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Therapeutic activation of farnesoid X receptor (FXR) has long
been pursued as a way to correct bile acid dysregulation in
chronic liver diseases, but high affinity long-acting FXR
agonists have often faced a narrow therapeutic window.
Recently, Zang, Shi, Zhao et al. reported that linafexor
(CS0159) is a first-in-class, non-bile-acid FXR agonist designed
for rapid clearance and transient receptor activation [1]. This
study shifts the central question in FXR pharmacology from
how strongly a ligand engages the receptor to how long that
engagement should last.

FXR is a master negative-feedback regulator of bile acid
synthesis and enterohepatic circulation [2-4]. This biology makes
it an attractive target for the treatment of bile acid-related liver
diseases, including primary biliary cholangitis (PBC), primary
sclerosing cholangitis (PSC), metabolic dysfunction-associated
steatotic liver disease (MASLD), and metabolic dysfunction-
associated steatohepatitis (MASH). Yet sustained FXR modulation,
whether by agonism or antagonism, has repeatedly encountered
significant limitations [5]. Drug development often assumes that
longer half-life, higher systemic and tissue exposure, and stronger
receptor engagement should improve efficacy. This principle may
work for some targets, but it has not translated cleanly to FXR
agonism. Persistent FXR activation can suppress cholesterol 7a-
hydroxylase (CYP7A1), increase low-density lipoprotein cholesterol
(LDL-C), and narrow the safety margin. These safety concerns
include serious liver injury observed with obeticholic acid (OCA) in
susceptible patients, as noted in recent FDA safety communica-
tions, as well as dose-limiting pruritus [6]. The mechanisms
underlying FXR agonist-associated pruritus remain unresolved.
Rather than following a single pathway, pruritic signaling may
involve exposure-dependent activation of sensory itch pathways
by selected bile acids or FXR ligands, including MRGPRX4 in some
contexts, as well as FXR-responsive cytokine programs, particularly
IL-31, which can amplify itch responses [7, 8]. These liabilities have
limited the clinical use or development of several FXR agonists,
including OCA [9], cilofexor [10], and tropifexor [11]. Complete or
sustained disruption of FXR signaling may also be unsafe in
experimental models, as global Fxr-knockout mice spontaneously
develop hepatocellular carcinoma [12], although direct human
evidence for this specific link is lacking. Tissue selectivity can
reduce systemic exposure, but it does not by itself solve the
timing problem [13]. Together, these observations argue against
treating FXR as a simple on/off switch. They also place temporal
control alongside potency, selectivity, tissue distribution, ligand-

specific signaling, co-regulator recruitment, and disease context as
variables that shape therapeutic outcome.

ENDOGENOUS BILE ACID-FXR SIGNALING IS RHYTHMIC
Endogenous bile acids provide a physiological template for devel-
oping a pulsatile FXR modulator. Their levels rise after meals, facilitate
lipid absorption, activate intestinal and hepatic feedback circuits, and
then fall as enterohepatic recycling and hepatic synthesis reset the
pool. In humans, circulating bile acids typically increase within
30-60 min after a meal, peak at 90-120 min, and return toward
baseline within about 4 h [14]. Most bile acids are efficiently recycled
through enterohepatic circulation. Approximately 90% of bile acids
are actively reabsorbed in the distal ileum via the apical sodium-
dependent bile acid transporter (ASBT), while passive absorption
raises total recovery to about 95%. The remaining ~5% lost in feces is
replenished by de novo synthesis through the CYP7A1-dependent
classical pathway [15]. This enterohepatic cycle is further coordinated
by FXR signaling in intestinal epithelial cells [16]. Feeding timing and
the circadian clock further shape this cycle, coupling FXR activation to
fasting-feeding transitions [17, 18].

FXR signaling also contains built-in mechanisms for signal
termination and reset. Genome-wide studies show that FXR
binding is dynamic and tissue dependent [19]. Following
postprandial activation, feedback regulators such as small hetero-
dimer partner (SHP) and fibroblast growth factor 15/19 (FGF15/19)
help terminate FXR signaling, suppress bile acid synthesis, and
return the pathway toward a responsive basal state before the
next cycle. Thus, endogenous bile acid oscillation is not merely a
fluctuation in ligand concentration but a recurring program of
activation, feedback termination, recovery, and renewed respon-
siveness. By contrast, prolonged ligand exposure may bypass this
recovery phase, maintain SHP- and FGF15/19-mediated feedback,
sustain CYP7A1 repression, alter enhancer usage and co-regulator
recruitment, and ultimately blunt transcriptional responsiveness
[4, 20, 21]. This temporal biology raises a practical question: should
an FXR drug mimic a pulse rather than impose a sustained
activation plateau?

