
NPAS2 Neuronal PAS domain protein 2
NR Nicotinamide riboside
NR1D1 Nuclear receptor subfamily 1 group D member 1
NR1D2 Nuclear receptor subfamily 1 group D member 2
NTCP Sodium taurocholate cotransporting polypeptide
PAS Per-Arnt-Sim domain
PBC Primary biliary cholangitis
PBMC Peripheral blood mononuclear cell
PER Period circadian regulator
PPAR«x Peroxisome proliferator-activated receptor alpha
PRPS Phosphoribosyl pyrophosphate synthetase
PSC Primary sclerosing cholangitis
PTM Post-translational modification
REV-ERBa  Nuclear receptor subfamily 1 group D member 1 (NR1D1)
ROR«x RAR-related orphan receptor alpha
ROS Reactive oxygen species
SCN Suprachiasmatic nucleus
SCFA Short-chain fatty acid
SIRT1 Sirtuin 1
SREBP1c Sterol regulatory element-binding protein 1c
TGF-3 Transforming growth factor beta
TGR5 Takeda G protein-coupled receptor 5
TIMP Tissue inhibitor of metalloproteinase
TNF-« Tumor necrosis factor alpha
ZT Zeitgeber time
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