LINAFEXOR TESTS ACTIVATION DURATION AS A
PHARMACOLOGICAL VARIABLE

Guided by this temporal logic, Zang, Shi, Zhao et al. proposed a
first principle of drug design: pharmacokinetics should align with
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Fig. 1 Temporal patterns of FXR pharmacology. Endogenous bile acids activate FXR in a meal-linked, transient manner, allowing feedback
regulation of bile acid synthesis and pathway reset between activation periods. Long-acting FXR agonists can maintain receptor activation
and may drive persistent transcriptional responses, receptor adaptation, and exposure-related adverse outcomes such as LDL-C elevation,
pruritus, and other safety concerns. Linafexor was designed for rapid clearance and once-daily pulsatile FXR activation, producing transient
fibroblast growth factor 19 (FGF19) induction and 7a-hydroxy-4-cholesten-3-one (C4) suppression followed by a return toward baseline. This
temporal profile supports the concept that activation duration, not only potency or selectivity, shapes the therapeutic window of FXR-
targeted therapy. This schematic is conceptual and does not represent quantitative pharmacokinetic or pharmacodynamic values. The figure

was created with BioRender.com.

the natural timing of endogenous signaling molecules, rather than
pursue sustained receptor activation. The team incorporated a
metabolically labile cyclic lactone moiety into linafexor, resulting
in rapid metabolic clearance primarily through cytochrome P450
3A4 (CYP3A4)-mediated oxidative metabolism and a half-life of
less than 1h across species, including humans [1]. Structural
studies showed that linafexor occupies the FXR ligand-binding
pocket and stabilizes the active receptor conformation; the FXR-
linafexor complex was deposited as PDB 9LQ3. Notably, linafexor
also matches the in vitro functional potency of the long-acting
agonist tropifexor (ECso=0.35nM versus 0.37 nM), yet is cleared
within hours. Its short half-life therefore reflects pharmacokinetic
design rather than weaker receptor engagement. Thus, this
compound separates potency from persistence, an important
distinction for a receptor normally activated in pulses by
endogenous bile acid metabolites  (Fig. 1). The CYP3A4-
dependent clearance mechanism also warrants attention because
CYP3A4 modulators or liver disease could alter exposure and the
intended pulse profile.

One informative experiment changed the delivery pattern
without changing the compound. Once-daily oral linafexor
improved disease markers across preclinical models of MASH,
liver fibrosis, PBC, and PSC. In the a-naphthylisothiocyanate (ANIT)-
induced cholestasis model, dosing at 9 am, 1 p.m. or 5p.m.
produced comparable efficacy, suggesting that the daily pulse
pattern was more important than a narrow clock-time window in
that setting. Every-other-day dosing, even at a doubled dose,
reduced efficacy and helped separate total dose from the ther-
apeutic effect. By contrast, continuous administration of the same
compound through osmotic pumps caused severe systemic
toxicity and forced early termination. These data support
activation duration as an important determinant of therapeutic
index. Still, the favorable pharmacological profile of linafexor is
unlikely to reflect timing alone; tissue exposure, ligand-specific
receptor conformation, and downstream transcriptional programs
may also contribute. Although the every-other-day and osmotic-
pump arms partially controlled for total exposure, additional
exposure-matched studies would help clarify the relative
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contributions of continuous receptor engagement, total exposure,
and peak-to-trough dynamics.

Transcriptomic data further linked pharmacokinetics to path-
way behavior. After acute dosing, linafexor altered fewer
transcripts than the long-acting agonist tropifexor: 303 genes
at peak response versus 1,916 with tropifexor, and 210 genes at
24 h versus 845 with tropifexor. However, linafexor still regulated
core FXR target genes, including Shp, Mafg, Cyp7al, Cyp8bl,
and Bsep, but most changes returned to baseline by 24 h.
In chronic treatment models, linafexor also preserved daily
gene-expression cycles and avoided the FXR downregulation
seen  with  sustained agonism. Under  continuous
tropifexor exposure, FXR expression fell by roughly 70% with
near-complete suppression of Cyp7al and Cyp8bl. The authors
framed these features as “bile acid resistance”, by analogy
with insulin resistance, in which chronic ligand excess blunts
receptor responsiveness. This analogy is useful but should be
applied cautiously. MASH is often associated with elevated bile
acids and reduced hepatic FXR responsiveness, and long-acting
agonists might reinforce rather than correct this state. Whether
pulsatile dosing reverses this state or mainly prevents its
development remains to be tested. Likewise, the specific
transcriptional programs responsible for efficacy and toxicity
remain to be defined, making them an important focus for
mechanism-guided biomarker development.

HUMAN PHARMACOLOGY: ENCOURAGING, BUT STILL EARLY
A phase 1 trial in healthy participants provided human
pharmacokinetic and pharmacodynamic support for the drug
design [1]. Linafexor showed rapid absorption, a half-life below
1 h, minimal accumulation after repeated dosing, and limited food
effect. More importantly, once-daily dosing produced transient
FXR pathway activation. FGF19 rose after dosing, peaked at 4-8 h,
and returned to baseline by 24 h, while 7a-hydroxy-4-cholesten-3-
one (C4), a marker of bile acid synthesis, showed reciprocal
transient suppression. Across single- and multiple-ascending dose
cohorts, the study reported no treatment-related adverse events.
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While these findings make the pulsatile concept plausible in
humans, they should be interpreted with appropriate caution. The
published clinical data are short-term and come from healthy
volunteers, not from patients with cholestasis, advanced fibrosis,
altered enterohepatic circulation, dyslipidemia, or polypharmacy,
all of which could significantly alter drug disposition and response.
Because linafexor undergoes rapid CYP3A4-mediated metabolism,
the pulse observed in healthy volunteers may not be preserved in
patients with cholestasis, cirrhosis, or concomitant medications
that modulate CYP3A4 activity. Future trials should therefore
include pharmacokinetic and pharmacodynamic monitoring,
including dynamic FGF19 and C4 measurements, to confirm both
activation and recovery in target populations. This paper also
notes that phase 2 studies in PBC and MASH have been
completed, but the efficacy and safety data from these trials
were not presented in full. Ongoing and future trials will therefore
be critical to determine whether the transient biomarker changes
translate into durable biochemical, histological, and patient-
centered benefit without the LDL-C elevation, pruritus, or liver
safety issues that have limited earlier agents [22, 23].

HOW FAR CAN TEMPORAL FXR PHARMACOLOGY EXTEND?
The timing principle may extend beyond FXR agonism, but that
extension remains speculative. Intestine-selective FXR antagonism
has shown metabolic benefit in preclinical models [24-29].
Glycine-B-muricholic acid (Gly-MCA), derived from the natural
FXR antagonist tauro-f3-muricholic acid, suppresses intestinal FXR
signaling, reduces ceramide biosynthesis, and improves glucose
and lipid metabolism, hepatic steatosis, inflammation, and fibrosis
in metabolic disease models [26, 30]. Importantly, Gly-MCA is
orally administered and accumulates almost exclusively in the
intestine, avoiding the hepatotoxicity associated with systemic
FXR antagonism [26]. With a short half-life of 13.4 min in mice and
intestinal retention, Gly-MCA has a pharmacokinetic profile that
resembles temporal restriction [31]. Yet direct proof is still missing,
and there is no evidence for the potential benefits of pulsatile FXR
antagonism. It remains unclear whether intermittent inhibition is
effective, whether once-daily pulsing is required, or whether a
specific temporal window exists. A definitive test comparing
intermittent and continuous inhibition with the same short-lived
antagonist, just as Zang, Shi, Zhao et al. did for linafexor agonism,
would be of great interest.

The broader challenge is to turn timing into measurable
pharmacology. For FXR, the field still needs to define the optimal
pulse amplitude, duration, and frequency, determine whether
meal timing or circadian phase changes efficacy, and test whether
different diseases require different reset intervals. Biomarkers
should capture not only receptor activation, such as FGF19
induction and C4 suppression, but also pathway recovery between
pulses. Patient stratification should also be considered. Patients
with advanced cholestasis, impaired bile flow, altered microbiota,
fibrosis, or concomitant lipid disorders may exhibit different
pharmacodynamic windows and could therefore require disease-
specific optimization of pulsatile parameters rather than a one-
size-fits-all regimen.

More generally, the linafexor data suggest that exposure
maximization is not always the right default. Many receptors
evolved to read intermittent metabolic signals, including nuclear
receptors [32], G protein-coupled receptors (GPCRs) [33], cytokine
receptor [34], and hormone receptors [35]. For such systems,
continuous receptor occupancy may distort the information
encoded in the signal. At the same time, this principle should
be tested rather than assumed for each target, because different
receptors may tolerate, require, or resist sustained activation in
distinct ways.

In summary, Zang, Shi, Zhao et al. address a long-standing
tension in FXR drug discovery. The limitations of earlier agonists
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were not simply a matter of weak potency or an unsuitable target.
The linafexor study suggests that insufficient recovery between
episodes of FXR activation may be one overlooked contributor,
alongside tissue distribution, ligand-specific signaling properties,
and disease heterogeneity. The data show that a brief daily pulse
can activate FXR, suppress bile acid synthesis, and allow pathway
reversal between doses. While this study does not close the case
for pulsatile FXR therapy, it reframes the next questions. If ongoing
trials confirm durable benefit, pulsatile FXR activation could
become both a therapy for bile acid-related liver diseases and a
model for designing drugs around physiological timing.
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